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DST – Fund for Improvement in S&T Infrastructure 
(Level – I) 

 

Name of Department:  School of Physics & Materials Science (SPMS), Thapar Institute of 
Engineering and Technology, Patiala - 147004  

Project No.: SR/FST/PSI-176/2012 dated 15th November, 2012 

Brief Outline of the Department:  

School of Physics & Materials Science (SPMS) was established in 1956 along with the inception of 
the Thapar Institute of Engineering and Technology, Patiala. Within the University, SPMS is 
recognized as premier academic and R&D department of the University. With its current faculty 
strength of 19, SPMS offers two PG programs in addition to undergraduate engineering programs. 
It also offers highly rated Ph.D. program in advance and diverse fields of materials engineering and 
technology, theoretical high energy physics, non-linear optics and computation physics.  

Teaching & Research Activities:  

SPMS offers two post graduate Programs (M.Sc. in Physics and M. Tech in Materials and 
Metallurgical Engineering). Both master’s program have 30 seats each. SPMS is also offering 
Ph.D. in diverse field of science and technology in subjects related to core physics like nuclear & 
particle physics, computation physics, non-linear optics, condensed matter physics, etc. to 
multidisciplinary sciences like nanomedicine, green energy technologies, thin film technology, etc. 
SPMS has 29 on-going projects worth 3.60 crores.  

Facilities Created: 

1. Vibrating Sample Magnetometer 

 
Model and Make: 7404; Lakeshore, USA 

Total Cost: Rs. 1.12 crore (DST contribution: 35 lakhs; TU contribution: 77 lakhs) 
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Salient Features:   
Dynamic range 0.5 x 10-6 emu to 103 emu  
Noise 0.5 x 10-6 emu at 1.0” gap  
Field accuracy in gauss 1% of reading or ±0.05% of full scale  
Field stability in gauss ±0.05% of full scale 
Maximum field strength ±14.5 kG with air gap of 0.9"; 10 kG @ 1.6” gap 
Temperature range: 77 K – 950 K (with single stage cryostat-oven)  

2. Inductively coupled plasma atomic emission spectrophotometer (ICP-AES) 

 

Model and Make: Prodigy; Teledyne Leeman Lab, USA 

Total Cost: Rs. 38.68 lakhs (DST contribution: 19 lakhs; TU contribution: 19.68 lakhs) 
 
Salient Features:   
Simultaneous ICP spectrophotometer 
Modes: Radial, Axial and Dual 
RF power output: 600 – 2000 W at 40 MHz 
Wavelength Range: 165-900 nm 
Polychromator: Echelle optics 
Detection limit: < 1 ppm for most of the elements (sample dependent)  
                         : < 1 ppb for hydride generating elements                    
Funding: 

Total Cost of the FIST (level – I): 1.63 Crore 
                       DST contribution:  81.5 lakhs (54 lakhs released; 27.5 lakhs to be released) 
                       TU contribution:     81.5 lakhs (96.68 lakhs released) 
Funding for other sources during the reporting period: 734.04 lacs 

For further details contact:  

Professor Manoj K. Sharma 
Head, School of Physics & Materials Science and FIST Program Coordinator  
Thapar Institute of Engineering and Technology, Patiala – 147004, Punjab 
Email: msharma@thapar.edu  
Tel. No. (O) +91-175-2393893 (M) +91-9592780056 



4 
 

FORMAT - 2  
Report for utilization of FIST support 

 
1. Name of the Department: School of Physics & Materials Science (SPMS)  
2. Address for communication: 

Professor Manoj K. Sharma 
Head, School of Physics & Materials Science and FIST Program Coordinator  
Thapar Institute of Engineering and Technology, Patiala – 147004, Punjab 
Email: msharma@thapar.edu  
Tel. No. (O) +91-175-2393893 (M) +91-9592780056 

 
3. Date and ref. No. of DST Sanction letter: May 30, 2013; SR/FST/PSI-176/2012  

4. Details of the Grants  
 

Budget Heads Amount Sanctioned with Date Amount Received with Date 

a. Equipment 150 lakh (75DST; 75 TU) Dt. 28/06/2013 54 lakhs 

b. Infrastructure 0 0 

c. Networking 0 0 

d. Maintenance 13 lakhs (6.5 DST; 6.5 TU) Dt. 28/06/2013 0 

e. Total 163 lakhs (81.5 DST; 81.5 TU) Dt. 28/06/2013 54 lakhs 17/07/2013 

 
5. Equipment ordered/purchased/installed:  
 

Name (with Model & Make) Order date Installation date Cost in INR 

Vibrating Sample Magnetometer (VSM) 

Model: 7404 

Make: Lakeshore, USA 

25.03.2015 30.04.2015 112 lakhs 

Inductively Coupled Plasma Atomic Emission 
Spectorophotometer (ICP-AES) 

Model: Prodigy 

Make: Teledyne Leeman Lab, USA 

21.01.2014 10.03.2015 38.68 lakhs 

 
6. Details of Infrastructure developed: N.A. 
 
7. Details of Networking: (Specify if the Internet facility is available to UG/PG/research students) 
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Entire campus (academic blocks / hostels and residential area) has wi-fi enabled internet 
connectivity for 24×7.   

  
8. Utilization of the facilities created under FIST support:  
a. For teaching: SPMS offers an advance course on characterization and measurements techniques 

to PG (M.Sc. and M.Tech) students and a similar course is also being offered to 
Ph.D. students during their course work. Infrastructure facility (VSM and ICP) 
created under FIST program is being extensively used by the concern faculty to 
teach fundamentals of these two techniques, their design, measurement aspects 
and result analysis.  

    
b. For research: PG students are using the facilities created under FIST program (VSM and ICP) 

extensively while working on their Masters Dissertation. Doctoral students are 
also using them on regular basis. Following is the list of user groups of these 
facilities:  

 
Condensed Matter / Materials Science Group (SPMS) 
School of Chemistry and Biochemistry 
School of Energy and Environment 
Department of Biotechnology 
Department of Chemical Engineering 
Department of Mechanical Engineering 
 
In addition, PG and Ph.D. students of various undergraduate colleges in and around Patiala and 
research groups of various Universities of Punjab are also using these facilities. 
 
9. Details of full length research publications (in peer-reviewed journals) during the period 
under report. 
 
Annexure – P1  
 
10. Sponsored research projects in operation during the period under report (please provide 
name/s of PI/Co-PIs, title of the project, funding agency and total quantum of external 
support) 
 
No. of projects = 35 

Total Amount = 734.04 lacs 

S. 
No. 

Name of the 
Investigator Title of the project and duration 

Amount 
sanctione

d 
(Rs. in 
lacs) 

Funding 
Agency 

 

1 Puneet Sharma Synthesis and Characterization of 
Multiferroics AFe2O4-BiFeO3 (A= Co, 
Ni, Zn) Nanocomposite Films. 

10.00 UGC 

2 Puneet Sharma Development of barium hexaferrite 
(BaFe12O19) thick films for 
micro/millimeter wave device application. 

16.00 CSIR 
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3 Puneet Sharma Development of M type hexaferrite films 
for microwave device application. 47.46 DST 

4 Puneet Sharma Development of exchange coupled 
hard/soft ferrite nanocomposites for 
tunable microwave application.         

21.56 CSIR 

5 B.N.Chudasama 
 

Nanoengineering of magnetic carriers for 
drug delivery of anticancer therapeutics. 13.75 DST 

6 B.N.Chudasama 
 

Studies on antimicrobial properties of 
metal and metal oxide nanostructures. 27.10 UGC 

7 B.N.Chudasama 
 

Development of Magnetic Therapeutic 
Agents for Thermo-Chemotherapy of 
Cancer. 

48.78 DST 

8 B.N.Chudasama 
 

Magnetic core supported heterogeneous 
catalysts for the glycerol carbon synthesis. 19.60 CSIR 

9 Manoj Sharma 
 

Study of nuclear reaction dynamics 
involved with heavy ion collisions. 12.50 DST 

10 Manoj Sharma 
 

Study of different versions of nuclear 
proximity potentials in the formation and 
decay path of nuclear systems 

12.70 UGC 

11 Manoj Sharma 
 

Exploring the incomplete processes and 
features which effect the same. 20.00 CSIR 

12 Manoj Sharma 
 

Decay analysis of light particle induced 
reactions and related structural effects. 17.80 DST 

13 Alka Upadhyay Study of heavy-Light D and B mesons 
using HQET. 10.00 UGC 

14 Alka Upadhyay Low energy properties of baryon Jp=1/2+ 
octets and Jp=3/2+ Decuplets using 
phenomenological model. 

17.39 DST 

15 Poonam Uniyal Study of Size-dependent multiferroics 
properties of doped BiFeO3 nanostructures. 24.14 BRNS 

16 Poonam Uniyal Synthesis of BiFeO3 - (K0.5Na0.5)NbO3 thin 
films for device applications 13.92 UGC 

17 Poonam Uniyal Lead free relax or ferroelectric ceramics 
for Electrocaloric applications. 39.40 CSIR 

18 B. C. Mohanty Investigation of growth dynamics and 
kinetic surface roughening of some 
solution processed technologically 
important binary sulfides. 

6.00 UGC 

19 B. C. Mohanty Photovoltaic and Grain Boundary 
Characteristics of Single Target Sputtered 
Cu2ZnSn(SSe)4 Thin Film Solar Cell. 

55.26 SERB-DST 

20 Soumendu Jana 
 

Moving And Colliding Cavity Solitons and 
Cavity Soliton Molecules 6.00  

UGC-BSR 
21 Debabrata Deb 

 
 Substrate mediated phase transition in 
two-dimensional liquid crystal systems. 26.45  

SERB-DST 
22 D. P. Singh 

 
Development of transition metal oxide 
decorated graphene - polypyrole 
nanocomposites as Radar absorbing 
materials. 

9.91  
DRDO 
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11. Utilization of Equipment from outside the Department: 

User groups from following departments are using Facilities created under FIST program: 
 
School of Chemistry and Biochemistry 
School of Energy and Environment 
Department of Biotechnology 
Department of Chemical Engineering 
Department of Mechanical Engineering 
 
 

23 S. D. Tiwari Determination of Neel Temperature for 
ferritin. 18.75 UGC 

24 S. D. Tiwari Effect of magnetic anisotropy and particle 
size distribution on the magnetization of 
antiferromagnetic NiO nanoparticles. 

9.91  
CSIR 

25 Kulvir Singh Study of Alkaline earth metals substitution 
in Bi based mixed ion conductor for solid 
oxide fuel cell application. 

14.42  
DRDO 

26 Kulvir Singh Study of La doped mixed conductor for 
solid electrolyte. 34.50  

DST 
27 O.P. Pandey Synthesis and characterization of novel 2D 

metal carbides (MXenes) for energy 
conversion and storage applications 

40.66 DST 

28 O.P. Pandey Synthesis and Characterization of Na2S-
P2S5 glass/glass-ceramic based solid 
electrolytes for Na-ion batteries 

28.00 DST 

29 O.P. Pandey Study of alkali metal oxide containing 
calcium silicate glasses as substrate for 
solar cell application 

23.70 DST 

30 O.P. Pandey Synthesis and characterization of 
molybdenum carbide nanoparticles for 
electrochemical applications. 

2.13 UGC-DAE 

31 O.P. Pandey Development of Transition Metal Oxides 
decorated Graphene-Polypyrole 
nanocomposites as RADAR Absorbing 
Materials 

9.91 DRDO 

32 O.P. Pandey Corrosion Resistant behaviour of Glass -
steel interface. 9.03 UGC 

33 O.P. Pandey Synthesis of nano tungsten carbide powder 
from wolframite ore. 33.00 DST 

34 O.P. Pandey Synthesis of WC nano powder through 
thermo-chemical reduction and its 
application for the development of WC-
Composite 

27.00 DST 

35 O.P. Pandey Synthesis and Characterization of 
Vanadium Carbide Nanoparticles 7.34 UGC, 

DAE,CSR 
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User groups of UG colleges: 
 
Khalsa College, Patiala 
Government Mohindra College, Patiala 
Multani Mal Modi College, Patiala 
Bhai Gurdas Institute of Engineering and Technology, Sangrur 
Baba Banda Singh Bahadur College of Engineering, Fatehgarh Sahib 
 
User Groups of other Universities/Institutes:  
 
Punjabi University, Patiala 
Punjab University, Chandigarh 
CSIO, Chandigarh 
IIT, Ropar 
Gurugranth Sahib World Sikh University, Fatehgarh Sahib 
Arni University, Kangra 
Chandigarh University, Chandigarh 
 
12. SELF-ASSESSMENT OF THE IMPACT OF FIST SUPPORT: Please specify if any of the 
following activity emerged/ improved as a consequence of the FIST support:  
 
a. New class-room experiments at B.Sc./ M.Sc. or other levels 
 
SPMS has introduced an advance course on Material Characterization and Measurement 
Techniques. This course is being offered to PG students of M.Sc., M.Tech and Ph.D. (Experimental 
Condensed Matter Physics). Few Ph.D. students of School of Chemistry and Biochemistry, 
Department of Chemical Engineering, Department of Mechanical Engineering and Department of 
Biotechnology also peruse this course during the course work. Instrument facilities (ICP and VSM) 
created under the FIST program is being extensively utilized in laboratory teaching of this course.   
 
b. Success of students at national level tests (various PG/Ph.D. entrance tests and tests for 
JRF, etc): 
 
Most of our PG students after completing their PG degrees opt for Ph.D. programs at Institute of 
National / International repute. Many of them join various IITs by cracking their respective interest 
tests. Few students are also pursuing their Ph.D. in abroad. However, success rate in NET/JRF tests 
remained poor. From our school, only two students have cleared JRF test. School is focusing on 
this lacuna and we are expecting to improve this number in near future.  
 
c. Any new research project that emerged on the basis of the FIST support:  
 
School has its core competency in designing materials for various technological uses. Some 
important breakthroughs in recent years is fabrication of low frequency high dielectric materials 
from agriculture waste, nanoantibiotics which has better efficiency and no multidrug resistance, low 
cost high efficiency semiconductor for solar cell applications. 
 
School has received funding from various national agencies for 35 major research projects worth 
734 lakhs during the tenure of DST-FIST level – I. It has also published over 400 publications in 
renowned SCI journals during the period of this report.  
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c. Any new research project that emerged on the basis of the FIST support: 
 

S. 
No. 

Name of the 
Investigator Title of the project and duration 

Amount 
sanctioned 
(Rs. in lacs) 

Funding 
Agency 

 
1 Puneet Sharma Development of barium hexaferrite 

(BaFe12O19) thick films for 
micro/millimeter wave device 
application. 

16.00 CSIR 

2 Puneet Sharma Development of M type hexaferrite films 
for microwave device application. 47.46 DST 

3 Puneet Sharma Development of exchange coupled 
hard/soft ferrite nanocomposites for 
tunable microwave application.         

21.56 CSIR 

4 B.N.Chudasama 
 

Studies on antimicrobial properties of 
metal and metal oxide nanostructures. 27.10 UGC 

5 B.N.Chudasama 
 

Development of Magnetic Therapeutic 
Agents for Thermo-Chemotherapy of 
Cancer. 

48.78 DST 

6 B.N.Chudasama 
 

Magnetic core supported heterogeneous 
catalysts for the glycerol carbon 
synthesis. 

19.60 CSIR 

7 Poonam Uniyal Synthesis of BiFeO3 - (K0.5Na0.5)NbO3 
thin films for device applications 13.92 UGC 

8 Poonam Uniyal Lead free relax or ferroelectric ceramics 
for Electrocaloric applications. 39.40 CSIR 

9 B. C. Mohanty Investigation of growth dynamics and 
kinetic surface roughening of some 
solution processed technologically 
important binary sulfides. 

6.00 UGC 

10 B. C. Mohanty Photovoltaic and Grain Boundary 
Characteristics of Single Target Sputtered 
Cu2ZnSn(SSe)4 Thin Film Solar Cell. 

55.26 SERB-DST 

11 D. P. Singh 
 

Development of transition metal oxide 
decorated graphene - polypyrole 
nanocomposites as Radar absorbing 
materials. 

9.91  
DRDO 

12 S. D. Tiwari Effect of magnetic anisotropy and 
particle size distribution on the 
magnetization of antiferromagnetic NiO 
nanoparticles. 

9.91  
CSIR 

13 O.P. Pandey Synthesis and characterization of novel 
2Dmetal carbides (MXenes) for energy 
conversion and storage applications 

40.66 DST 

14 O.P. Pandey Synthesis and Characterization of Na2S-
P2S5 glass/glass-ceramic based solid 
electrolytes for Na-ion batteries 

28.00 DST 

15 O.P. Pandey Study of alkali metal oxide containing 
calcium silicate glasses as substrate for 23.70 DST 
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d. Did the newly created facility lead to betterment of quality of research publications?  
 
Yes. 

No. of publications before FIST program (5 years): 201 

No. of publications after FIST program (5 years): 420 

Average impact factor of publication before FIST program (5 years): 1.52 

Average impact factor of publication after FIST program (5 years): 2.298 

No. of Ph.D. award before FIST (5 years): 25 

No. of Ph.D. award after FIST (5 years): 49 

 
e. Any training program/ workshop organized by the department during the period of report, 
especially those involving the newly created facility): 
 
1. 58th DAE Solid State Physics Symposium (DAE-SSPS – 2013) (December 2013) 
2. Seminar cum Exhibition on “Nuclear Technology for Future needs”  (March 2014) 
3. National Workshop on Carrier in Physics (March 2015) 
4. 2nd Conference on Microscopy in Materials Science and 2nd Annual meeting of Academy 

of Microscope Science and Technology (AMST), February 25-27, 2016 
5. Summer School on Magnetism, July 11- 15, 2016 
6. DAE-BRNS symposium on Nuclear Physics, December 20-24, 2017 

Apart from these major events, SPMS invites leading experts from across the globe for invited 
lectures under its Materials and Physics Society Expert Lecture Series throughout the year.  
 
13. Is any problem faced in utilization of the grant/facilities?  
 
Release of second instalment of the grant for the third approved instrument (Electron Paramagnetic 
Resonance) is pending with DST. This release may be considered during the next phase of the 
program. An application for DST-FIST (level – II) has already been submitted for the kind 
consideration of the Department.   
 
 
 
 
 
 
 

solar cell application 

16 O.P. Pandey Synthesis and characterization of 
molybdenum carbide nanoparticles for 
electrochemical applications. 

2.13 UGC-DAE 

17 O.P. Pandey Development of Transition Metal Oxides 
decorated Graphene-Polypyrole 
nanocomposites as RADAR Absorbing 
Materials 

9.91 DRDO 
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Details of Equipment acquired under FIST Program 
 
Name of the Equipment Inductively coupled Plasma Atomic Emission 

Spectrophotometer (ICP-AES) 
 Model Number  Prodigy 
Complete Specifications  Simultaneous ICP spectrophotometer 

Modes: Radial, Axial and Dual 
RF power output: 600 – 2000 W at 40 MHz 
Wavelength Range: 165-900 nm 
Polychromator: Echelle optics 
Detection limit: < 1 ppm for most of the elements  
                         : < 1 ppb for hydride generating elements                    

Details of Manufacturer  
Name  Teledyne Leeman Labs 
Address  6 Wentworth Drive 
City  Hudson 
PIN  NH 03051 
State  USA 
Phone  +1 513.229.7082 
Fax  -- 
Email  Wayne.Mozer@teledyne.com  
Details of Local Agent / Supplier  
Name  Labindia Analytical Instruments Pvt Ltd 
Address  G-4 Palmohan Sadan, 26/32 East Patel Nagar, 
City  New Delhi 
PIN  110008 
State  Delhi 
Phone  011-43306001-10 
Fax 011-25851066 
Email  kumara@labindia.com  
Actual Cost (in Foreign Exchange)  64000 USD 
Actual Cost (in Indian Rupees)  Rs. 38.68 lakhs 
Used for Elemental analysis of trace metals 
 Scanned Photograph of the Equipment (Front View) 
 

 
 

ICP-AES at Thapar Institute of Engineering and Technology (Thapar University), Patiala 
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Name of the Equipment Vibrating Sample Magnetometer (VSM) 

 Model Number  7404 with 74035 single stage cryostat oven 

Complete Specifications   Dynamic range 0.5 x 10-6 emu to 103 emu  
Noise 0.5 x 10-6 emu at 1.0” gap  
Field accuracy in gauss 1% of reading or ±0.05% of full 
scale  
Field stability in gauss ±0.05% of full scale 
Maximum field strength ±14.5 kG with air gap of 0.9"; 10 
kG @ 1.6” gap 
Temperature range: 77 K – 950 K (with single stage 
cryostat-oven)  

Details of Manufacturer  

Name  Lakeshore Cryotronics Inc 

Address  575 McCorkle, Boulevard 

City  Westerville 

PIN  OH 43082 

State  Ohio 

Phone  001- (614) 891-2244 

Fax   001-(614) 818-1600 

Email  sales@lakeshore.com  

Details of Local Agent / Supplier 

Name  Specialise Instruments Marketing Company 

Address  305,Kailas Industrial Complex, A-Wing, 

3rd Floor, Building No.2, Parksite, Vikroli (West) 

City  Mumbai 

PIN  400079 

State  Maharashtra 

Phone  +91-22-25171922/23 

Fax +91-22-25171924 

Email  specmco1@vsnl.com  

Actual Cost (in Foreign Exchange)  154315 USD 

Actual Cost (in Indian Rupees)  Rs. 112 lakhs 

Used for Magnetic Characterization of bulk, thin films and 

nanomaterials.  
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 Scanned Photograph of the Equipment (Front View) 

 

 
VSM  at Thapar Institute of Engineering and Technology (Thapar University), Patiala 

 
Details of Assets Acquired under FIST Program  
 
Sr. 
No. 

Name of the Equipment/ Item Cost in FE Cost in INR 

1 Inductively Coupled Plasma Atomic Emission 
Spectrophotometer (ICP-AES) 

64000 USD 38.68094 lakhs 

2 Vibrating Sample Magnetometer (VSM) 154315 USD Rs. 111.43545 lakhs 

 
Head wise Expenditure Details: 
 
1. Equipment Head (E): 
 
Sr. 
No. 

Name of the Equipment/ Item Total Cost (total cost 
of equipment after 
paying all charges) 

Date of Installation 
 

1 Inductively Coupled Plasma Atomic 
Emission Spectrophotometer (ICP-AES) 

38.68094 lakhs 21.01.2014 

2 Vibrating Sample Magnetometer (VSM) Rs. 111.43545 lakhs 25.03.2015 
Total 150.11639 lakhs  

 
2. Networking Head (NW): NA 
 
Sr. 
No. 

Name of Item procured for computer lab Total Cost (total cost 
of equipment after 
paying all charges) 

Date of Installation 
 

1    
Total   
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3. Infrastructure Head (IF): NA 
 
Sr.
No
. 

Name of the Item 
procured/activities carried out 
including Books acquired 

Total Cost (total payment 
towards renovation, up gradation 
of labs, Books acquired, etc) 

Date of Completion of 
Work/Date of acquiring 
of items, Books etc. 

1    
 
4. Maintenance Head (M): Nil 
 
Sr. 
No. 

Name of Items Total Cost Date on which 
expenditure was made 

1    
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Annexure - P1 

List of Research Publications only in SCI Journals  

Sr. 
No. 

Authors Title of paper Name of 
journal 

Year  Vol No. / 
Page No. 

Impact 
Factor 

1 Pallavi Gupta, Alka 
Upadhyay 

Analysis of strong decays of 
charmed mesons D2(2460), 
D0(2560), D2(2740), D1(3000), 
D2(3000) and their spin partners 
D1(2680), D3(2760) and D0(3000) 

Phys. Rev. D 2018 97, 
014015  4.568 

2 P. Jha, S.S. Danewalia, 
G. Sharma, K Singh 

Antimicrobial and bioactive 
phosphate-free glass-ceramics for 
bone tissue engineering 
applications 

Mater. Sci. 
Engg.:C 2018 86 (2018) 

9-17 4.164 

3 N. Bansal, G. Kaur, K. 
Singh 

Braunite phase embedded 
Y2O3/MnO2-Al2O3-CaO-SiO2 
glass ceramics and their properties 

Materials 
Research 
Bulletin 

2018 98, 34-40 2.446 

4 L Khanna, NK Verma, 
SK Tripathi 

Burgeoning tool of biomedical 
applications-Superparamagnetic 
nanoparticles 

Journal of 
Alloys and 
Compounds 

2018 752, 332-
353 3.133 

5 Baldeep Kaur and 
Soumendu Jana 

Cavity Soliton Molecules and All-
Optical Push-broom Effect 

Journal of 
lightwave 
technology 

2018 
36 (12), 
2463 - 
2470  

2.862 

6 

Motoharu Imai, 
Mukesh Kumar, 
Yoshitaka Matsushita, 
Naoto Umezawa 

Crystal structure and electronic 
properties of Sr-substituted 
disilicide Ba1-xSrxSi2 for solar 
cells: computational and 
experimental studies 

Acta 
Materialia 2018 148, 462-

498 5.301 

7 

Kanishka Sharma, 
Gudveen Sawhney, 
Manoj K.Sharma, 
Raj K.Gupta  

Decay of Plutonium isotopes via 
spontaneous and heavy-ion 
induced fission paths 

Nucl. Phys. A  2018 972, 1–17 1.916 

8 Pallavi Gupta, Alka 
Upadhyay 

Decay width and coupling 
constants of charm and bottom 
mesons. 

 PoS Hadron 2018 2017, 
025  1.09 

9 
Neha Grover, 
Kirandeep Sandhu, and 
Manoj K. Sharma  

Dynamics of 17F + 58Ni reaction 
via complete and incomplete 
fusion processes at above barrier 
energies  

Nucl. Phys. A 2018 974, 56–
71 1.916 

10 

Gurjit Kaur, Kirandeep 
Sandhu, Amandeep 
Kaur, and Manoj K. 
Sharma 

Dynamics of Db isotopes formed 
in reactions induced by 238U, 
248Cm, and 249Bk across the 
Coulomb barrier 

Phys. Rev. C  2018 97, 
054602 3.82 

11 P Kaur, BN 
Chudasama 

Effect of Colloidal Medium on the 
Shelf-Life and Stability of Gold 
Nanorods Prepared by Seed-
Mediated Synthesis 

Journal of 
Nanoscience 
and 
Nanotechnolo
gy 

2018 
18 (3), 
1665-
1674 

1.483 

12 S. Sharma, T. Nanda, 
O.P. Pandey 

Effect of dual particle size (DPS) 
on dry sliding wear behaviour of 
LM30/sillimanite composites 

Tribology 
International 2018 123, 142-

154 2.903 
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13 
Sandeep Sharma, 
Tarun Nanda and O.P. 
Pandey 

Effect of particle size on dry 
sliding wear behaviour of 
sillimanite reinforced aluminium 
matrix composites 

Ceramics 
International  2018 44 (1), 

104-114 2.986 

14 

Shivani Jindal, 
Kamaldeep Kaur, N.K. 
Verma, & Puneet 
Sharma 

Effect of Tb3+ ions substitution 
on structural, optical and magnetic 
properties of CdS nanoparticles 

J Mater Sci: 
Mater 
Electron  

2018 29, 86-90 2.019 

15 N Kaur, BN 
Chudasama 

Effect of thermal aging on 
stability of transformer oil based 
temperature sensitive magnetic 
fluids 

Journal of 
Magnetism 
and Magnetic 
Materials  

2018 451, 647-
653 2.63 

16 B. C. Mohanty, K. 
Bector, R. Laha,  

Elucidating doping driven 
microstructure evolution and 
optical properties of lead sulfide 
thin films grown from a chemical 
bath 

Appl.  Surf. 
Sci. 2018 435, 444-

451 3.387 

17 
Aayush Gupta, Varun 
Singhal and O.P. 
Pandey 

Facile in-situ synthesis of NbB2 
nanoparticles at low temperature 

Journal of 
Alloys and 
Compounds 

2018 736, 306-
313 3.133 

18 
R Bains, P Sharma, RA 
Mir, S Jeet, G Kaur, 
O.P. Pandey 

Influence of CuO/MgO ratio on 
the gene expression, 
cytocompatibilty, and 
antibacterial/anticancerous/analges
ic drug loading kinetics for (15-x) 
CuO-xMgO-10P2 O5-60SiO2-
10CaO-5ZnO (2.5≤ x≤ 12.5) 
mesoporous bioactive glasses 
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Structural and thermal properties of glass composite seals and their
chemical compatibility with Crofer 22APU for solid oxide fuel cells
applications
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h i g h l i g h t s

! Glass composite seals are prepared by ball-milling different glasses in fixed ratio for 5 h.
! No reactive particle was used in glass matrix to obtain composites.
! The structural characteristics of composites were studied using XRD, particle size and zeta potential.
! The chemical compatibility of these composites was investigated with Crofer 22APU.
! The interface and resulting microstructure was morphologically characterized by using SEM/EPMA.
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a b s t r a c t

In the present investigation, glass composite seals have been prepared by mixing the different glass
compositions in fixed ratio and then ball milling for 5 h. The main aim of this approach is to investigate
the sealing and bonding issues in solid oxide fuel cells (SOFC) without using unreactive particles in glass
matrix. The structural and thermal characteristics of these composites were studied using particle size
analyzer, zeta potential, dilatometry, differential scanning calorimetry (DSC) and thermogravimetric
analysis (TGA). X-ray diffraction has revealed phase formation in all composites after 1000 h heat-
treatment at 850 "C. In addition to this, the chemical compatibility of the prepared glass composites
with the interconnect Crofer 22APU has been studied using scanning electron microscope (SEM), elec-
tron probe microanalysis (EPMA), energy dispersive spectroscopy (EDS) and dot-mapping techniques.
The interfacial study has revealed that GG6 and GG7 composites have good adhesion without delami-
nation, cracks or pore formation. Chromate formation occurred in GG3 and GG4 composite couples,
though no delamination was observed at the interface of GG4 composite with Crofer 22APU. GG5 could
not form a diffusion couple due to its high viscosity and very low coefficient of thermal expansion.

! 2013 Elsevier B.V. All rights reserved.

1. Introduction

High temperature solid oxide fuel cells (SOFC) can generate
power from a variety of fuels. Their solid geometry, high efficiency
along with environment friendly byproducts has lead to a broad
range of applications like aeronautics, power generation in auto-
mobiles and various electronic devices [1e5]. Usually planar and
tubular geometries are the most preferred designs for SOFC oper-
ation. The short current path for planar SOFC results in a high po-
wer density as compared to the tubular design [6e8]. However,

hermetic seals are required for planar SOFC to bond cell compo-
nents together, prevent leakage losses and direct combustion of
fuel and oxygen. In addition to this, these hermetic seals should
fulfill many stringent requirements in order to be a suitable sealing
material for SOFC operation [9e13]. The most important require-
ment is mechanical and chemical compatibility of seals with
adjoining components in reducing/oxidizing atmospheres at high
temperatures between 600 and 1000 "C for prolonged periods of
operation.

The general approaches for sealing include compressive,
compliant, rigid bonded and composite [14e16]. Compliant seals do
not bond well to SOFC components resulting in hydrogen embrit-
tlement whereas compressive seals require load. Rigid bonded seals
like glass and glass ceramics are preferred seals due to their
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E-mail address: gkaur82@vt.edu (G. Kaur).
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engineering applications
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A B S T R A C T

Glasses with composition 55SiO2-10K2O-(35-x)CaO-xMgO (x=5, 10, 15 up to 35) were prepared via conven-
tional melt-quench technique. The glasses were converted to glass–ceramics by controlled heat-treatment at
850 °C. Higher content of MgO instead of CaO prevents the devitrification of the glasses. The in-vitro bioactivity
of the glasses/glass–ceramics was evaluated in simulated body fluid (SBF). Glasses exhibited better bioactivity
than the glass–ceramics. The weight loss and ions leaching profiles (especially potassium ions) of the samples
played crucial role in formation of hydroxyapatite layer and its morphology. Hydroxyapatite had Ca/P ratio
close to that for natural bone. However, it could not crystallize within experimental time and exhibited amor-
phous nature in X-ray diffraction. Microhardness of the glasses/glass–ceramics before and after immersion in
SBF is also given. Microbial tests reveal that these glasses/glass–ceramics are effective in inhibiting the growth of
fungi and do not affect the normal functioning of the antimicrobial drugs.

1. Introduction

Biomaterials research has expanded beyond its horizon over the past
several years. Variety of glass/ceramic based biomaterials is used now
days for dental, orthopedic and maxillofacial applications [1]. How-
ever, brittle nature and poor mechanical properties of the glasses serve
as a barrier that limits their use as load bearing implants [2]. Me-
chanical properties of the glasses can be improved by growing some
crystalline phase(s) within the glassy matrix by controlled heat-treat-
ment. In general, glass–ceramics possess superior mechanical properties
as compared to parent glasses [3]. The mechanical properties of the
glass–ceramics depend upon microstructure, grain size and volume
fraction of the crystalline phases [4–6]. Several glass ceramics like A-W
containing crystalline oxoflourapatite, wollastonite, hydroxyapatite
and tricalcium phosphate rich phases in glassy matrix for better me-
chanical compliance have been used in the past [7]; however, crystal-
lization may prove detrimental for the bioactive nature of the glasses
[8]. Therefore, controlled crystallization is needed to achieve optimum
mechanical properties without compromising bioactivity. Bioactivity of
the bioglasses/glass–ceramics is evaluated by their ability to form hy-
droxyapatite (HAp) layer on their surfaces in contact with the physio-
logical fluids. This is ascribed to open structure of the glass network
which leads to the exchange of selective ions with the solutions mi-
micking body environments known as simulated body fluid (SBF) [9].

Most of the bioactive glasses exhibit four basic constituents i.e. SiO2,
Na2O, CaO and P2O5. However, it has been reported that phosphate-
free glasses also exhibit good in-vitro bioactivity [10]. The necessary
phosphate content is taken from the body fluids itself during the
bioactivity evaluation. It has also been found that replacement of Na2O
by K2O helps to improve the bioactivity of the glasses by modifying
their chemical durability [11]. Moreover, MgO based glasses exhibited
better mechanical properties along with good bioactivity [12, 13].
Hence, in the present study, we have chosen the SiO2-K2O-CaO-MgO
glass system. The aim of the present work is to determine the bioactive
behavior of the heat-treated glasses/glass–ceramics by exploiting their
composition flexibility with CaO/MgO ratio. The effect of structural
changes upon heat-treatment on bioactivity and microhardness of the
glasses/glass–ceramics is also accessed. Infection and lack of tissue in-
tegration are generally two main complications that may be caused by
the biomaterials. Certain implants such as external fixation pins are
susceptible to infection. Therefore, the possible threat of microbial
contamination and microbial growth on the samples in due course of
time after implantation has also been studied in the present work.
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Effect of thermal aging on stability of transformer oil based temperature
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a b s t r a c t

Synthesizing stable temperature sensitive magnetic fluids with tunable magnetic properties that can be
used as coolant in transformers is of great interest, however not exploited commercially due to the lack of
its stability at elevated temperatures in bulk quantities. The task is quite challenging as the performance
parameters of magnetic fluids are strongly influenced by thermal aging. In this article, we report the
effect of thermal aging on colloidal stability and magnetic properties of Mn1-xZnxFe2O4 magnetic fluids
prepared in industrial grade transformer oil. As-synthesized magnetic fluids possess good dispersion sta-
bility and tunable magnetic properties. Effect of accelerated thermal aging on the dispersion stability and
magnetic properties have been evaluated by photon correlation spectroscopy and vibration sample mag-
netometry, respectively. Magnetic fluids are stable under accelerated aging at elevated temperatures
(from 50 !C to 125 !C), which is critical for their efficient performance in high power transformers.

" 2017 Elsevier B.V. All rights reserved.

1. Introduction

Magnetic fluids are colloidal dispersion of magnetic nanoparti-
cles in carrier liquid. It combines both the fluidic and magnetic
properties in single domain system. They find variety of applica-
tions in diverse field of science and technology, which is ranging
from space science to nanomedicine [1]. These fluids are used as
a ‘liquid seal’ in hard drives, as dampers in automobiles and aero-
space, as drug carriers in magnetically guided drug delivery and as
contrast agents in MRI [2–4]. Another promising application of
magnetic fluids is to use them as coolant in heat exchangers and
in magnetocaloric energy conversion devices like high power
transformers [5]. Heat transfer in oil immersed transformers can
be improved significantly if convectional mineral oil is replaced
with temperature sensitive magnetic fluid in transformers [6]. In
temperature sensitive magnetic fluids; the magnetization of fluid
strongly depends on fluid temperature. When exposed to temper-
ature gradient, they exhibits magnetic convection in addition to
natural convection caused by the density gradient. This additional
drag force enhances the cooling efficiency of the fluid and thus
improves their performance in transformers.

In order to use magnetic fluids in heat exchange devices, they
should possess large thermomagnetic coefficient and suitable

Curie temperature, which should be matching with the operating
temperature of device. Temperature sensitive magnetic fluids suit-
able for cooling applications in high power transformers should
have Curie temperature between 70 !C and 300 !C [7]. Most substi-
tuted ferrites used in the preparation of magnetic fluids tend to
have Curie temperatures that are too high for practical use in
transformers. Curie temperature of mixed metal ferrites lie
between 100 !C and 200 !C. Amongst them Mn-Zn ferrite nanopar-
ticles are well suited for thermo-magnetic coolants, because of
their moderate saturation magnetization and tunable Curie tem-
perature [8,9].

Magnetic nanoparticles dispersed in transformer oil should be
able to withstand the device’s operating temperature without
any loss in their dispersity [6]. One of the important parameter that
effects the stability of the magnetic fluids is the size of nanoparti-
cles and its distribution. Small size of nanoparticles and narrow
size distribution is essential to prepare stable magnetic fluids [8].
Arulmurugan et al. have reported synthesis of Mn1-xZnxFe2O4 (x
= 0.1–0.5) nanoparticles with Curie temperatures from 160 !C to
360 !C. They have observed that Curie temperature of Mn1-

xZnxFe2O4 nanoparticles decreases with increasing Zn content
[10]. Giri et al. and Mohapatra et al. have reported surface con-
trolled synthesis of MFe2O4 (M = Mn, Fe, Co, Ni and Zn) nanoparti-
cles and studied effect of surface ligands on the magnetic
properties of MFe2O4 nanoparticles [11–13]. Desai et al. have
reported synthesis of Mn0.5Zn0.5Fe2O4 nanoparticles with
tunable Curie temperature and saturation magnetization using

https://doi.org/10.1016/j.jmmm.2017.11.087
0304-8853/" 2017 Elsevier B.V. All rights reserved.
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thick films with different Fe/Ba mole ratio
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a b s t r a c t

Barium hexaferrite (BaFe12O19) thick films (∼60 mm) with different BaO ! xFe2O3 mole ratio (x ¼ 5.0–6.0)
were prepared by screen printing method. X-ray diffraction analysis confirmed the formation of single
phase BaFe12O19 (BaM). Preferential site occupation of Fe3 þ ion at five different crystallographic sites,
with varied mole ratio was measured by Mössbauer spectroscopy. Vacancy fraction found to be higher at
4f1, 4f2 and 2b sites for mole ratio 5.5 and 5.0 respectively. Magnetic measurement shows that the
magnetization (M) and magnetocrystalline anisotropy field (Ha) depends upon mole ratio. M and Ha are
found to be maximum for mole ratio 5.5, while the coercivity (Hc) remains constant. Reflection losses (RL)
in the frequency range of 12–18 GHz were also studied. Present investigation demonstrates the effect of
mole ratio on structural, magnetic and microwave absorption properties of BaM thick films for micro-
wave device applications.

& 2015 Elsevier B.V. All rights reserved.

1. Introduction

Among the class of M-type hexaferrite, barium hexaferrite
(BaFe12O19) possess dominant position due to its high saturation
magnetization (Ms), moderate coercivity (Hc) and high uniaxial
magnetocrystalline anisotropy (Ha) [1]. Such properties make this
materials suitable for commercial permanent magnets [2] and
high density magnetic recording [3]. In last decade, BaFe12O19

(BaM) has gained considerable attention for microwave applica-
tion such as microwave absorbers [4,5], circulators [6], isolators [7]
and phase shifter [8] owing to its higher ferromagnetic resonance
(FMR) frequencies [9]. The natural FMR frequency (fR ¼ γHa) for
BaM is 36 GHz [9]. It can be further tuned by applying an external
magnetic field or by suitable substitution for Fe cation, which
drastically reduces or increases the Ha.

The high Ha in BaM arises due to its hexagonal crystal structure.
One unit cell of BaM consists of two formula units, where 24 Fe3 þ

ions occupy five different crystallographic sites, three octahedral
sites (12k, 4f2 and 2a), one tetrahedral (4f1) and one trigonal bi-
pyramidal (2b) site. The Fe3 þ ions located at 12k, 2a and 2b sites
have up spins and those at 4f1 and 4f2 sites have down spins with
net magnetic moment of 40 mB per unit cell [1].

Various studies have been reported on Fe3 þ ion substitution for

tuning Ha and Ms of BaM for high frequency applications from 1 to
100 GHz. The substitutions such as Al3 þ [10] and Ga3 þ [11] re-
portedly increase the Ha, while substitutions of Co–Ti [12], Ru–Ti
[13] and Zn–Zr [14] ions decrease the magnitude of Ha. Alter-
natively, magnetic properties can also be tuned by creating Fe3 þ

ion vacancy at five different crystallographic sites, which is not yet
been investigated for BaM thick films.

In this work single phase BaM with different fraction of Fe3 þ

ion vacancy is prepared. The vacancy fraction of Fe is controlled by
varying BaO ! xFe2O3 composition, where x ¼ 5.0–6.0. Further BaM
thick films of $ 60 mm thickness has been prepared by screen
printing method, considering its possibility for microwave device
application with tunable operating frequency. For high frequency
applications the film thickness should be higher than 50 mm [15].
In the present work, we have systematically investigated the effect
of mole ratio on structural, magnetic and microwave properties of
BaM thick films. Obtained magnetic and microwave properties
demonstrate that vacant Fe ion site plays a key role in tuning
magnetic and microwave absorption properties.

2. Experimental

BaM powder samples with composition BaO ! xFe2O3 (x ¼ 5.0,
5.25, 5.5, 5.75 and 6.0) were prepared by using solid state reaction
method. Henceforth the ‘x’ will be referred as the Fe/Ba mole ratio.
High purity BaCO3 and Fe2O3 were weighed in the desired
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In Situ Magnetic Field-Assisted Low Temperature Atmospheric
Growth of GaN Nanowires via the Vapor−Liquid−Solid Mechanism
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ABSTRACT: We report the growth of GaN nanowires at a low temperature of 750 °C and at atmospheric pressure in a
conventional chemical vapor deposition (CVD) setup via the vapor−liquid−solid mechanism with remarkable control of
directionality and growth behavior by using an in situ magnetic field. Under typical growth conditions, without any magnetic
field, the nanowires are severely twisted and kinked, and exhibit a high density of planar stacking defects. With increasing in situ
magnetic field strength, the microstructural defects are found to decrease progressively, and quasi-aligned nanowires are
produced. At an applied magnetic field strength of 0.80 T, near-vertical aligned straight and several micrometers long nanowires
of average diameter of ∼ 40 nm with defect-free microstructure are routinely produced. Photoluminescence measurements show
that the relative intensity of the defect-related peaks in the visible region with respect to the near-band-edge emission
continuously decrease with increase in the applied in situ magnetic field strength, ascribable to the magnetic field-assisted
significant structural improvement of the wires. It is found out that the degree of agglomerative Ni droplet on Si is critically
influenced by the surface tension driven by the magnetic force, which in turn determines the eventual properties of the
nanowires.
KEYWORDS: GaN, nanowires, chemical vapor deposition, magnetic field, growth mechanism

■ INTRODUCTION
One-dimensional (1D) semiconducting nanowires have been
extensively studied as critical solutions for next generation
electronic and optoelectronic devices because of the extra-
ordinary performance of their size/geometry-dependent
properties.1−4 There have been a lot of examples of promising
nanowire-based devices actually showing better performance
than the corresponding thin films or bulk materials. Never-
theless, the realization of the full potential of these nanowires
has been limited by the difficulty in obtaining high quality
growth, specific orientation, and spatial manipulation of
nanowires into complex but ordered nanoscale architectures.
Even until now, considerable progress has been made in
achieving controllable nanowires by using different growth
techniques with a concern for the accompanying processing
cost.5−8 The bottom-up approaches for growing nanowires,
including solution growth, chemical vapor deposition (CVD)

via the vapor−liquid−solid (VLS) mechanism, and electro-
chemical deposition using nanoporous templates, are consid-
ered more competitive because of their general lower cost
compared to the top-down approaches typically employing
lithography techniques.5−8 However, the bottom-up ap-
proaches generate the random alignment of nanowires with
kinks and twists, which must be avoided for actual applications.
The post-growth assembly using the inferior nanowires for
target configurations has shown the limitation in realizing
highly integrated nanodevices.9−11 The use of an external
magnetic field for the controllable assembly of nanowires
presents a noncontact and “easy-to-implement” way that can be
successful on a large scale.12−17 A few research groups have
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1 Introduction
High-temperature solid oxide fuel cells (SOFCs) possess

high efficiency, environmental friendly byproducts, fuel flex-
ibility, and variable geometry. Because of rapid technological
progress in recent years, SOFCs are now considered a promis-
ing alternative to convert chemical energy into electrical
energy [1–3]. There are two designs of SOFCs: the tubular
and planar. The planar design has higher development poten-
tial and already provides higher volumetric and gravimetric
power density [3]. However, for a planar SOFC stack, gas-
tight seals must be applied along the edges of each cell and
between the cell stack and gas manifolds in order to avoid
intermixing of fuel gas (on anode side) and air (on cathode
side) [4]. The composition of glasses can be tuned to optimize
the desired glass transition temperature, softening tempera-
ture, and coefficient of thermal expansion (CTE). The “soft
state” of seal is the mandatory condition for wetting capabil-
ity and contact of seal with stack. However, below glass tran-
sition temperature (Tg), thermal stresses can lead to crack
formation in glass seals [5]. In order to maintain hermeticity

of seal, Tg should be matched properly with cell stack operat-
ing temperature so that seals can self-heal under viscous flow
above Tg [6]. Among the various criteria required for seal, the
most important thermo-mechanical requirement is good
adhesion of seal with SOFC components without severe reac-
tion at the interface [7].

Generally, the sealants for SOFC must meet the following
requirements: (a) matching CTE with adjoining components
(b) high-electrical resistivity to avoid short circuiting between
different layers of the stack, (c) good thermo-chemical com-
patibility with relevant SOFC components (i.e., no harmful
reaction with joining components), (d) high-chemical stability
and low-vapor pressure in both reducing and oxidizing atmo-
spheres, (e) non-spreading nature to the adjoining fuel cell
components at the operating temperature, (f) deformability
but certain ability to withstand a slight overpressure, and (g)

Abstract
The chemical interaction study of AO–SiO2–B2O3–Y2O3

(A = Ba, Sr) (BaY, SrY) glass with high-temperature electro-
lyte yttria-stabilized zirconia (YSZ 8 mol%) is reported as a
function of different heat treatment durations. The as-pre-
pared glass with 10 mol% of yttria shows limited amount of
crystallization at 800 !C. Due to this yttria-based glasses BaY
and SrY have been chosen to make diffusion couples with
high-temperature electrolyte and interconnect material.
These diffusion couples have been heat treated at 850 !C, for
100, 200, and 500 h. The heat-treated diffusion couples have
been characterized using X-ray diffraction (XRD), scanning
electron microscopy (SEM), and energy dispersive spectro-
scopy (EDS). Microstructural analysis of diffusion couples

shows absence of any undesired oxides and detrimental
reaction products at the interface. The glass has shown good
bonding characteristics and absence of cracks, pores, or any
kind of delamination from YSZ. Apart from this, SrY and
BaY glass seals have also shown good adhesion characteris-
tics with Crofer 22 APU, even after 500 h at 850 !C. The mor-
phology and microstructure of the glass matrix suggest lim-
ited amount of devitrification in the glass.

Keywords: Cyrstallization, Solid Oxide Fuel Cells, Glass
Sealant, Interaction, Electron Microscopy, EDS Element
Mapping, X-Ray Diffraction
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a b s t r a c t

Bi1!xTbxFeO3 nanoparticles (x¼0, 0.05, 0.10 and 0.15) of size 30–39 nm, have been synthesized by the
sol–gel technique. The effects of nano-size and Tb-doping on structural, magnetic and magnetoelectric
coupling (ME) have been reported. Crystallographic analysis reveals the structural transition from
rhombohedral (R3c) to orthorhombic (Pn21a) phase, i.e. polar-to-polar phase, with Tb-doping. The
synthesized nanoparticles exhibit ferromagnetic behavior, and, the 15% Tb-doped BiFeO3 nanoparticles
possess large magnetic saturation, 2.92 emu/g. The dynamic lock-in technique has been used to measure
longitudinal (L!αME) and transverse (T!αME) ME coefficients. It has been found that both L!αME and
T!αME increase quickly with increase in bias magnetic field, and attain maximum value, L!αME¼11.01,
10.35, 11.92, 13.18 mV/cm Oe and T!αME¼6.81, 6.85, 6.88, 7.86 mV/cm Oe, respectively, for x¼0, 0.05,
0.10, and 0.15. The observed ME effect has been explained on the basis of quantum confinement,
exchange interactions, spin-exchange constriction, and magnetostriction effect.

& 2013 Elsevier B.V. All rights reserved.

1. Introduction

Multiferroic materials with strong magnetoelectric coupling
(ME) are the most promising materials for future spintronic and
nanoelectronic devices [1–9]. The semiconductor-based electronic
industry is under threat as we are at the verge of fundamental
limit of integration (number of device components such as
transistors on integrated circuit). Therefore, for the miniaturiza-
tion and high performance of electronic devices either new
technologies or multifunctional materials are required. BiFeO3 is
one of the scarcest multifunctional multiferroic material, exhibit-
ing simultaneously spontaneous polarization as well as weak
ferromagnetism ordering with high Curie (TC#830 1C) and Nèel
(TN#370 1C) temperatures [1–9]. Therefore, the possibility to
integrate multifunctions such as electric and magnetic in BiFeO3

can be explored in spintronic and nanoelectronic devices [1–9].
The practical applications of bulk BiFeO3 have been mired because
of weak ferromagnetism and very low magnetoelectric coupling;
this happens due to spin-spiral incommensurate structure of
BiFeO3 with large cycloidal period of 62 nm [4–12,17–20]. This
cycloidal period can be broken, and high magnetoelectric coupling
with ferromagnetic behavior can be achieved in BiFeO3 by redu-
cing its size smaller than cycloidal period, i.e., 62 nm, and
simultaneously doping of rare earth ions [9–12]. The nanostruc-
tures of BiFeO3 possess excellent multiferroic properties [9–12,18].

In the present communication, Tb-doped BiFeO3 nanoparticles
have been synthesized by the sol–gel method. The effect of Tb-
doping and the smaller size of synthesized nanoparticles on
structural, magnetic and magnetoelectric coupling has been
studied.

2. Experimental

Materials and synthesis: Bi1!xTbxFeO3 nanoparticles (x¼0, 0.05,
0.10 and 0.15) have been synthesized by the sol–gel method [10].
The crystallographic analysis has been carried using an X-ray
diffractometer of PANalytical X'PertPRO MRD (Cu-Kα, λ¼1.54060 Å).
Transmission electron microscopy (TEM) has been carried out
using Hitachi-H7650. The magnetization versus applied magnetic
field (M–H) hysteresis loops measurement has been done using
SQUID of Quantum Design. The dynamic lock-in technique has
been employed to measure the direct magnetoelectric coupling
(ME) coefficients [13,14].

3. Results and discussion

Crystallographic and morphological analysis: TEM images of pure
and 15% Tb-doped BiFeO3 nanoparticles (Fig. 1(a) and (b)) reveal
that the average particle size of synthesized nanoparticles is 39 and
30 nm, respectively. The nanoparticles are found to be spherical,
homogenous in size, well-dispersed and without any agglomera-
tion. Rietveld refinement of XRD patterns has been performed
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a b s t r a c t

Multiferroic BiFeO3 was synthesized by means of high-energy ball milling (HEBM) followed by thermal
annealing at various temperatures and the effect of Gd3þ substitution (x¼0.0–0.20) at Bi3þ site was
investigated in this study. It is found that the Gd-substitution tends to decrease the impurity phases and
the crystallization of single phase BiFeO3 is observed at x¼0.1. Scanning electron micrograph of
Bi1#xGdxFeO3 sintered sample indicated a decrease in particle size and change in shape with increasing x.
For all the studied samples, the measured dielectric constant values tend to increase from 110 (x¼0.0) to
250 (x¼0.10). The dielectric loss is found to be more for the pure BiFeO3 as compared to the
Bi1#xGdxFeO3. Ferroelectric loops show a maximum polarization of 1.63 μC/cm2 for the Bi0.9Gd0.1FeO3.
Magnetization (M) versus magnetic field (H) hysteresis loops at 300 K BiFeO3 and Bi0.9Gd0.1FeO3 de-
monstrated non-saturated loops, suggesting the antiferromagnetic nature of the samples. The M–H be-
havior of the Bi1#xGdxFeO3 at 300 K shows the antiferromagnetic nature of the samples. The estimated
magnetization value at 10 kOe for the Bi0.9Gd0.1FeO3 sample (0.23 emu/g) is found to be higher than that
of the pure BiFeO3 (0.037 emu/g).

& 2016 Elsevier B.V. All rights reserved.

1. Introduction

Multiferroic materials have recently gained a considerable at-
tention due to it multifunctional device applications and under-
lying new physics. Among the multiferroics, BiFeO3 is one of the
widely investigated materials due to it ferroelectric and magnetic
transition temperature well above room temperature (RT) [1,2].
BiFeO3 is known to possess rhombohedrally distorted perovskite
structure that belongs to a space group of R3c. The unit cell of
BiFeO3 can be represented as pseudo cubic (ac¼3.963 Å); and
hexagonal (ah¼5.587 Å, ch¼13.867 Å) structure, where the pseudo
cubic direction [111]c is considered equivalent to [1 0 0]h [3]. Over
the past several years, considerable efforts have been made to
achieve both strong ferroelectric (FE) and ferromagnetic (FM)
polarizations. Researchers have made a considerable progress on
the processing and microstructural aspects of BiFeO3 [4–6]. Simi-
larly, efforts also have been made to substitute A site and B site of
BiFeO3 by rare earth and transition metal ions, respectively. Effect
of metal ion substitution has been thoroughly investigated on the
structural, electric and magnetic properties [7–9]. Mathe et al.
observed a structural phase transition to orthorhombic at x¼0.6

and triclinic at x¼0.8 with La3þ substitution at Bi3þ site. All the
samples showed dispersion in dielectric data. The variation of di-
electric constant (ε’) with temperature shows a broad peak that
broadens with change in composition and shifts corresponding to
frequency change reflecting relaxor-type behavior [10]. Palkar
et al. studied the coexistence of ferroelectricity and ferromagnet-
ism in Bi0.9#xTbxLa0.1FeO3 powder samples (0oxo0.3) and these
samples were found to exhibit high dielectric constant and mag-
neto-electric coupling at RT [11]. The magnetoelectric coupling
was evidenced by the increase of the dielectric constant with the
increase of applied magnetic field (H). For Bi0.75Ba0.25FeO3 with
H¼8 kOe, the values of [εr(H)#εr(0)/εr(0)] were 1.7% and 1% at 80
and 300 K, respectively [12]. Fanggao et al. showed that sub-
stituting Gd3þ at Bi3þ site eliminates the impurity phases in
BiFeO3 ceramics; also the lattice constants a and c become smaller
as the Gd3þ content is increased. A strong variation in the di-
electric constant and loss has been observed by substitution of Gd
[13]. Gd-substitution was found to induce structural phase tran-
sition from R3c to Pn21a at x¼0.1 and further increase in x sup-
presses the spontaneous polarization (Ps) in Bi1#xGdxFeO3 result-
ing in a ferroelectric–paraelectric (Pn21a- Pnma) phase transition
around 0.2oxo0.3 [14,15].

From the above, it is clear that the low level doping of rare
earth at Bi3þ site can impart changes in the structure and brings a
noticeable variation in the magnetic and electrical properties.
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a b s t r a c t

We find self-trapped propagation of elliptical super-Gaussian beam in cubic–quintic nonlinear media.
The soliton beam preserves its shape and size during propagation in Kerr media. Both defocusing and
focusing quintic nonlinearities are considered. In a cubic (focusing)-quintic (defocusing) media breather
like beam propagation with intriguing beam width oscillation is observed. The influence of beam
ellipticity, super-Gaussian nature and quintic nonlinearity on self-trapping has been studied. A formula
for critical power for self-focusing has been derived and it readily agrees with the results obtained by
variational method. In Kerr and focusing quintic media beam collapse occurs quicker for higher order
super-Gaussian beam. The critical power of self-focusing in defocusing (focusing) quintic medium
prominently increases (decreases) with increasing strength of quintic nonlinearity. This variation rate is
greater for higher order super Gaussian beam. A beam with greater ellipticity requires larger power for
self-trapping.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

Nonlinear optical beam propagation and consequent formation
of spatial optical soliton has been a fascinating topic of both
fundamental and applied research in nonlinear optics [1–4]. This
area of research is highly active due to its versatility and potential
application in optical communication, all-optical device fabrica-
tion and many other fields. Spatial optical solitons are optical
beams confined in directions transverse to the propagation axis.
In other words, they are optical beams of invariable or periodically
fluctuating cross section. Owing to their additional degrees of
freedom along transverse dimension spatial solitons are much
more versatile over their temporal counterpart. Beyond optics,
spatial solitons are familiar in mathematics (in fact, the idea of
soliton was conceived from integrable system), mechanical
engineering, fluid dynamics, thermodynamics, pattern formation,
biology, etc. Even spatial solitons are available in nature. For
example, the tsunami waves, sand dunes, some strange cloud
formation, namely, ‘morning glory’ cloud or ‘rolling cloud’ [5].
However, the mechanism of such soliton formation is very
complicated and topic of fundamental multidisciplinary research.
Our topic of interest, i.e., optical spatial soliton, arises due to
counter balance of self-diffraction with nonlinearity induced self-
focusing in conservative media. They have been studied to address
different aspects in various media that ranges from turbulent

atmosphere to media with higher order nonlinearity. Also, a wide
variety of beam profile, starting from simple hyperbolic secant
to complicated decentered elliptical Hermite–Gaussian beam
(DEHGB) has been adopted [6–11]. Generally, Kerr media supports
(1þ1) D stable soliton of hyperbolic secant profile that encouraged
the early stage research to adopt the aforesaid profile or more
convenient Gaussian profile. However, soliton of similar forms can
be expected for higher dimension too. Attempts have been made
to explore the possibility of soliton formation with more complex
beam profiles. Sinusoidal-Gaussian and hyperbolic–sinusoidal-
Gaussian beam propagation has been studied in quadratic non-
linear media [6]. The propagation properties of cosh-Gaussian
beams [7], Hermite cosh-Gaussian beams [8], elegant Hermite–
cosh-Gaussian beams [9], Hermite cosine-Gaussian beams [10]
and off-axial Hermite–cosh-Gaussian beams [11] have been widely
studied. Self-focusing of necklace beams [12], self-trapped vector
waves [13] and self-trapping, compression and decompression of
Bessel beams has been studied in Kerr media [14]. A sinh-Gaussian
beam propagating through Kerr medium eventually converts into
sin-Gaussian type beam at low and moderate initial power [15].
Also transformation from cosh-Gaussian to flat-top beam has been
achieved in cubic–quintic nonlinear media [16].

Laguerre–Gaussian (LG) beam Propagation has been studied in
a local cubic–quintic nonlinear medium, using the variational
approach [17]. Generation and propagation of two-dimensional
vortex solitons, has been studied in presence of nonlocal focusing
nonlinearity, where the nonlocality stabilizes the dynamics of an
otherwise unstable vortex beam [18]. Stable spatiotemporal spin-
ning solitons with internal vorticity in a bimodal system has also
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a b s t r a c t

The union of nanotechnology with the other fields of science heralds the influx of many newer and
better technologies, with the capability to revolutionize the human life. In the present work, calcium
ferrite nanoparticles were synthesized by conventional sol–gel method and were characterised by
X-ray diffraction, Transmission electron microscope, Vibrating sample magnetometer and Fourier
transform infrared spectroscope. The synthesized nanoparticles were calcined at different temperatures
and their magnetic behaviour was studied. The synthesized nanoparticles calcined at 900 1C were
formed in the shape of capsules and exhibited mixed characteristics of ferrimagnetic and paramagnetic
grains with magnetic saturation of 0.85 emu/g whereas nanoparticles calcined at 500 1C were spherical
in shape and exhibited superparamagnetic characteristics with saturation magnetization of 37.67 emu/g.

& 2013 Elsevier B.V. All rights reserved.

1. Introduction

Ferrites are iron based oxides with technologically fascinating
magnetic properties, making them a prominent category in magnetic
materials. The ferrite particles in nano-regime with significant change
of physical properties provide more advantages over the bulk
ferrites [1]. With regards to the rapidly mounting field of nanotech-
nology, ferrite nanoparticles have been the core of extensive research
pertaining to their widespread applications, be it biomedical, techno-
logical or industrial. Nanocrystalline particles of magnetic materials
show substantially enhanced magnetic properties. The magnetic
behaviour of ferrites is strongly influenced by the particle size [2].
As the particle size decreases below the critical diameter, the
coercivity decreases due to thermal effects, which become dominant
enough to demagnetize a previously saturated assembly of parti-
cles [3]. Ferrite nanocrystallites of Mn, Co, Ni, Mg, Zn, K, Ca have been
synthesized by reverse micelle [4–7,2], co-precipitation method [8,9],
sol–gel auto combustion [1], thermal decomposition [10] and poly-
meric precursor method [11].

The synthesis and formation mechanism of Ca-ferrite com-
pounds in bulk form have been carried out using different methods
such as polymeric precursor method [11], under controlled oxygen
potentials [12], thermolysis [13] and with different molar ratios of
precursors under varying temperatures [14]. Moreover, it has been
reported that the phase transition in Ca-ferrite is related to Feþ3

high-spin/low-spin transition [15–18]. Ca-ferrite compounds so far
have extensively been explored in the optical memory devices,

steel making industry (as deoxidizer, desulfuration, and depho-
sphorization) [14], pigment [11] and absorbent of hydrogen
sulphide (H2S) [12]. All the above mentioned studies have been
carried out on bulk Ca-ferrites. Till date and to the best of our
knowledge no report is available on the size-dependent properties
of Ca-ferrite at nanoscale.

It is well known that reduction in size leads to drastic changes in
properties of materials. Therefore, the structure and size of ferrite
nanoparticles are the important parameters to study their magnetic
behaviour. In this communication, we report the synthesis of
Ca-ferrite nanoparticles by sol–gel method. The morphology, struc-
ture and magnetic properties of Ca-ferrites at nanoscale have been
studied in order to gain information regarding their formation
mechanism in the nano regime. Further, the effects of different
calcination temperatures on their morphology, structure and mag-
netic properties have also been reported.

2. Materials and methods

2.1. Materials

All the chemicals used for synthesis were of analytical grade.
Calcium nitrate (Ca (NO3)2 "4H2O), Ferric nitrate (Fe (NO3)3 "9H2O),
and citric acid (C6H8O7 "H2O), were purchased from Loba Chemie,
India and ethylene glycol was purchased from sdfine chemicals, India
and were used without any further purifications.

2.2. Synthesis

Conventional sol–gel method was employed for the synthesis of
calcium ferrite nanoparticles [11]. Metallic citrate polymerization
using ethylene glycol is the basis of this process [11]. 1 M solution
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a b s t r a c t

This communication reports a novel idea on dye-sensitized solar cells (DSSCs) fabricated using Gd-doped
BiFeO3 nanoparticles with particle size between 26 and 30 nm. The effect of Gd-doping and smaller size
of synthesized nanoparticles on the structural, morphological, optical and photo-electrochemical proper-
ties have been investigated. The high energy-conversion efficiency, 3.85%, has been achieved for 12% Gd-
doped BiFeO3 DSSCs, which is more than 100% higher than the undoped BiFeO3. The possible origin of the
observed performance of DSSCs has been explained on the basis of smaller size of the synthesized nano-
particles, doping of Gd and structural transformation with doping in BiFeO3.

! 2013 Elsevier B.V. All rights reserved.

1. Introduction

The supply of clean, green and environment friendly energy to
our society is a matter of great concern for the scientific communi-
ties, as the non-renewable resources such as gas, coal and oil are
limited and for sure will run out with time [1,2]. Solar energy is
one of the most promising alternative energy resources. Therefore,
today much attention has been paid on dye-sensitized solar cells
(DSSCs) in the both academic and industrial platforms as an alter-
native clean and green energy resource precisely because of their
relatively high energy conversion efficiency, low production cost,
low manufacturing toxicity, ease of fabrication and flexibility [2–
9]. Advances in this field have been achieved by improving the en-
ergy conversion efficiency, by extensively studying the mechanism
to enhance electron generation, injection or transfer to semicon-
ductors and reduction in the charge recombination processes [2–
6,9–20]. Nanostructured TiO2 and ZnO are the most widely used
photo-anode material for DSSCs [2–6,9,10]. The lots of efforts had
paid to develop alternative new photo-anode materials such as
ZnO [10,11], SnO2 [12], Nb2O5 [13], BaTiO3 [14]. The charge recom-
bination at the electrode/electrolyte interface, low efficiency, sta-
bility and reproduction of results are the challenges [10–14].
Different approaches such as, coating of insulating layer or higher
band gap materials [15,16], doping of secondary species [17,19],
plasmonics [4,20], polymers [21] based have been employed to im-
prove the electronic structure of semiconductors, which reduces
electron–hole recombination rate and enhances efficiency [2–21].
The main passion for above said research activities is to develop

alternative photo-electrode materials with improve overall energy
conversion efficiency [2–6,8–21].

BiFeO3 is direct energy band-gap (2.2–2.8 eV) semiconductor,
chemically stable with high electron mobility and non-toxic
[22–27]. It is well known multiferroic material possessing simulta-
neously ferroelectricity, ferromagnetism or ferroelasticity in a sin-
gle phase [22]. Recently, it has been reported that BiFeO3 thin film
based-diode showing photovoltaic effects [28–30]. More, impor-
tantly BiFeO3 nanostructures are possessing interesting photocata-
lytic activity in the visible region [22–27]. Joshi et al. suggested
that BiFeO3 nanostructures can be used as photo-electrode mate-
rial for DSSCs [24]. The above said properties, photocatalytic
behavior and Joshi et al. [24] suggesting superior photo-voltaic
properties of BiFeO3 nanostructures. This has been the motivation
for the present study, to utilized rare earth-doped BiFeO3 nano-
structures as photo-anode material in DSSCs.

In this communication, thus, for the first time, we introduce Gd-
doped BiFeO3 nanoparticles – a novel material employed as a
photo-anode for developing efficient DSSCs. Synthesis of Gd-doped
BiFeO3 nanoparticles has been done by sol–gel method. The effect
of Gd-doping and smaller size of synthesized nanoparticles on
structure, optical and photo-electrochemical properties have been
studied.

2. Experimental

2.1. Materials and synthesis

Undoped and Gd-doped BiFeO3 nanoparticles (Bi1!xGdxFeO3

with x = 0, 0.04, 0.08, and 0.12) have been synthesized by sol–gel
method [31,32]. In typical synthesis procedure, the analytical
grade Bi(NO3)2"5H2O, Fe(NO3)3"9H2O and Gd (NO3)3"3H2O, in
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a b s t r a c t

In this report, structural optical and magnetic properties of CoxZn1!xS (x¼0, 0.01, 0.05 and 0.1) nanorods have
been investigated at room temperature. The average diameter and length of as synthesized nanorods, analyzed
using transmission electron microscopy (TEM), are #10 nm and #100 nm, respectively. The crystal structure
of CoxZn1!xS nanorods, studied using X-ray diffraction (XRD), indicates wurtzite structure with lattice
parameters, a¼3.84 Ǻ and c¼6.25 Ǻ for CoxZn1!xS (x¼0) nanorods which are found decreased with
increased Co concentration in ZnS lattice. The band gap of Co-doped ZnS nanorods has been found to be
blue shifted as compared to the undoped counterpart. Emission spectra indicate two peaks at 422 nm and
485 nm. Emission intensity increases in case of CoxZn1!xS (x¼0.01, 0.05) nanorods, and quenches in
CoxZn1!xS (x¼0.1) nanorods. The ferromagnetization has been observed in case of Co-doped ZnS nanorods,
whereas, undoped ZnS nanorods exhibit mixed diamagnetic-ferromagnetic behavior. The magnetization
increases with increased Co concentration.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

In the recent times, there has been a tremendous interest in the
research on transition metals doped chalcogenide nanomaterials. The
new kinds of materials developed are more popularly known as dilute
magnetic semiconductors (DMS). DMS materials exhibit optical and
magnetic behavior due to charge and spin controllability [1]. These
materials exhibit unique optical as well as magnetic properties at
nanoscale. Due to its wide band gap, ZnS has been an attractive
material as it acts as a good host for transition metals. The transition
metals doped ZnS nanostructures have wide variety of applications in
area of spintronics, solar cells, light emitting diodes, magnetic reso-
nance imaging (MRI), lasers [2–7] etc. Bhargawa et al., attempted first
time with Mn-doped ZnS nanocrystals to explore the optical proper-
ties of ZnS based DMS nanostructures [8]. Since then, a lot of research
has been focused on the structural, optical and magnetic studies of
transition metals doped ZnS nanostructures. The one dimensional
(1-D) nanostructures or nanorods can be specifically used in variety of
applications due to unique quantum confinement effects. Generally,
the properties of materials are size and shape dependent; hence
transition metals doped 1-D nanostructures can be useful as funda-
mental building blocks for fabricating the advanced nanoscale inter
connecting electronic and optoelectronic devices. Various studies on

photoluminescence and magnetic properties [9–14] of transition
metals-doped ZnS nanostructures are available in literature, however,
very few reports have been found on Co-doped ZnS nanorods. Lu et al.
[15] reported the structural and magnetic behavior of Co-doped ZnS
nanowires. It was observed that the Co-doped ZnS nanowires exhibit
ferromagnetism at room temperature and ferromagnetism increases
as the Co concentration is increased. Sambavisham et al. [16] reported
temperature dependent induced magnetism in Co-doped ZnS nano-
particles at room-temperature. In this study, magnetic hysteresis was
observed at room temperature and the magnetization reduces with
increased Co concentration. Patel et al. have reported the grain
boundaries induced magnetization at room temperature in Co-
doped ZnS thin films [17]. Synthesizing high quality ZnS nanorods
using ethylenediamine (EN), a bidentate ligand, is a difficult task as it
leads to the formation of ZnS-EN complex [18]. Hence, to synthesize
high quality ZnS nanorods a mixture of water and EN (1:1) is used.

In this report we have tried to analyze the structural, optical
and magnetic behavior induced in Co-doped ZnS nanorods.

2. Experimental details

2.1. Synthesis

All the chemicals are of analytical grade and were used without
any further purification. Zinc acetate was used as a source of Zn,
thiourea as a source of sulpher, and cobalt chloride as source of Co. A
mixture of water and EN as solvent (1:1) has been used as solvent. For
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a b s t r a c t

Thin films of single walled carbon nanotubes (SWCNTs) were prepared by Langmuir–Blodgett method
and irradiated with swift heavy ions, carbon and nickel each of energy 60 MeV. The ion beams have dif-
ferent electronic energy loss (Se) values and the samples were exposed to various irradiation doses. The
irradiated films were characterized using Raman and optical absorption spectroscopy. Raman spec-
troscopy results indicate the competing processes of defect creation and healing (annealing) of
SWCNTs at lower fluences, while at higher fluences defect creation or damage dominates. In UV–Vis–
NIR spectroscopy we find that there is decrease in the intensity of characteristic peaks with every increas-
ing fluence, indicating decrease in the optically active states with irradiation.

! 2016 Elsevier B.V. All rights reserved.

1. Introduction

Carbon nanotubes (CNTs) have some remarkable physical prop-
erties which make them potential candidates for applications in
various fields [1–3]. They are sensitive to various kinds of radia-
tion, and have been proposed for different applications. CNTs can
be used in nanosensors and nanodevices [4,5] in high radiation
environment, such as in outer space. Due to their radiation stabil-
ity, CNTs can also be used as radiation shields in nuclear reactors
[6]. Irradiation causes defects on the surface of CNTs which give
rise to various types of structural modifications such as welding
and bending [7,8], formation of nanocompartments [9], transfor-
mation of single walled nanotubes to multi-walled carbon nan-
otubes [10], reordering, healing of the system [10–14].

In recent times the effect of swift heavy ions (SHIs; heavy ions
with energy of the order of MeV/nucleon) on the CNTs has been
extensively studied [14–16]. The SHIs lose energy mainly to the
electronic subsystem, which leads to excitation or ionization of
atoms in the material. This huge amount of energy in small cylin-
drical volume surrounding the ion trajectory leads to various kinds
of structural modifications in the materials. These structural
changes alter their electrical, magnetic and optical properties

[17,18]. Thus irradiation by SHIs can also be used as a tool to tailor
the structure as well as other related properties.

In the present study, investigations have been made upon the
changes in thin films of single walled carbon nanotubes (SWCNTs)
irradiated by SHIs. Uniform thin films of SWCNTs were deposited
on quartz substrate by Langmuir Blodgett (LB) method. In this
method deposition is done in a layer by layer manner. By using this
method we have attempted to get a uniform thin film. The depos-
ited films were irradiated with carbon and nickel ion beams each of
energy 60 MeV. A systematic detailed analysis of Raman spec-
troscopy of these films has been carried out. The effect on the opti-
cal absorption properties has also been studied. The
characterization results for both the beams have been compared.

2. Experimental

2.1. Preparation of the samples

SWCNTs functionalized with octadecylamine (ODA) (Sigma
Aldrich; diameter = 2–10 nm; length = 0.5–2 lm) have been used
for this study. The long chain ODA gets attached to the ends and
defect sites of SWCNTs, which helps in the exfoliation of bundled
nanotubes to individual ones by overcoming the Van der waals
forces between them [19,20]. Thin films of SWCNTs were deposited
on quartz substrate by Langmuir Blodgett (LB) method [21]. Using

http://dx.doi.org/10.1016/j.nimb.2016.02.039
0168-583X/! 2016 Elsevier B.V. All rights reserved.
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Structural and optical properties of Bi1!xAxFeO3

(A = Sr, Ca; 0.40 6 x 6 0.55)
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" Sr2+/Ca2+ substituted BiFeO3 are
synthesized and characterized.
" Substitution has profound effect on

structural and optical properties.
" Bi0.45Sr0.55FeO3 exhibits lowest

optical band gap.
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a b s t r a c t

The effect of Sr2+ and Ca2+ cation substitution on BiFeO3-type (Bi1!xAxFeO3; A = Sr, Ca; 0.40 6 x 6 0.55)
ceramics are investigated for structural and optical properties. X-ray diffraction patterns confirmed that
Ca2+/Sr2+ substitution facilitates the formation of tetragonal phase instead of rhombohedral phase as
observed in undoped BiFeO3 (BFO). The iodometric titration results show that substitution of Sr2+ has
higher tendency to form oxygen vacancies than Ca2+ substituted samples. On the other hand, Ca2+ substi-
tution shows opposite trend. The FT-IR and Raman spectra show shift in the peak positions towards
higher wavenumber and diffused bands with the increasing concentration of substituent. The parameters
like band gap energy, Urbach energy has been calculated from the UV–visible spectra. Sr2+ substituted
samples show higher structural distortion and low optical band gap values which can be correlated to
the higher oxygen vacancies and low Fe4+ content as compared to Ca2+ substituted samples.

! 2014 Elsevier B.V. All rights reserved.

Introduction

Among various multi-ferroic materials, undoped and doped
BiFeO3 (BFO) is widely studied compound due to simultaneous
existence of ferro-electricity with Curie temperature of 830 "C
and anti-ferromagnetism with Neel’s temperature of 370 "C
[1–3]. In addition to multi-ferroic properties, BFO can also be used
in variety of devices because of its interesting optical and photocat-

alytic properties [4,5]. However, undoped BFO exhibits secondary
phase as an impurity which restricts its applications. The forma-
tion of secondary phase can be suppressed by proper doping at A
and B or both the sites of BiFeO3 (ABO3) [6,7]. Thus, the main focus
of most studies is on the use of dopants such as rare earth metals,
transition metals and alkaline earth metals to improve the differ-
ent properties of BFO. Doping at both sites (A and B sites) gives rise
to oxygen non-stoichiometry and conversion of Fe3+ into Fe2+/Fe4+

to maintain the charge neutrality of the system. The aliovalent
substitution such as Ba2+, Pb2+, Sr2+ and Ca2+ at bismuth site creates
oxygen vacancies and transforms Fe3+ to Fe4+. It will affect the

http://dx.doi.org/10.1016/j.molstruc.2014.05.063
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a b s t r a c t

The coating of Polyethylene Glycol (PEG) on calcium ferrite (CaFe2O4) nanoparticles has been reported in the
present study. The X-ray diffraction pattern revealed the formation of orthorhombic structure of bare CaFe2O4

nanoparticles, which was also retained after the PEG coating, along with additional characteristic peaks of PEG
at 191 and 231. The rings of CaFe2O4 nanoparticles were identified by the selected area electron diffraction
pattern. The characteristic bands of PEG as observed in its Fourier transform infrared spectrum were also
present in PEG coated CaFe2O4 nanoparticles, hence confirming its presence. In the thermal gravimetric studies,
the complete thermal decomposition of PEG occurred in a one step process, but in case of PEG coated CaFe2O4

nanoparticles, the decomposition took place at a higher temperature owing to the formation of covalent bonds
of PEG with CaFe2O4 nanoparticles. The presence of PEG on CaFe2O4 nanoparticles, spherical formation of PEG
coated CaFe2O4 nanoparticles and reduced agglomeration in the CaFe2O4 nanoparticles were revealed by high
resolution transmission electron microscope, transmission electron microscope and scanning electron micro-
scope studies, respectively. In vibrating sample magnetometer analysis, both bare as well as coated CaFe2O4

nanoparticles exhibited superparamagnetic behavior. However, a drop in the magnetic saturation value was
observed from 36.76 emu/g for CaFe2O4 nanoparticles to 6.74 emu/g for PEG coated CaFe2O4 nanoparticles, due
to the formation of magnetically dead layer of PEG. In ZFC and FC analyses, superparamagnetic behavior with
blocking temperature for bare and coated nanoparticles has been observed at ∼40 K and ∼60 K, respectively.
The increase in the blocking temperature is attributed to the increase in the particle size after PEG coating.

& 2013 Elsevier B.V. All rights reserved.

1. Introduction

The research on magnetic nanoparticles is proceeding at an
accelerated pace owing to their distinctive optical, electronic, surface
and magnetic properties, leading to various inter-disciplinary techno-
logical applications ranging from information storage, materials
science to biomedicine [1]. In context to biomedical applications,
Fe3O4 [2–4], NiFe2O4 [2,5,6], MnFe2O4 [7,8], CoFe2O4 [1,9,10], and
ZnFe2O4 [2] nanoparticles have been studied. The ferrites of Ni, Mn,
Co, Zn although possess good magnetic properties, their inherent
toxicity diminishes their credibility. This elevates concerns on their
biocompatibility and further on their effectiveness for biomedical
applications. Ferrites of calcium are expected to be more biocompa-
tible since calcium is inherently non-toxic. In our earlier work, the
formation of calcium ferrite nanoparticles at different calcination
temperatures has been studied [11]. In literature, the reports on
calcium ferrite compounds in bulk form are available, where they
have been explored in the optical memory devices, steel making
industry (as deoxidizer, desulfuration, and dephosphorization) [12], as

pigment [13] and absorbent of hydrogen sulfide (H2S) [14]. Not much
has been explored about calcium ferrite in the nano-regime.

There are some other major factors that influence the fate of the
nanoparticles. Pertaining to high surface energy and magnetic inter-
actions of the magnetic nanoparticles, they have the tendency to
agglomerate. When the nanoparticles agglomerate, they adsorb
plasma proteins and are quickly cleared by the macrophages in
the Reticuloendothelial system (a part of the immune system of the
human body) before reaching the target cells [15]. The body instead of
allowing them to work efficiently recognizes them as a foreign entity
and removes them. This reduces the circulation time of nanoparticles
in the blood stream. Polymer coating reduces agglomeration and so
helps in evading the Reticuloendothelial system. The agglomeration
results in clogging of the capillaries, this can be avoided by polymer
coating of the nanoparticle surface. The surface inertness of nanopar-
ticles restricts the number of molecules to be bio-conjugated with
them [16,17]. The polymer coating facilitates the selective binding of
the biological entities, thus enables more functional groups to be
attached to the ferrite surface. The corrosion of the ferrite surface is
prevented by coating and makes it more biocompatible. Also, the
polymer coating effectively shields the surface charge of nanoparticles
to disperse them in suspensions.

In the light of the above, the formation of magnetic polymer
nanocomposite (magnetic core with a polymer coating on its surface
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The evolution of surface roughness and dielectric properties of sputter-deposited Mg2SiO4 thin films have been
studied. Analysis of height–height correlation function and power spectrum densities of the atomic force micro-
scope images revealed that the growth surface experiences a difference in short-range and global roughening,
indicating an anomalous scaling (super-rough) behavior. The growth exponent β=0.9 suggests that the growth
instability due to the shadowing far outweighs the effects of a high substrate temperature (700 °C). The dielectric
loss tangent showed a pronounced dependence on deposition time, while dielectric constant remained
unchanged at the bulk value; the changes in the grain structure via the evolution of surface scaling are suggested
as a contributing factor.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

In recent years, nonconventional dielectric thin films have received
significant attention for their potential in upcoming high frequency ap-
plications such as high speed LAN, intelligent transport systems,
point-to-point telecommunication, etc. [1,2]. The key requirements for
such applications include high frequency selectivity and stability, low
power dissipation, and reduced delay time of electronic signal transmis-
sion, which has demanded engineering of thin films with exceptionally
low dielectric loss (tan δ) as well as low dielectric constant (ε). Among
the few candidates, α-Mg2SiO4 (forsterite) offers unique advantages
from its low electrical conductivity, competitive dielectric properties
and high tunability, as evidenced from the recent report of a Qf value
as high as 270,000 GHz for the bulk forsterite [3–5]. In thin films, how-
ever, the dielectric properties can be substantially different from that of
the bulk counterpart, arising due to various aspects of microstructure,
interface between the electrode and thin film, residual stress, etc.
[6–8]. Typically, thickness of the dielectric thin films has been identified
to significantly affect all of the above features, and thus the values of
both εand tan δ [8,9].

On the other hand, the increase in film thickness leads to an evolu-
tion of surface roughness during growth of the films [10]. The surface
roughening process is quite predominant in the initial stages of film
growth (extending up to several hundred nanometers of thickness,
which is of practical interest) and affects various, for example, electrical,
optical, and tribological properties of the films. The kinetic roughening

of the surface growth front follows from the competition between var-
ious roughening and smoothening mechanisms depending upon the
process parameters [10]. Therefore, from a study of the surface rough-
ness evolution versus deposition time (thickness), one can gain insight
into growth mechanisms appropriate to the deposition process, and
their influence on various properties of the films. Thus, such a study
has tremendous technological implications and forms the basis of this
work. The present study aims at understanding the evolution of the sur-
face roughness and the dielectric properties of the Mg2SiO4 thin films
grown by RF magnetron sputtering. We show that the surface width
scaled differently at short-range and long range scales (anomalous scal-
ing behavior). Concurrently and more importantly, the dielectric loss
showed a pronounced dependence on the deposition time,while the di-
electric constant remained surprisingly constant.

2. Experimental

The Mg2SiO4 thin films were grown on Pt(111)/Ti/SiO2/Si(100)
substrates at 700 °C by rf magnetron sputtering from a two-inch
α-Mg2SiO4 ceramic target of purity 99.99% (LTS Chemical Inc.). The
substrates were tilted by an angle of ~45° with respect to the target
normal and the distance between the centers of substrate and the target
was ~6 cm. The substrates were rotated at 7 RPM about their axes dur-
ing sputtering. Prior to loading into the deposition chamber, the sub-
strates were ultrasonic-cleaned sequentially with acetone, isopropyl
alcohol, and ethyl alcohol anhydrous each for 10 min. The sputtering
chamber was evacuated to a base pressure of 5×10−6 Torr using a
turbomolecular pump backed by a rotary pump and a constant working
pressure of 10 mTorr was maintained by allowing an argon–oxygen gas
mixture (Ar/O2: 30/10) throughmass-flow controllers. Films of different
growth times (15–150 min) were deposited at a rf power of 200 W.
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This study explores the effect of lateral grain size on the exchange bias in the magnetron sputtered
NiFe(5 nm)/FeMn(20 nm) bilayer films. The thicknesses of ferromagnetic (NiFe) and antiferromagntic
(FeMn) layers were kept constant in the study. The lateral grain size variation was induced by increasing
Ta buffer layer thickness. The cross-sectional transmission electron microscopy revealed that bilayers depos-
ited on thicker Ta buffer layers have larger lateral grain diameter. Grain-to-grain epitaxy from buffer layer
controls lateral grain size at NiFe/FeMn interface. A large increase in exchange bias field was observed with
increasing thickness of Ta buffer layer, which is attributed to the enhanced ferromagnetic/antiferromagnetic
coupling originated from larger interface lateral grain area.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

The characteristics feature of exchange coupling between fer-
romagnetic(FM)/antiferromagnetic (AFM) layers is the shift of
hysteresis loop from the centre, known as exchange bias (EB)
effect [1]. For about two decades, there has been considerable interest in
exchange-biased FM films because the shift can be utilized in controlling
the magnetization in spin-valve devices, which sense changing magnetic
fields through the giant magnetoresostance effect [2].

Among various exchange-coupled systems, the exchange-coupled
polycrystalline FM/AFM bilayer films are the most widely studied
[3,4]. Since the EB is considered to be interface phenomenon, the
immediate questions that prompt in polycrystalline bilayer films are
the influence of grain size, morphology, and orientation on the EB.
All these factors, however, show strong dependence on the FM/AFM
thicknesses and the deposition conditions. To understand the effect
of aforementioned parameters several experimental studies were
carried out and various theoretical models have been invoked
[5–13]. However, the microscopic origin is not yet clear. One of the
unresolved issue is the effect of grain size, which strongly affects
the EB. It is reported that the EB is large for smaller grain size and
vice versa [13,14].

The established approaches to vary grain size are by varying the
FM and AFM layer thickness, deposition conditions etc. However,
due to interdependence of thickness, grain size, texture and rough-
ness, it is difficult to separate out the individual effect. Reviewing
the previous works on the thickness variation of FM layer, the large

EB was found in 3–7 nm thick films [4]. The EB was found to decrease
for any further increase in the thickness of FM layer EB. In contrast to
the effect of FM layer thickness, EB initially increases with the AFM
thickness and then become constant [5]. This effect of thickness vari-
ation on EB is considered as grain size effect as it varies with thick-
ness. Since exchange bias is considered as an interface phenomenon
therefore, the lateral grain size may affect EB. Indeed increasing FM/
AFM film thickness increases the grain size, however the film texture,
grain orientation, and interface roughness simultaneously varies and
affects the EB.

In order to understand the grain size effect, lateral grain size vari-
ation is imparted in identical NiFe(5 nm)/FeMn(20 nm) bilayers
films by depositing on Ta underlayer with different grain sizes. Larger
Ta grain may promote larger lateral grain area at NiFe/FeMn interface
and the interface coupling.

2. Experimental details

In the present investigation, Ta(t nm)/NiFe(5 nm)/FeMn(20 nm)
film with varying Ta thickness (tTa = 5–50 nm) were deposited on
glass substrate by conventional direct current magnetron sputtering.
The root mean square surface (RMS) roughness of the glass substrates
were 0.20 ± 0.02 nm. Prior to deposition the base pressure was less
than 7 × 10−5 Pa. Ar gas pressure was maintained at 0.27 Pa. To
achieve the uniform film thickness, the substrate holder was rotating
at ten revolutions per minute during deposition. The deposition rates
for all layers were set at ≈ 0.1 nm/s. In order to produce unidirec-
tional anisotropy, a magnetic field of 300(103(4Π)−1) Am−1 was
applied during deposition. No post deposition field annealing was
carried out.
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a b s t r a c t

Magnetoelectric composites of nickel zinc ferrite (NZF) and La substituted lead zirconate titanate (PLZT)
having representative formula 0.1Ni0.8Zn0.2Fe2O4!0.9Pb1!3x/2LaxZr0.65Ti0.35O3 (x¼0, 0.01, 0.02 and
0.03) were synthesized by a conventional solid state route. X-ray diffraction analysis was carried out to
confirm the coexistence of individual phases. Scanning electron microscope micrographs were taken for
microstructural study of the samples. Dielectric properties were studied as a function of temperature
and frequency. To study ferroelectric and magnetic ordering in composite samples, P–E and M–H
hysteresis loops were recorded respectively. M–H hysteresis loops were taken for electrically poled and
unpoled samples to confirm magnetoelectric coupling between the two phases (NZF and PLZT). La
substitution results in significant improvement in dielectric, ferroelectric and piezoelectric properties
of composite samples.

& 2012 Elsevier B.V. All rights reserved.

1. Introduction

The area of magnetoelectric (ME) materials has attracted many
researchers from both groups (ferroelectricity and magnetism)
because these materials exhibit ferroelectric and ferromagnetic/
ferrimagnetic properties of matter. These materials have potential
applications in many multifunctional devices such as magnetic field
sensors, multiple state memory elements, transducers, electro-optic
devices, filters, oscillators and phase shifters [1–6]. The ME effect in
these materials is defined as an induced electric polarization in
external magnetic field or an induced magnetization in external
electric field. These materials are classified into two groups: single
phase and two phase (composites). Single phase ME materials have
coexistence of ferroelectric and magnetic orders in single phase and
exhibit direct ME coupling. Though the experimental evidences of ME
effect in single phase systems were observed during the first half of
20th century the materials showing ME coupling were found to be
rare due to some limiting factors which restrict the coexistence of
ferroelectricity and magnetism in a single phase [7,8]. Two phase
systems exhibit indirect coupling between ferroelectricity and mag-
netism. This indirect coupling takes place via stress and results in
magnetostriction induced deformation and the generation of piezo-
electric charge [9–12] i.e. one phase should be magnetostrictive or

piezomagnetic and other should be piezoelectric or electrostrictive.
The most widely studied systems that have been reported correspond
to substituted NiFe2O4, CoFe2O4, MnFe2O4, ZnFe2O4, Terfenol, etc.
with substituted PZT, PMN-PT, PVDF and BaTiO3 [13].

For the present work, bulk composites of Ni–Zn ferrite and La
substituted PZT with general formula 0.1Ni0.8Zn0.2Fe2O4!0.9Pb1–3x/

2LaxZr0.65Ti0.35O3 (x¼0, 0.01, 0.02 and 0.03) were synthesized by a
conventional solid state reaction route. The presented composites are
ferroelectric rich ferrite–ferroelectric composites with small content
(10%) of the ferrite phase. The reason is that composites with higher
ferrite content show lossy P–E loops due to high conductivity of
ferrite phase as compared to that for ferroelectric phase and are also
difficult to pole. Higher value of ferrite content also results in lower
ME output due to the leakage charges developed in the ferroelectric
grains which reduces the charges generated during the ME effect
[14,15]. Further, La content (x) in ferroelectric phase was selected
from 0 to 0.03 which can be attributed to the fact that for higher La
content in PZT, the disordering effect of La becomes important,
resulting in considerable decrease in values of remanant polarization
(Pr) and saturation polarization (Ps) [16,17].

2. Experimental work

2.1. Material synthesis

The ferrite phase was prepared using AR grade NiO, ZnO and
Fe2O3. The powder mixture was ball milled, dried and then
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a b s t r a c t

Magnetization as a function of applied magnetic field at different temperatures for antiferromagnetic
nanoparticles of ferrihydrite is measured and analyzed considering a distribution in particle magnetic
moment. We find that the magnetization of this nanoparticle system is affected by the presence of
particle magnetic moment distribution. This particle magnetic moment distribution is estimated at
different temperatures.

& 2015 Elsevier B.V. All rights reserved.

1. Introduction

People have been working on small particles of magnetic ma-
terials for last several decades due to their potential applications
and interesting behavior [1–3]. One of the properties that makes
the magnetic nanoparticles unique is superparamagnetism. Suffi-
ciently small particles of ferro and ferrimagnetic materials are
expected to show the superparamagnetic behavior [2]. Long back
Néel suggested that small particles of antiferromagnetic materials
should also exhibit magnetic properties such as super-
paramagnetism [3]. The magnetization of a bulk antiferromagnetic
crystal is expected to be zero in absence of any external magnetic
field at 0 K. However if the surface to volume ratio, which in-
creases with decreasing particle size, for an antiferromagnetic
particle is made sufficiently large then it can have a nonzero net
magnetic moment due to an imperfect cancellation of atomic
moments near the surface of the particle. A lot of work have been
reported on the magnetic behavior of small particles of ferro and
ferrimagnetic materials. Nanoparticles of antiferromagnetic ma-
terials have also gained sufficient attention from researchers
mainly due to surprising and unusual behavior exhibited by them.
Among different antiferromagnetic nanoparticle systems, NiO [4–
9], ferritin [10–12] and ferrihydrite [13–17] are comparatively
more interesting and well-studied systems.

The magnetization of ferro and ferrimagnetic nanoparticles can
be described by the Langevin function [2]. However the

magnetization of antiferromagnetic nanoparticles can not be de-
scribed by this function. In fact, it can be described by an altered
form, known as the modified Langevin function, of this function
[6,10,11,13]. People have been using the modified Langevin func-
tion to estimate the value of particle magnetic moment. Fitting the
magnetization data of 5 nm NiO particles to the modified Langevin
function gives a value of about 2000 Bμ for the particle magnetic
moment [6,7]. Such values for the particle magnetic moment are
very large in comparison to the expected values. Any real sample
of nanoparticles always has some distribution in particle size. This
particle size distribution gives rise to a particle magnetic moment
distribution for a system of magnetic nanoparticles. Recently, it
has been shown that the ignorance of the particle magnetic mo-
ment distribution is the reason for the strange behavior of NiO
nanoparticles [18]. Reasonable value of about few hundred Bohr
magnetons for the particle magnetic moments is obtained, if the
modified Langevin function is used to fit the magnetization data
considering a distribution in the particle magnetic moment for
5 nm NiO particles. However, it is still not clearly understood
whether this observation is a characteristic of NiO nanoparticles
only or a general behavior applicable for all magnetic nanoparticle
systems. For this the effect of particle magnetic moment dis-
tribution on the magnetization of few more nanoparticle systems
should be studied. This motivated us to study the effect of particle
magnetic moment distribution on the magnetization of anti-
ferromagnetic ferrihydrite nanoparticles. During this study the
particle magnetic moment distribution in a sample of 2 nm ferri-
hydrite particles is estimated.

Ferrihydrite is a nanocrystalline material and found in nature in
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Effects of Thickness Ratio of Co to Pt Layer on Magnetic
Properties and Microstructure of [Co/Pt]n Multilayer Films
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[Co/Pt]n multilayer films were deposited on a glass substrate with a Pt underlayer by an alternative sputtering method. The
effect of overall multilayer [CoPt]n thickness and the relative thickness of Co to Pt layers on the structural and magnetic properties
were investigated. First, the thickness ratio of Co to Pt layers (Co:Pt = 4:3, 1:1, and 3:4) in [Co/Pt]n multilayer films was varied.
Higher coercivity and out-of-plane squareness were found for the [Co1 nm/Pt0.75 nm]n and [Co1 nm/Pt1 nm]n multilayer films. The
total thickness of multilayers was varied from 3.5 to 8 nm. When the Co to Pt layers thickness ratio was changed to 3:4, the
magnetic performance was declined. Furthermore, the thickness ratio of Co to Pt layers was kept constant to 1:1, and the Co and
Pt layer thickness in [Cox nm/Ptx nm]n film was varied. The highest coercivity of 2.1 kOe was obtained in the [Co0.5/Pt0.5]4 film.
The magnetic properties were decreased with further increase in the Co and Pt layer thickness. In this paper, we demonstrated
that [Co/Pt]n multilayer films with the suitable thickness ratio of Co to Pt layers are beneficial to prepare CoPt thin films with
perpendicular magnetic anisotropy.

Index Terms— CoPt thin films, magnetic properties, magnetic recording media, multilayer.

I. INTRODUCTION

FOR ultrahigh magnetic recording media, L10 FePt thin
film is regarded as a great potential magnetic material,

owing to its large coercivity (Hc), huge magnetocrystalline
anisotropy constant (Ku ), and high chemical stability [1].
However, its higher ordering temperature (∼500 °C) for soft
magnetic A1 FePt to transform into hard magnetic L10 FePt
induces a costly fabrication process, coarsened magnetic
grains, and serious interlayer diffusion [2], [3]. L11 CoPt phase
with rhombohedral lattice could be an alternative magnetic
material [4]. The unit cell of L11 CoPt phase is constructed
with the alternating close-packed atomic layers of Co and Pt
along the [111] direction [5]. The higher perpendicular
magnetic anisotropy (PMA), large Ku (similar to L10 FePt),
and very low ordering temperature (less than L10 FePt
about 200 °C) make L11 CoPt film a great opportunity to apply
in recording media and spintronic devices [6]. Usually, the
method adopted to obtain L11 CoPt film is the codeposition of
Co and Pt atoms, which causes the mixing of Co and Pt atoms
prior to the deposition on the substrates [7], [8]. Therefore,
the atoms incompletely occupy superlattice sites and induce a
disordered phase with poor magnetic performance. In order to
improve the magnetic properties of L11 CoPt superstructure,
alternative stacking of Co and Pt atomic planes were sputtered,
owing to its special way of layer-by-layer deposition and a
controllable diffusion length between layers [9]. In this paper,
we systematically studied the variation of Co to Pt thickness
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ratio (Co:Pt = 4:3, 1:1, and 3:4) and the total thickness
of [Co/Pt]n multilayers (1.75–20 nm). The results showed
that the higher Hc and PMA were found in the Co to Pt
thickness ratios of 4:3 and 1:1. Furthermore, fine tuning of
[Cox nm/Ptx nm]n multilayer thickness resulted in maximum
Hc at x = 0.5 and n = 4. Furthermore, Co to Pt layers
with thickness ratio 3:4 showed poor magnetic performance.
In this investigation, the correlation between the magnetic
properties and the microstructures of [Co/Pt]n multilayer films
were studied.

II. EXPERIMENT

The [Co1 nm/Pt0.75 nm]n , [Co1 nm/Pt1 nm]n , and [Co0.75 nm/
Pt1 nm]n multilayer films were deposited on glass substrates
in an ultrahigh vacuum magnetron sputtering chamber. Before
sputtering the [Co/Pt]n multilayer, a 20 nm-thick textured
Pt(111) was deposited on a glass substrate. The thickness of
Co and Pt layers were changed from 0.75 to 1 nm in order
to make the thickness ratio of Co to Pt layers to be 4:3, 1:1,
and 3:4. n is the repetition of [Co/Pt] films, which ranged the
total thickness of [Co/Pt]n multilayer film from 1.75 (n = 1)
to 21 nm (n = 12). The background pressure was better than
5 × 10−9 Torr, and the working pressure of Ar gas was fixed
to 10 mTorr. The deposition temperature of [Co/Pt] multilayer
films was fixed to 350 °C. The film thickness was identified by
atomic force microscopy. Magnetic properties were measured
by the polar magnetooptical Kerr effect with the maximum
applied field of 16 kOe. The phase structures of [Co/Pt]n mul-
tilayer films were characterized by X-ray diffraction (XRD).
The surface morphology and the microstructure of the films
were observed by scanning electron microscopy (SEM) and
transmission electron microscopy (TEM), respectively.

0018-9464 © 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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Structure and Magnetic Properties of Ba - La Fe O Prepared by
Ba - La Fe O
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M-type Barium hexaferrite (BaFe O ) with substitution of Ba by rare earth metal La were prepared by solid state synthesis
method from as-prepared powder of barium monoferrite (Ba - La Fe O ) ( 0.0, 0.1 and 0.2). The structural and magnetic proper-
ties of Ba - La Fe O were investigated by X-ray diffraction (XRD), vibrating sample magnetometer (VSM) and Mössbauer spec-
troscopy. The refined XRD patterns suggests the formation of single phase hexaferrite. With increased La substitution (x), the saturation
magnetization increased and reached maximum at and decreased at , without any noticeable change in coercivity.
Fitted Mössbauer spectra of Ba - La Fe O showed increase in hyperfine field and a transition from Fe ion to Fe ion at site.
The present work demonstrates a new methodology for two stage substitution.

Index Terms—Barium hexaferrite, barium monoferrite, magnetic properties.

I. INTRODUCTION

A MONG the M-type hexaferrites, barium hexaferrite
(BaFe O ) is of particular interest due to its appli-

cations in high density magnetic recording media as well as
in permanent magnets [1]. High uniaxial magneto crystalline
anisotropy, self-biasing nature, low eddy current losses and low
microwave losses, i.e., narrow ferromagnetic resonance line
width, make hexagonal ferrites possible material solutions for
microwave and millimeter devices [2][3]. Recently, spin canon-
ical structure of M-type hexaferrite makes them a promising
candidate for high multiferroic materials [4].
The structure of the BaFe O is derived from a stacking

of close packed oxygen and barium layers along the hexagonal
-axis with an ordering sequence of spinel “S” block Fe O
and three layer “R” blocks BaFe O . The combination of
RS gives the building block of the magnetoplumbite structure
for M type hexaferrite [5]. One unit cell of BaFe O con-
tains two formula units. The 24 Fe ions per unit cell occupy
five different crystallographic sites. Sixteen Fe ions are in
three octahedral sites ( , , and ) which have upward spin,
whereas the remaining eight Fe ions spinning downward are
located in the tetrahedral and trigonalbipyramidal site ( and
). So the net magnetic moment per unit cell for BaFe O

is [6].
Several techniques were adopted to prepare BaFe O

which include chemical coprecipitation [7]–[9], sol-gel [10],
hydrothermal method [11], solid state synthesis and high energy
ball milling [12][13]. To further improve the intrinsic magnetic
properties various cations were substituted at Fe or Ba sites
[14]–[19]. Substitution of Ba with trivalent rare earth ions
showed enhancement in magnetic properties [20]–[24]. It is
reported that the Ba site replaced by a rare earth substitution
ions create a valence charge Fe to Fe ion on 2a site, which
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increases the magneto crystalline anisotropy. Higher saturation
magnetization ( ) results from increased super exchange
interaction due to lower ionic radii of rare earth ions as com-
pared to Ba ion. However, it is also observed that higher
substitution amount reduces the saturation magnetization due
to presence of residual hematite [23]. In all reported studies it is
observed that rare earth ions are directly substituted during the
calcination. Until now no studies have been reported in which
substituted hexaferrite were prepared by other substituted
phases.
The objective of this work is to investigate a new tech-

nique to developed La substituted barium hexaferrite
(Ba - La Fe O ) from as-substituted barium monofer-
rite (Ba - La Fe O ). The effect of La substitution on
structural and magnetic properties is analyzed by using X-ray
diffraction (XRD), vibrating sample magnetometer (VSM)
and Mössbauer spectroscopy. These two stages substituted
BaFe O show enhanced saturation magnetization without
any remarkable change in coercivity. This new method could
lead to a novel way to prepare substituted hexaferrite from
substituted monoferrite.

II. EXPERIMENT
Ba - La Fe O has been prepared by solid state synthesis

from substituted Ba - La Fe O , ( 0.0, 0.1 and 0.2). The
starting materials used in this study were laboratory grade
BaCO (purity 99.0% Loba Chemicals), Fe O (purity 99.0%
Sigma-Aldrich grade) and La O (purity 99.0% Sigma-Aldrich
grade). The process consists of two main steps: In the first
step, Ba - La Fe O was prepared by wet mixing equimolar
composition of raw materials together using planetary ball
milling and a ball to charge ratio of 2:1 was chosen. The milling
intensity was 120 rotations per minute (r/min). The as-mixed
powder was dried and calcined for 2 hours at 1000 C in a
muffle furnace. The heating and cooling rate were fixed to 5
C . In the second step, Ba - La Fe O was prepared
by wet mixing of as-prepared Ba - La Fe O and Fe O with
1:5 molar compositions in planetary ball milling for 3 hours
with speed rotation 120 r/min. The calcination temperature and
holding time was fixed to 1250 C and 3 hours respectively.

0018-9464 © 2013 IEEE
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a b s t r a c t

Calcium ferrite nanoparticles (CaFe2O4 NPs) have been successfully passivated by silica coating. The
particle size distribution was observed in the narrow range of 3–6 nm, without any agglomeration,
suggesting the stabilization of high surface energy and magnetic interaction on the nanoparticles'
surface, due to silica. Presence of amorphous silica resulted in less peak intensities of the orthorhombic
CaFe2O4 core. The characteristic IR bands of silica confirmed its coating thereby making the nanocom-
posite viable for bio-conjugation (active silanol groups in the silica layer covalently attach to bio-
molecules). The nanocomposite exhibited superparamagnetic behavior (Ms¼8.55 emu/g) and high
biocompatibility below 500 mg/ml. The nanosized, superparamagnetic and highly biocompatible synthe-
sized nanocomposite finds potential applications in biomedicinal hybrids.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

Magnetic nanoparticles (MNPs) have attracted a great deal of
attention in biomedical field [1], but, there are some limitations
associated with them. Their surface inertness restricts the number
of molecules that can be bonded to the surface [2]. Also, their
tendency to agglomerate due to high surface energy and magnetic
interactions lead to increase in size. This results in clogging of the
capillaries and adsorption of plasma proteins leading to quick
clearance by the macrophages in the Reticuloendothelial system in
the body, before reaching the target cells [2]. So, it is highly
desired that the synthesized nanomaterial be agglomeration-free
and biocompatible. Surface stabilization of the MNPs serves both
these purposes. It is obtained by passivating the surface of MNPs
with the most employed stabilizer i.e. silica. It screens the
magnetic dipolar interaction between MNPs, thus preventing their
aggregation and favouring their dispersion in liquid media. It
protects leaching of MNPs in an acidic environment, eliminates
protein adsorption and facilitates bio-conjugation [2,4,5].

In addition, high inherent toxicity of transition metals (Ni, Co,
Mn) in ferrites raises concern on their biocompatibility [3]. Ferrites
of calcium are more biocompatible since calcium is inherently
non-toxic. A novel, agglomeration-free and highly biocompatible
nanocomposite composed of inherently non-toxic, superpara-

magnetic calcium ferrite nanoparticles and biocompatible silica
is reported in this work. Their structural, morphological, magnetic
properties and biocompatibility have been studied.

These find applications in magnetic cell-separation of biological
entities, therapeutic drug delivery vehicles, contrast enhancement
agents in magnetic resonance imaging (MRI) and magnetic
biosensing.

2. Experiment

Silica coating on calcium ferrite nanoparticles was done by the
modified Stober process [5]. Briefly, 150 ml ethanol, 3 ml water,
5.1 ml ammonium hydroxide and 900 ml TEOS were added in
a beaker and kept at 40 1C, while stirring. After 20 min, 6 ml
aqueous solution of calcium ferrite nanoparticles with the con-
centration of 4 mg/ml was added and the reaction was allowed to
proceed for 5 h. Nanoparticles were magnetically separated,
washed and dried to obtain silica coated calcium ferrite nano-
particles.

The structure and morphology were studied by X-ray diffrac-
tion (XRD; X’PERT PRO Panalytical, MRD ML) and Transmission
Electron Microscope (TEM; Hitachi (H-7500)), respectively. FT-IR
spectrum was recorded on Perkin Elmer-Model RZX. The magnetic
property was determined by vibrating sample magnetometer
(VSM; Princeton Applied Research Model 151/155). The viability
of synthesized nanocomposite on T cell lines (Jurkat cells) was
investigated by MTT (3-(4, 5-Dimethylthiazol-2-yl)-2, 5-diphenyl-
tetrazolium bromide, a tetrazole) colorimetric assay at 5, 25, 50,
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" (BiSr)MO3 (M ¼ Mn, Fe, Y) was synthesized by solid state reaction method.
" The B-site cation highly affect the generation of defects in perovskites.
" The structural and electrical properties strongly depend upon the B-site cation.
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a b s t r a c t

Sr2þ substituted BiMnO3$ d (BSM), BiFeO3$ d (BSF) and BiYO3$ d (BSY) perovskites structured samples have
been investigated for their structural, thermal and electrical properties. These samples are characterized
by X-ray diffraction, X-ray photoelectron spectroscopy (XPS), iodometric titration, Raman spectroscopy,
thermogravimetric analysis (TGA) and conductivity. Rietveld refinement confirms that BSY sample has
cubic (Fm-3m) symmetry with limited solid solubility of Sr2þ as compared to tetragonal symmetry
(p4mm) of BSM and BSF samples. X-ray photoelectron spectroscopy study confirms the presence of Mn4þ

and Fe4þ content in BSM and BSF samples. The amount of Mn3þ , Fe4þ and oxygen vacancies in these
systems are calculated by iodometric titration. The highest oxygen vacancies are found in BSF sample.
The BSM system exhibit the highest conductivity followed by BSF and BSY samples due to the presence of
Mn4þ content and moderate oxygen vacancies in this particular sample.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Perovskite materials are one of the most important multi-
functional compounds. These compounds with small structural
changes can generate an incredibly wide array of phases with
variable properties. The structural diversity in these compounds
arises due to extreme flexibility of their structures in regard to
cation and anion replacements and also their tolerance to adjust
distortion created by different substituents [1]. Among different
perovskite compounds, bismuth containing perovskites are cate-
gorized differently because of their different electrical, magnetic
and muti-ferroic properties [2e4]. As an important multifunc-
tional material, bismuth containing oxides have shown potential
applications in photovoltaic cells, memory devices, non linear

optical glasses, fuel cells, oxygen sensors and catalysis for indus-
trial selective oxidation reactions [1,5,6]. Bi3þ has an electronic
configuration [Xe]4f145d106s2. Hybridization of 6s and 6p orbitals
and the resulting lone electron pair yields some very interesting
stereochemistry and steric related properties [7]. Generally, bis-
muth is replaced by aliovalent cation (Sr2þ , Ca2þ , Ba2þ and Pb2þ )
to improve its electrical properties [8e10]. When A site cation is
replaced by an aliovalent cation, the neutrality in the system is
compensated either by the formation of oxygen vacancies unless
the B-site cation does not change its oxidation state or by the
change in valency of B-site cation and creation of oxygen va-
cancies if B-site cation is a transition element. Existence of mul-
tiple valence states at B-sites enable movement of electrons in the
crystal lattice. Some of the perovskites having transition elements
exhibit metallic, superconducting or mixed conducting behavior.
Usually, the absence of transition elements at B-site in aliovalent
doped ABO3 leads to good ionic conductivity due to the high
possibility to have oxide ion vacancies [11e14]. So, the B-site
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Large magnetoelectric response in modified BNT based ternary piezoelectric
[72.5(Bi1/2Na1/2TiO3)-22.5(Bi1/2K1/2TiO3)-5(BiMg1/2Ti1/2O3)]-magnetostrictive
(NiFe2O4) particulate (0-3) composites
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Lead free ternary solid solution 72.5(Bi1/2Na1/2TiO3)-22.5(Bi1/2K1/2TiO3)-5(BiMg1/2Ti1/2O3) with
effective piezoelectric coefficient (d33) of 180 pC/N has been prepared. Further, particulate
composites consisting of (1!x)[72.5(BNT)-22.5(BKT)-5(BMgT)]!xNiFe2O4 (NFO) (x¼ 0, 0.1,
0.2, 0.3) were synthesized, and its structural, magnetoelectric (ME), magnetostrictive, magnetic, and
ferroelectric properties were studied. Large ME voltage coefficient, (aE)# 73 mV/cmOe accompanied
by high d33# 125 pC/N, and magnetostrictive strains, (k11)#!18$ 10!6, were obtained for x¼ 0.2
composite. The present study demonstrates an environmental-friendly ME particulate composite for
future applications. VC 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4921521]

Due to scarcity of single phase multiferroic magnetoelec-
tric (ME) materials with large room temperature (R-T) ME
response, the focus of researchers has shifted towards the de-
velopment of ME composites.1,2 Several investigations based
on piezoelectric–ferrite particulate ME composite have been
reported. The principal combinations include PbZrTiO3(PZT)
and BaTiO3(BT) as the piezoelectric constituents and
CoFe2O4(CFO) and NiFe2O4(NFO) as the magnetostrictive
constitute.3–6 However, high piezoelectric coefficient (d33

# 600 pm/V) and high electromechanical coupling coefficient
(kp # 0.7) of PZT is difficult to match with other non lead
based piezoelectric materials.7 ME composite based on PZT
has shown the largest ME coupling coefficient (aE) values
from 0.040–4.7 V/cmOe.8 Aarti et al. have reported the aE

values of 122 mV/cmOe for particulate PZT-CFO system.9

However, due to the toxic nature of Pb, the non lead based
ME composites were also studied.5,6,10 The largest aE value
of 252 mV/cmOe was reported for BT-NFO particulate
composites.10

Among the other alternatives of non-lead based piezoelec-
tric oxides, Bi0.5Na0.5TiO3 (BNT) is one of the widely studied
piezoelectric material possessing high curie temperature (Tc)
# 320 %C and large remnant polarization (Pr)# 38 lC/cm2.11

However, its high coercivity (Ec# 73 kV/cm) makes it diffi-
cult to pole and thus has a smaller piezoelectric coefficient
(d33# 80 pC/N). It has been reported that the solid solution of
rhombohedral BNT and tetragonal perovskites with morpho-
tropic phase boundary (MPB) exhibit piezoelectric proper-
ties.12 Therefore, to improve its piezoelectric properties,
BNT has been modified with solid solutions of BaTiO3(BT),
(Bi0.5K0.5)TiO3 (BKT), (K0.5Na0.5)NbO3 (KNN), and
Bi(Mg0.5Ti0.5)O3 (BMgT).11–14 Recently, Jarupoom et al.
reported d33 values greater than 500 pm/V in ternary
72.5BNT-22.5BKT-5BMgT based solid solution.15 Hence,
this modified ternary solid solution could be a potential candi-
date for lead free particulate ME composites. The studies on

BNT based particulate composite are very scarce; few
reported studies on BNT-CFO and BNT-NFO based particu-
late composites have shown evidence of magnetoelectric
response.16,17 However, no report is available in literature on
the modified BNT based particulate composites. In this work,
sol-gel assisted (1!x)[72.5BNT-22.5BKT-5BMgT]!x NFO
(x¼ 0, 0.1, 0.2, 0.3) particulate composite series have been
prepared, and their structural, magnetic, ferroelectric magneto-
electric, and magnetostrictive properties have been
investigated.

Aldrich (99.99%) was used as metal precursors for syn-
thesis. 2-methoxyethanol and citric acid were used as sol-
vents. To prepare 72.5BNT-22.5BKT-5BMgT, the solutions
for BNT, BKT, and BMgT were prepared separately by dis-
solving stoichiometric proportion of metal precursors into 2-
methoxyethanol and citric acid. The prepared precursor solu-
tions were mixed together in desired volume ration of
72.5:22.5:5 using Hamilton microliter microsyringe to get
precursor solution of 72.5BNT-22.5BKT-5BMgT. A 10 mol.
% excess bismuth nitrate was used to compensate for the vola-
tile Bi loss during sintering process. The 72.5BNT-22.5BKT-
5BMgT solution was stirred and heated on magnetic hot plate
at 80 %C till the solution turned into yellowish gel. The gel
was further heated into furnace at 250 %C, and dried foam was
formed. The obtained precursor was ground in agate mortar
and calcined at 700 %C in muffle furnace. To prepare the
NFO, cobalt nitrate hexahydrate (Co(NO3)2.6H2O) and iron
nitrate nonahydrate (Fe(NO3)3.9H2O) of Sigma Aldrich
(99.99%) were dissolved in 2-methoxyethanol and citric acid
with molar ratio of 1:2. The solution is continuously stirred at
80 %C using magnetic hot plate to form dark reddish gel. The
obtained gel was dried at 250 %C and subsequently calcined at
700 %C in furnace. To prepare (0–3) particulate composite, the
powders of BNT–BKT–BMgT and NFO were taken in
desired weight ratio of x¼ 0, 0.1, 0.2, 0.3 and thoroughly
mixed in acetone media for 4 h using planetary ball mill.
Further, the as mixed powder was pressed into cylindrical pel-
lets of 10 mm diameter at a pressure of 200 MPa. The pelletsa)Email: puneet.sharma@thapar.edu
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Analysis of strong decays of charmed mesons D!2ð2460Þ, D0ð2560Þ, D2ð2740Þ,
D1ð3000Þ, D!2ð3000Þ, and their spin partners

D!1ð2680Þ, D!3ð2760Þ, and D!0ð3000Þ

Pallavi Gupta and A. Upadhyay
School of Physics and Materials Science, Thapar University, Patiala—147004 Punjab, India

(Received 16 September 2017; published 25 January 2018)

Using the effective Lagrangian approach, we examine the recently observed charm states D !Jð2460Þ,
DJð2560Þ, DJð2740Þ, DJð3000Þ, and their spin partners D !Jð2680Þ, D !Jð2760Þ, and D !Jð3000Þ with JP

states 1P3
2
2þ , 2S1

2
0−, 1D 5

2
2−, 2P1

2
1þ , and 2S1

2
1−, 1D 5

2
3−, 2P1

2
0þ respectively. We study their two body strong

decays, coupling constants and branching ratios with the emission of light pseudo-scalar mesons ðπ; η; KÞ.
We also analyze the newly observed charm state D !2ð3000Þ and suggest it to be either 1Fð2þ Þ or 2Pð2þ Þ
state and justify one of them to be the most favorable assignment for D !2ð3000Þ. We study the partial and the
total decay width of unobserved states D ð11F3Þ, Dsð11F3Þ and Dsð11F2Þ as the spin and the strange
partners of the D !2ð3000Þ charmed meson. The branching ratios and the coupling constants gTH , ~gHH , gYH ,
~gSH, and gZH calculated in this work can be confronted with the future experimental data.

DOI: 10.1103/PhysRevD.97.014015

I. INTRODUCTION

The excitation spectrum of ðcq̄Þ heavy-light charmed
mesons have received considerable theoretical and exper-
imental attention, as it provide opportunities to study the
QCD properties within the context of different models.
Recently, LHCb collaboration have used the Dalitz plot
analysis to study the resonant substructures B− →
D þ π−π− decays in the pp collision at a center-of-mass
energy 7 TeV. The masses and the widths of charm
resonances with spins 1, 2 and 3 at high D þ π− masses
are determined [1]. The study gives indication that, these
resonances are mainly coming from the contribution of the
D !2ð2460Þ, D !1ð2680Þ, D !3ð2760Þ, and D !2ð3000Þ charmed
mesons. The measured Breit-Wigner masses and widths of
these charmed mesons are

D !2ð2460Þ∶M ¼ 2463.7 & 0.4 & 0.4 & 0.6 MeV;

Γ ¼ 47.0 & 0.8 & 0.9 & 0.3 MeV; ð1Þ
D !1ð2680Þ∶M ¼ 2681.1 & 5.6 & 4.9 & 13.1 MeV;

Γ ¼ 186.7 & 8.5 & 8.6 & 8.2 MeV; ð2Þ

D !3ð2760Þ∶M ¼ 2775.5 & 4.5 & 4.5 & 4.7 MeV;

Γ ¼ 95.3 & 9.6 & 7.9 & 33.1 MeV; ð3Þ

D !2ð3000Þ∶M ¼ 3214 & 29 ∓ 33 ∓ 36 MeV;

Γ ¼ 186 & 38 & 34 & 63 MeV ð4Þ

In 2010 and 2013, a great achievement have been made
by BABAR and LHCb collaboration. LHCb collaboration
observed two natural parity resonances D !Jð2650Þ0,
D !Jð2760Þ0 and two unnatural parity resonances
DJð2580Þ0 and DJð2740Þ0 by studying the D þ π−, D 0πþ ,
and D !þ π− invariant mass spectra [2]. Along with these
states, LHCb has also observed DJð3000Þ0 in the D !þ π−

final state and D !Jð3000Þþ and D !Jð3000Þ0 in the D 0πþ and
D þ π− mass spectra respectively. BABAR collaboration
in 2010, observed DJð2560Þ0, DJð2600Þ0, DJð2600Þþ ,
DJð2750Þ0, D !Jð2760Þþ , and D !Jð2760Þ0 in the inclusive
eþ e− → cc̄ interaction [3].Masses and thewidths of charm
states predicted by BABAR and LHCb are so close, that
they are considered to be in the same JP state. Masses and
widths of these charm states observed by various collab-
orations are presented in Table I.
It is very crucial to assign a proper JP to the heavy-light

system in a given spectra, as large amount of experimental
information like decay width, branching ratios, and hyperfine
splitting are based on their JP. Various theoretical models
have suggested different JP states to the observed charm
mesons. In this paper, we analyze the available theoretical and
experimental data on the excited charm states and specify
their proper JP. In our analysis, we mentioned D !2ð2460Þ to
be the well-established state having JP ¼ 2þ in the charm
spectra [4]. The information provided by BABAR (2010) and
LHCb (2013) for the states D !Jð2680Þ and D !Jð2760Þ were
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Structure induced tunable magnetic properties of Zn substituted Mn1−xZnxFe2O4

(x = 0 –1) NPs
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Mn1−xZnxFe2O4 nanoparticles (MZ NPs) owing to their Zn content dependent tunable magnetic properties have potential applications in
energy conversion devices and in nanomedicine. It is a well-recognised fact that magnetism of MZ NPs has critical dependence on degree
of Zn substitution at tetrahedral sites. In addition, the role of cation distribution between the tetrahedral and octahedral sites for a
particular degree of Zn-substitution, i.e. the degree of inversion (δ) also influences their magnetic characteristics. However, the exact
correlation between distribution of bivalent metal ions between tetrahedral and octahedral sites and corresponding magnetic characteristics
is not well understood. In order to explore this structural dependence of magnetic characteristics of MZ NPs, a series of Mn1−xZnxFe2O4

(x = 0−1) nanoparticles have been synthesized by chemical co-precipitation method. Saturation magnetisation and Curie temperature of
MZ NPs are strongly correlated with the degree of inversion and exchange interactions between the magnetic ions, while the coercivity
and remanence is independent of it and only depends on crystallite size. Both saturation magnetisation and Curie temperature decreases
with increasing Zn substitution into spinel matrix. This could be attributed to the weakening of strong (A-B) inter lattice super exchange
interaction instead partial substitution of Zn at octahedral Mn sites.

1. Introduction: In recent years, Mn1−xZnxFe2O4 (x = 0–1)
nanoparticles (MZ NPs) have attracted considerable interest
because of their technological importance in magnetic
hyperthermia, magnetic resonance imaging, data storage,
spintronics, sensors [1, 2] etc. They are also used in power
transformers: choke coils, noise filters and recording heads [3]. It
is also being considered as one of the promising candidate for the
preparation of magnetic fluids for heat transfer and energy
conversion devices [4, 5]. MZ NPs possess interesting magnetic
properties such as high magnetic permeability and low core
losses in addition to strong zinc (Zn)-content dependent saturation
magnetisation and Curie temperature. Magnetism in MZ NPs
largely depends on the degree of Zn substitution in spinel lattice,
synthesis method used and the conditions of preparation. MZ NPs
are being synthesised by various bottom-up techniques such as
hydrothermal [6], sol–gel [7], microemulsion [8], co-precipitation
[9] etc. each showing different magnetic characteristics, the origin
of which always remained unsettled [6–9].
MZ NPs are ferrimagnetic. They possess cubic spinel structure

with general formula AB2O4, where A and B refer to the tetrahedral
and octahedral cation sites, respectively. Type of cations and their
distribution between the two interstitial sites in the spinel unit cell
determine their intrinsic magnetic properties [10, 11]. This cation
distribution depends on the ionic radii of the cation [12].
ZnFe2O4 (i.e. x = 0) has normal spinel structure, where Zn2+ occu-
pies the tetrahedral sites due to its affinity for sp3 bonding with
oxygen anions, leaving all the ferric ions at the octahedral sites.
Owing to this the only possible interaction between the ferric
ions is intra-lattice (B–B) exchange interaction. Since (B–B) ex-
change interaction is very weak, ZnFe2O4 NPs are paramagnetic
at room temperature [13]. On the other hand, MnFe2O4 has
mixed spinel structure with degree of inversion, δ≃ 0.2. In this
case manganese (Mn) and ferric ions occupy both the tetrahedral
A-sites and octahedral B-sites. It was previously reported that
MZ NPs possess mixed spinel structure as cations Me2+ and Fe3+

occupy both the interstitial sites [14–16]. Attia [17] has reported
the cation distribution in MZ NPs. In MZ NPs, Zn ions always
occupy the A-sites while Fe and Mn ions are distributed between

A- and B-sites. This distribution of Mn and Fe ions depends on
the degree of inversion and the Zn-content at A-site. Xuan et al.
[18] have reported increase in saturation magnetisation of MZ
NPs for small Zn substitution at A-sites followed by a decrease
in their saturation magnetisation for higher Zn substitution.
However, they could not reveal the strong magnetisation depend-
ence of MZ NPs on Zn-content at interstitial sites and role of
cation distirbutions. Rath et al. have also reported that the particle
size, lattice parameter and magnetic properties of MZ NPs depen-
dents on cation distribution. They have denoted decrease in particle
size and lattice parameter with increase in Zn concentration in terms
of the transformation from mixed spinel to normal spinel structure;
however, they failed to provide any experimental evidence for it. In
addition, they could not explain the observed magnetisation de-
pendence of MZ NPs on degree of zinc (Zn) substitution in the
spinel matrix [19]. Gopalan et al. have reported the impact of Zn
substitution on the structural and magnetic properties of chemically
derived nanosized MZ (x = 0–1). They have observed increase in
magnetisation of MZ NPs for x = 0.2–0.4 followed by a decrease;
however, they could not correlate it with the corresponding
structural changes taking place in the spinel matrix of MZ NPs
due to variation in the Zn substation at interstitial sites [20].
Varshney et al. [21] have studied the effect of site occupancy and
cation ordering on structural and vibrational properties of ZnxMn1
−xFe2O4, but no study on their magnetic properties have been
conducted.

From the literature survey it has been found that the role of
cations vis-a-vis their occupancies at tetrahedral and octahedral
sites are not clear as regards to their influence in deciding the
overall magnetic properties of MZ NPs is concern. It is in this
context a study of structural dependence of magnetic properties of
MZ NPs with varying degree of Zn substitution assume signifi-
cance. This Letter probes the influence of Zn substitution on mag-
netic properties (magnetisation, coercivity, remanence and Curie
temperature) of chemically co-precipitated MZ NPs and their cor-
relation with structural changes in the unit cell caused by varying
cation distribution between tetrahedral and octahedral interstitial
sites.
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Effect of Ca substitution on structural, magnetic and dielectric
properties of BiFeO3
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Bi1-xCaxFeO3 (x ¼ 0.40, 0.50) compounds are synthesized by conventional solid-state
reaction method. The effect of Ca2þ substitution is investigated on structural,
dielectric and magnetic properties. Rietveld refinement confirms that crystal structures
of both the samples are tetragonal with P4mm symmetry. The highest values of
remnant magnetization (Mr ) and coercive field (Hc ) are 0.002 emu/g and 0.23 kOe,
respectively, for x ¼ 0.50. The electric modulus formalism is used to distinguish and
separate out the relaxation process which is dominated by the transport phenomenon.
The relaxation process has activation energy #0.32 eV which is found to be related to
both the hopping mechanisms, i.e. electronic and oxide ions.

Keywords: Rietveld refinement; magnetic properties; dielectric spectroscopy; electric
modulus

1. Introduction

Multiferroic materials exhibit ferroelectric and ferromagnetic properties simultaneously.
The presence of ferromagnetism and ferroelectricity in the same material is difficult to
achieve because most of ferromagnetic oxides possess a center of symmetry in their crys-
tal structure and do not allow electric polarization.[1–3] In contrast to this, most of ferro-
electric compounds have only diamagnetic transition metal ions. Centrosymmetry of
crystal structures can be disturbed by the introduction of stereochemically active lone
pairs such as 6s2 lone pair of Bi3þ cations, whereas, super exchange interactions between
Fe3þ ions determine magnetic ordering in this material.[4–6]

BiFeO3 (BFO) is one of the few multiferroic materials that can function at room and
elevated temperatures due to its high Neel’s temperature (380 $C) and Curie temperature
(830 $C). In spite of some advantageous properties, BFO has some inherent problems due
to spatially modulated spin structure which does not allow net magnetization and inhibits
the observation of a notable linear magnetoelectric effect.[7–9] This problem can be
solved by substitution of rare earth lanthanide ions (La3þ, Nd3þ or Sm3þ) or divalent ions
(Ca2þ, Sr2þ, Ba2þ, Pb2þ) at the A site of BFO [10–15] or other ions (Nb5þ, Mn4þ, Cr3þ,
Ti4þ) at B site.[16–18] Substitution on A site is more important as it reduces the number
of Bi3þ ions which will further reduce the 6s2 lone pairs in the system. To overcome
charge imbalance created by divalent cations, oxygen vacancies will be created which
will affect the degree of centrosymmetry of FeO6 octahedra and thus also dielectric and
magnetic properties of BFO.[19]
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Structural, Dielectric and Magnetoelectric
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In this paper, we are reporting structural, dielectric, ferroelectric and magnetic proper-
ties of polycrystalline composites (ferrite and ferroelectric) of PZT (PbZr0.55Ti0.45O3) +
CNFO (Co0.8Ni0.2Fe2O4). The sample with composition x CNFO + (1-x) PZT (x = 0.00,
0.05, 0.10, 0.15 and 1.00) were prepared using the solid state double sintering method.
Here the ratio x: (1-x) of two components is by weight. X-ray diffraction (XRD) studies
show that lattice constant and tetragonality decreases with increasing ferrite content.
Dielectric constant was found to decrease with increase in amount of CNFO. The value
of tangent loss (tanδ) was reasonably low (< 0.04) for all the samples. Ferroelectric
and ferrimagnetic behavior was confirmed by observing P-E and M-H hysteresis loop,
respectively. The room temperature magnetoelectric coupling coefficient (α = dE/dH)
was measured as a function of applied DC magnetic field. The value of α was observed
to be maximum (855 µV/(cm.Oe)) at DC magnetic field of 1.7 kOe for sample with 5%
CNFO. Value of piezoelectric coefficient ‘d33’ decreases from 133 to 60 pC/N.

Keywords Ferroelectrics; magnetoelectrics; ferrites; PZT; ME effect

Introduction

Magnetoelectric materials are the potential candidates for technological applications such as
magnetic field sensors, transducers, memory devices, oscillators, phase shifters, microwave
devices [1–6]. The main problem with these materials is their dielectric loss. In compari-
son to single phase multiferroics, a much stronger ME-coupling has been realized in two
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Agricultural wastes as a resource of 
raw materials for developing low-
dielectric glass-ceramics
Satwinder Singh Danewalia , Gaurav Sharma , Samita Thakur  & K. Singh

Agricultural waste ashes are used as resource materials to synthesize new glass and glass-ceramics. 
The as-prepared materials are characterized using various techniques for their structural and dielectric 
properties to check their suitability in microelectronic applications. Sugarcane leaves ash exhibits 
higher content of alkali metal oxides than rice husk ash, which reduces the melting point of the 
components due to eutectic reactions. The addition of sugarcane leaves ash in rice husk ash promotes 
the glass formation. Additionally, it prevents the cristobalite phase formation. These materials are 
inherently porous, which is responsible for low dielectric permittivity i.e.  to . The presence of less 
ordered augite phase enhances the dielectric permittivity as compared to cristobalite and tridymite 
phases. The present glass-ceramics exhibit lower losses than similar materials synthesized using 
conventional minerals. The dielectric permittivity is independent to a wide range of temperature 
and frequency. The glass-ceramics developed with adequately devitrified phases can be used in 
microelectronic devices and other dielectric applications.

Agricultural wastes could be used as resource materials in many engineering applications. In general, silica is 
a major constituent of the agricultural waste ash. It varies from 98–36 wt% in ash of rice husk, sugarcane leaves 
and corn husk etc1. In addition to silica, other metal oxides like CaO, MgO and K2O are also present along with 
some trace elements2. Rice husk after burning in air, produces highly reactive silica particles (usually nanosized)3. 
During this process, about 20% of biomass remains as ash, which contains different minerals4. These minerals can 
be amorphous or crystalline depending upon the conditions in which rice husk is burnt. On the other hand, sug-
arcane leaves ash (SCLA) have silica along with alkali and alkaline earth metal oxides as the major constituents5. 
Silica, derived from the waste, can be utilized as raw materials to form different high performance materials, such 
as glasses, refractories, capacitors, glass sealants, bioceramics, fibres and optical cavities, etc6–8. In addition to this, 
silica can also be converted to silicon after heating in the presence of activated charcoal. The formed silicon, after 
refinement, can be used in solar energy production and electronic chips9.

Formation of glasses and glass-ceramics from the agriculture waste have many benefits. It is environment 
friendly, economical and renewable source of high content silica. Moreover, it could be better and effective way to 
manage huge agricultural waste for producing different engineering materials. Additionally, during melt-quench 
process, the organic contents present in the waste materials convert in various gasses. These by-product gasses 
can be collected for further applications. Moreover, these gasses act as in-situ foaming agents and enhance the 
inherent porosity in the glasses and glass-ceramics. Inherent porosity in the glasses and glass-ceramics decreases 
the thermal conductivity, dielectric permittivity and density. On the other hand, it enhances the sensing and 
absorption of sound waves10. So, these glasses and glass-ceramics can readily find applications in the microe-
lectronic devices, such as band-pass filters, dielectric resonant antennas and oscillators etc. For these applica-
tions, the material should have dielectric permittivity ~10 or above at room temperature with good thermal 
and mechanical stability. It also must have temperature and frequency independent behaviour in the microwave 
frequency region11. Silica and silicate based glasses could meet these requirements. High silica glasses are required 
for thermophotovoltaic system due to their good resistance to heat and thermal shock12. The disadvantage of 
the glasses and glass-ceramics derived from the agricultural wastes is the inability to vary the amount of differ-
ent oxides, which prevents to tailor the properties according to the need and applications. This problem can be 
addressed by using different agricultural waste materials, which have different SiO2 content along with other 
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Multiferroic properties of Tb-doped BiFeO3 nanowires
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Abstract Nanoscale, multifunctional, multiferroic

materials possess strong magnetoelectric coupling
(ME), open exciting multitudinous ways for designing

future nanoelectronic and spintronic device applica-

tions. Bulk nanowires (100 nm), pure, and Tb-doped
BiFeO3 multiferroic nanowires (20 nm) have been

synthesized by colloidal dispersion template-assisted
technique. The effects of Tb-doping and size of

synthesized nanowires on structural, electrical, mag-

netic, dielectric, and magnetodielectric properties have
been investigated. X-ray diffraction study reveals that

doping of Tb in BiFeO3 nanowires leads to structural

transformation from rhombohedral to orthorhombic.
X-ray photoemission analysis confirms the ?3 oxida-

tion state of Fe and high purity of samples. Bulk

nanowires exhibit antiferromagnetic characteristics,
whereas the Tb-doped BiFeO3 nanowires show ferro-

magnetic character. Moreover, with increase in Tb

concentration, the saturation magnetization increases.
Temperature-dependent magnetization study suggests

their size-dependent ferro and ferri-magnetic behavior.

Polarization versus electric field (P–E) study reveals
that pure BiFeO3 nanowires possess elliptical loop;

however, doping of Tb results in rectangular loop—

portentous good ferroelectric properties. All synthe-
sized samples exhibit frequency-dependent dielectric

constant which decreases with increase in frequency

and remains fairly constant at higher frequencies.
Leakage current density decreases with increase in Tb

concentration, and has been found to be three orders of

magnitude less than those of bulk BiFeO3 nanowires.
The ME coupling in synthesized nanowires was

estimated by measuring magnetodielectric. A very
high value of ME, 7.2 %, has been found for 15 %

Tb-doped BiFeO3 nanowires. In this communication,

we, for the first time, report new cue on size-dependent
Tb-doped BiFeO3 nanowires, which may be further

used to explore its technological device applications.

Keywords Nanowires ! Ferroelectricity !
Multiferroics ! Spin spiral cycloid !
Magnetoelectric effect

Introduction

Multifunctional oxide nanostructures such as nano-
wires, nanotubes are the demand of future technology.

These are the building blocks for future nanoelectronic
devices for the development of miniaturization and

high-density data storage system. It is highly desirable to

integrate multifunctions in a single material. Multifer-
roic materials, with strong coupling [magnetoelectric

(ME) coupling] among different orders of ferroics such

as electric and magnetic, meet the necessary requisites
and are the most promising materials for data storage,

spintronics, and nanoelectronics (Eerenstein et al. 2006).

G. S. Lotey (&) ! N. K. Verma
Nano Research Lab, School of Physics and Materials
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Effective Laser Sealing Enabled by Glass Thick Films Containing Carbon
Black/Carbon Nanotubes
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An effective way of providing complete sealing of glass using
an 810 nm diode laser was investigated for longer lifetime of
glass panel-based devices. Small amounts (<5 wt%) of laser-
absorbing materials such as carbon black (CB) or carbon
nanotubes (CNT) were added to a bismuth zinc borate glass
paste for instantaneous adhesion between glass substrates
without interfacial cracks or severe pores. A higher laser power
was required for a lower content of carbon for the laser-
assisted sealing of glass. As optimal compositions, the addition
of 1.0 wt% CB or 0.5 wt% CNT led to complete densification
of glass with higher optical transmittance. Higher absorption
coefficients calculated in the CNT case, e.g., ~536.4 cm−1 for
the 0.5 wt% CNT sample compared to ~277.6 cm−1 for the
0.5 wt% CB sample, are believed to be responsible for the
effective sealing even with a lower content of CNT.

I. Introduction

AS in the case of many other currently active electronic
and photonic devices, long-term stability has been a

critical issue for the glass panel-based modules and devices
including displays and photovoltaic applications. However,
the reliable technology of sealing glass panels has been very
limited even though the glass sealant has been recognized as
one of the most promising choices due to the hermetic capa-
bility and chemical inertness of glass itself.1–3 This limitation
comes mainly from the fact that glass needs to be fully densi-
fied at a minimum temperature of ~450°C–500°C as exempli-
fied for the current glass sealing technology for plasma
display panels.4 This high-temperature processing can be crit-
ically detrimental as many electronic and optical devices con-
tain volatile organics or temperature-sensitive constituents.5,6

Laser transmission welding (or joining), which is a viable
alternative to thermal welding, has been recently developed
for polymer-based panels containing laser-absorbing materi-
als such as carbon black (CB), carbon nanotube (CNT), or
other pigments.7–10 In this technique, the laser energy
transmitted through the first joint partner made of a laser-
transparent polymer heats up the joining interface with the
assistance of the laser-absorbing components. The local
generation of effective heat happens by energy transfer from
the laser source into the limited periphery of a few tens of
micrometers around the absorbing components. In the case
of glass, the utilization of femtosecond laser pulses has been

reported primarily for multiphoton absorption, melting, and
limited welding, but has not been recognized as an effective
alternative of sealing due to the induced pores and cracks at
interfaces.11,12

In this work, the effect of adding laser-absorbing materials
such as CB and CNT to a potential low softening glass seal-
ant is reported for the first time for complete laser sealing of
glass plates without interfacial damages and entrapped pores.
Absorption coefficient and penetration depth according to
the content of carbon materials are discussed as major
parameters for explaining the sealing capability of glass with
excellent microstructural evidences.

II. Experimental Procedure

A commercially available Bi2O5–ZnO–B2O3 glass-based frit
(BSP780; DAION Co., Incheon, Korea) was used in this
work. The frit has a softening point of ~385°C and an average
particle size of ~3 lm. Carbon black powder (High Purity
Chemical, Tokyo, Japan) or multiwalled CNT (CM-95;
Hanhwa Nanotech, Incheon, Korea; ~10–15 nm in diameter
and ~20 lm in length) was added as a laser-absorbing mate-
rial up to 5 wt% of the glass weight. Viscous ink paste was
prepared by admixing the glass frit and carbon materials with
organic binder vehicles composed of ethyl cellulose (Kanto
Chemical Co., Ltd, Tokyo, Japan), a-terpineol (90%; Aldrich,
Milwaukee, WI) and lauric acid (98%; Aldrich, Milwaukee,
WI) using a commercial paste mixer (PDM-150; Daewha
Tech, Yongin, Korea). For the primary adhesion evaluation,
the resultant paste was screen printed three times using a 250
mesh screen on soda lime silicate (SLS) glass substrates to
obtain a dried film thickness of ~30 lm. The screen printed
paste was dried at 120°C and then prefired at 370°C for 1 h.
The prefiring was conducted mainly for organic burnout.

A diode laser having k = 810 nm (Koryeo Semiconductor
System, Bucheon, Korea) was used for irradiation. The irra-
diation was performed by scanning a laser beam of ~1.0 mm
in diameter onto the surface of the prefired thick films at var-
ious laser powers in the range of 3–40 W. The incident and
transmitted intensity of laser radiation was measured by an
energy meter (Field Max II; Coherent, Santa Clara, USA).
The actual sealing experiment was additionally conducted by
placing another glass substrate onto the prefired thick films
and then by irradiating through one side of the laser-trans-
parent SLS substrate using the laser, as demonstrated in the
schematic of Fig. 1. The sandwiched structure was evaluated
in terms of the degree of sealing basically from microstruc-
tural features. For the sealing experiment, the screen printing
of the glass paste was repeated seven times to have a thicker
fired thickness of ~40 lm.

Surface and cross-sectional microstructure of the laser-
irradiated samples were observed by an optical microscope
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Background: Nuclear fusion has been shown to be a useful probe to study the different nuclear shapes. However,
the possibility of testing octupole deformation of a nucleus with this tool has not been fully explored yet. The
presence of a static octupole deformation in nuclei will enhance a possible permanent electric dipole moment,
leading to a possible demonstration of parity violation.
Purpose: To check whether static octupole deformation and octupole vibration in fusion give different results so
that both situations could be experimentally disentangled.
Method: Fusion cross sections are computed in the coupled-channel formalism making use of the ingoing-wave
boundary conditions (IWBC) for the systems 16O + 144Ba and 16O + 224Ra.
Results: Barrier distributions of the two considered schemes show slightly different patterns. In the case of 144Ba,
the difference between them is negligible. For the 224Ra case, perceptible differences are found in correspondence
with its larger octupole deformation. However, the possibility of disentangling both schemes is not guaranteed
and it will depend on the available experimental accuracy and the strength of the octupole deformation.
Conclusions: The measurement of barrier distributions could be a complementary probe to support the presence
of octupole deformation.

DOI: 10.1103/PhysRevC.92.054604 PACS number(s): 25.60.Pj, 24.10.Eq, 25.70.Jj

I. INTRODUCTION

The search of octupole deformations in nuclei is experi-
encing a revival thanks to its impact in a possible permanent
atomic electric dipole moment (EDM) [1,2]. A nonzero EDM
will indicate a time-reversal (or equivalently charge-parity)
violation. The magnitude or the experimental maximum limit
to it can constrain the different suggested extensions to
the standard model [3]. The presence of a static octupole
deformation in an odd nucleus will generate enhanced nuclear
Schiff moments, which contributes to the atomic EDM so that
it can be improved by several orders of magnitude [4].

Therefore, the experimental focus is set on the search
for permanent octupole deformations in some of the regions
where different theoretical approaches predict strong octupole
correlations [5,6] with the help of continuous development of
radioactive beam facilities. In the present work we will focus
on 144Ba and 224Ra as representative of two different regions
where possible static deformations have been predicted.

In [1,7], Coulomb excitation was used to measure the
different electric transition probabilities. This tool provides
quadrupole and octupole transition probabilities with good
accuracy. Smaller dipole electric transition probabilities will
carry larger error bars, even though this problem is exper-
imentally affordable and they were able to provide some
measurements. It should be kept in mind that large octupole
transitions can be found also for dynamic octupole vibra-
tions. In addition, the coupling between quadrupole defor-
mation and octupole vibrations can lead to enhanced dipole
moments [5].

*rajkumarfzr@gmail.com
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Therefore, we would like to propose here a complementary
experimental probe for static octupole deformation. A tradi-
tional experimental tool for the study of nuclear structure is
provided by subbarrier fusion. It is well known that fusion
at energies around the Coulomb barrier is driven by the
dynamical couplings to the internal degrees of freedom of
the fusing counterparts [8,9]. The absence or presence of
octupole and dipole moments in one of the fusing partners
will have a certain impact in the final subbarrier fusion
cross section. This fact could suggest, if the minimum
accuracy is reached, the possibility of distinguishing between
static octupole deformation and the corresponding dynamical
vibration.

The work is structured as follows. In Sec. II we recall
the reaction formalism for studying nuclear fusion including
deformations and/or vibrations. We apply this framework
in Sec. III to the reactions 16O + 144Ba and 16O + 224Ra
considering quadrupole deformations for 144Ba and 224Ra
looking for the differences between adding an octupole
vibration or deformation to the previous quadrupole defor-
mation. Finally, in Sec. IV the main results of this work are
summarized.

II. REACTION FRAMEWORK

Fusion probabilities are calculated by solving the cor-
responding coupled-channel equations under ingoing-wave
boundary conditions (IWBC). The coupled-channel formalism
for direct reaction processes given by Austern [10] expands
the total wave function in terms of the wave function for the
internal state of the projectile φβ and the radial wave functions
χβ that account for the relative motion between projectile and
target. This leads to a set of coupled equations for the radial

0556-2813/2015/92(5)/054604(5) 054604-1 ©2015 American Physical Society
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Abstract Cobalt (0, 1, 5, and 10 %)-doped ZnS nanoparti-
cles have been synthesized via low-temperature solvother-
mal technique. The resultant nanoparticles have been
analyzed using transmission electron microscope (TEM),
electron dispersive spectroscope (EDS), X-ray diffraction
(XRD), and UV-visible (UV-Vis.) and photoluminescence
(PL) spectrophotometer. Magnetic studies have been car-
ried out using a vibrating sample magnetometer (VSM). The
average size of nanoparticles has been found to be ∼9 nm.
The XRD spectra indicated cubic phase of the undoped
and Co-doped ZnS nanoparticles. The band gap of doped
nanoparticles, 4.80 eV, has been found to be blueshifted
as compared to its undoped counterpart, 4.59 eV. Room-
temperature emission spectra exhibited blue and green lines.
Magnetic studies indicated diamagnetic and ferromagnetic
character at lower Co concentrations, 0 and 1 %, and
ferromagnetic and paramagnetic character at higher Co
concentrations, 5 and 10 %.

Keywords Dilute magnetic semiconductors ·
Nanostructures · Blue emission · Ferromagnetism
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1 Introduction

Semiconducting materials doped appropriately with mag-
netic materials, such as transition metals or rare-earth met-
als, are known as dilute magnetic semiconductors (DMS).
In the recent times, there has been a tremendous interest in
the research on transition metal-doped chalcogenide nano-
materials. The new kind of DMS materials exhibit optical
and magnetic behaviors due to charge and spin control-
lability [1]. Due to its wide band gap, ZnS has been an
attractive material, as it acts as a good host for transi-
tion metals. The transition metal-doped ZnS nanostructures
have a wide variety of applications in the area of spintron-
ics, solar cells, light-emitting diodes, magnetic resonance
imaging (MRI), lasers [2– 7], etc. Bhargava et al., in 1994,
attempted for the first time with Mn-doped ZnS nanocrys-
tals to explore the optical and magnetic properties of ZnS-
based DMS nanostructures [8]. Since then, a lot of research
has been focused on the structural, optical, and magnetic
studies of transition metal-doped ZnS nanostructures. The
nanostructures can be specifically used in a variety of appli-
cations due to its unique quantum confinement effects.
Generally, the properties of materials are size and shape
dependent; hence, when doped appropriately with transition
metals or rare-earth metals, these ZnS nanostructures can
be useful as fundamental building blocks for fabricating the
advanced nanoscale electronic and optoelectronic devices.
Various studies on photoluminescence and magnetic studies
[9– 12, 14, 16] of transition metal-doped ZnS nanostruc-
tures are available in literature. But very few reports have
been found on Co-doped ZnS nanostructures. Lu et al.
[15] reported the structural and magnetic behavior of Co-
doped ZnS nanowires. It was observed that the Co-doped
ZnS nanowires exhibit ferromagnetism at room tempera-
ture and ferromagnetism increases as the Co concentration
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ABSTRACT

Intense electromagnetic fields generated by the gold nanorods (GNRs) owing to
their strong plasmon resonance make them promising candidate for applica-
tions in cancer diagnostics, photothermal therapy, single-molecule detection,
drug delivery, etc. Use of GNRs in these applications as plasmon resonance
probes depends on the extent to which their plasmon resonance band can be
tuned into NIR region. In this study, we propose a facile seedless approach to
synthesize GNRs in a cetyltrimethyammonium bromide (CTAB)–ben-
zyledimethylhexadecylammonium chloride (BDAC) co-surfactant system with
simultaneous pH regulation that yields GNRs with tunable plasmon resonance
in tissue transparent NIR region. The role of binary co-surfactants, pH of the
growth solution, and influence of the volume of the reducing agent on GNRs
growth has been studied. Under optimized conditions, the longitudinal plas-
mon resonance band of GNRs can be tuned from 780–1300 nm by regulating the
pH of the growth solution from 2.5 to 1.3. The role of co-surfactants and pH in
the regulation of dimensions and thus plasmonic properties of GNRs synthe-
sized by single-step seedless approach has been evaluated.

Introduction

Collective excitation of conduction band electrons on
the surface of metal nanoparticles under the influence
of incident electromagnetic radiation of appropriate
frequency causes strong absorption of electromag-
netic radiations. This optical property of metal
nanoparticles is known as ‘surface plasmon reso-
nance’ [1]. Owing to their tunable plasmonic

properties, gold nanorods (GNRs) have evolved deep
interest in the field of bio-imaging, chemical sensing,
plasmon resonance spectroscopy, photonics, opto-
electronics, therapeutics, diagnosis, etc. [2–4]. The
extent to which the longitudinal surface plasmon
resonance (LSPR) band of GNRs can be tuned
depends on the size and shape of the nanoparticles as
well as on the dielectric constant of the surrounding
medium [5]. LSPR band of GNRs red shifts into the
NIR region when their aspect ratio increases beyond
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The dynamical cluster decay model is employed to investigate the decay of 265Db∗ and 267Db∗ nuclei, formed in
the 27Al + 238U, 18O + 249Bk, and 19F + 248Cm hot fusion reactions at energies around the Coulomb barrier. First,
the fission dynamics of the 27Al + 238U reaction is explored by investigating the fragmentation and preformation
yield of the reaction. The symmetric mass distribution of the fission fragments is observed for 265Db∗ nucleus, when
static β2i deformations are used within hot optimum orientation approach. However, the mass split gets broaden for
the use of β2i-dynamical hot configuration of the fragments and becomes clearly asymmetric for the cold-static-
deformed approach. Within the application of cold orientations of fragments, a new fission channel is observed
at mass asymmetry η = 0.29. In addition to 238U-induced reaction, the work is carried out to address the fission
and neutron evaporation cross sections of 267Db∗ nucleus formed via 19F + 248Cm and 18O + 249Bk reactions,
besides a comprehensive analysis of fusion and capture processes. Higher fusion cross sections and compound
nucleus formation probabilities (PCN) are obtained for the 18O + 249Bk reaction, as larger mass asymmetry in
the entrance channel leads to reduced Coulomb factor. Finally, the role of sticking (IS) and nonsticking (INS)
moments of inertia is analyzed for the 4n and 5n channels of 267Db∗ nuclear system.

DOI: 10.1103/PhysRevC.97.054602

I. INTRODUCTION

The investigation of the reaction dynamics involving the
evolution of odd-Z superheavy nuclei is essential to examine
the unexplored region of the nuclear chart. The existence of
unpaired nucleons in the odd-Z nuclei effect the structure
and reaction dynamics to a reasonable extent, which could
be investigated through the dynamical study of the superheavy
nuclei [1]. Therefore, an attempt is made to investigate the
decay paths of dubnium (Z = 105) nucleus formed in different
hot fusion reactions. This nucleus has been of great interest
for past few decades and its first signature was reported by
the Joint Institute for Nuclear Research in the analysis of the
22Ne + 243Am reaction [2]. Subsequently, various isotopes of
Db were synthesized in hot and cold fusion reactions. The
excitation functions for the 1n and 2n exit channels of the
208Pb(51V, xn)259− xDb and 209Bi(50Ti, xn)259− xDb reactions
were measured at Lawrence Berkeley National Laboratory [3].
In addition to this, the capture and fusion processes were also
obtained for 259Db∗ and 265Db∗ nuclear systems, respectively
formed in the 50Ti + 209Bi [4] and 27Al + 238U [5] reactions.
To have a comprehensive knowledge about the decay of Db
nuclei, recently the 248Cm(19F, xn)267− xDb and 249Bk(18O,
xn)267− xDb reactions were compared by Haba et al. [6] for
the production of Db isotopes through 4n and 5n emissions,
and the same are tested here in the framework of the dynamical
cluster decay model (DCM) [7– 12]. The individual excitation
functions for 263Db and 262Db nuclei are evaluated across

*msharma@thapar.edu

the Coulomb barrier energies. The channel cross sections
are calculated for both sticking and nonsticking moments of
inertia (IS and INS, respectively), by including the quadrupole
(β2i) deformations and “hot-optimum” orientations. The 4n
channel could be addressed via IS and INS approaches, whereas
nonsticking (INS) approach seems favorable to address the 5n
cross sections, particularly for the 18O + 249Bk reaction.

In addition to the addressal of the evaporation residue
cross sections, the separation between the capture and fusion
events is the main quest to handle the superheavy reaction
dynamics. The origin of the noncompound nuclear processes,
such as quasifission, quasielastic, and deep-inelastic events,
always hinder the superheavy compound nucleus formation
[13], hence the fusion cross sections generally have lower
magnitude as compare to the capture cross sections. The reason
lies in the fact that the fusion of two heavy nuclei is governed
through various factors such as excitation energy, Coulomb
interactions, entrance channel mass asymmetry, deformation
parameters, and barrier characteristics of the reaction partners,
etc. Keeping this in mind, the fusion mechanism of the
19F + 248Cm → 267Db∗ and 18O + 249Bk → 267Db∗ reactions
is analyzed through the Wong model [14], using the barrier
characteristics such as barrier height (VB), barrier position
(RB), curvature (h̄ω), etc. In addition to the above reactions,
the uranium-induced hot fusion reaction leading to 265Db∗

nucleus is also investigated within the framework of the DCM
model [7– 12]. Within this methodology, the symmetric mass
distribution of the fission fragments is governed through the
hot-optimum orientations of the fragments, suggesting that
fusion-fission is a main decay mode for 265Db∗ and 267Db∗

nuclei. However, the contribution of the symmetric fission

2469-9985/2018/97(5)/054602(11) 054602-1 ©2018 American Physical Society



Combined and individual doxorubicin/vancomycin
drug loading, release kinetics and apatite formation
for the CaO–CuO–P2O5–SiO2–B2O3 mesoporous
glasses†

Gurbinder Kaur,*a O. P. Pandey,a K. Singh,a Bhupendra Chudasamaa and V. Kumarb

The novel mesoporous glass series based on (25 ! x)CaO–xCuO–10P2O5–5B2O3–60SiO2 (x ¼ 2.5, 5, 7.5,

10) has been prepared using the sol–gel technique. The pore size of the prepared mesoporous bioactive

glasses (MBG) lies between 6.1 and 9.1 nm, whereas the surface area varies from 281 to 418 m2 g!1. The

pH variation, zeta potential, Fourier transform infra-red (FTIR) spectroscopy and simulated body fluid

(SBF) studies indicated the in vitro bioactivity of all the MBGs. The MBGs were loaded with the

anticancerous and antibacterial drugs, doxorubicin and vancomycin, respectively. The increasing copper

content predominantly influenced the bioactive properties as well as the drug loading and release

kinetics of the doxorubicin and vancomycin drugs. In addition to the individual loading of drugs in the

MBG, both the drugs were also loaded together in the MBG to investigate the effect of combined

loading on the release capability of the MBGs.

1. Introduction
The most striking feature of bioactive glass (BG) is its ability to
induce the formation of a hydroxyapatite layer on its surface upon
contact with biological uids (especially simulated body uid,
SBF).1–3 Usually, for enhanced bioactive behavior, the glasses are
prepared by the sol–gel technique as it yields higher surface area
and porosity along with a uniform distribution of the particle
size.4–6 The higher bioactivity of amaterial implies a greater ability
of the material to deposit apatite on its surface via a series of
biochemical and biophysical reactions at the site of the material–
biological uid interface. Bioactive glasses are biocompatible,
bioresorbable, osteoconductive and possess controllable degra-
dation rate. These featuresmake BG excellent carriers/vehicles for
the delivery of therapeutic drugs, bioactive molecules, proteins
and growth factors.7–11 Drug loaded BG enhance the osteogenesis,
bone regeneration and proliferation by releasing the osteo-
conductive factors like growth factors, hormones, peptides,
chemotherapeutic agents, anti-inammatory drugs and anties-
trogens. The targeted/local drug delivery system exhibits ‘zero
premature release’, so that the loss of activity of drugs shall
not take place before reaching the target tissue.12–15 Hence, for
the effective treatment of the target, the biodistribution and

pharmacokinetics of the associated drug with the BG must be
controlled such that sufficient dose of drug is provided.

Bioactive glasses have been a boon in curing the bone related
diseases. The bone degradation usually occurs due to the non-
traumatic malignant bone tumours, osteomyelitis and post-
surgical infections. The targeted tumour therapy of bone
promotes bone healing along with killing bone cancer cells.
Though, bone tissue gras have been implied as allogras, but
they may result in immunological problems or viral/bacterial
contaminations. In order to treat the infected bones without
any adverse reactions such as chronic inammations/infections,
the bioactive glass drug vehicle must be loaded with the anti-
cancer drugs and broad-spectrum drugs simultaneously.

By adding certain co templates and structure directing
agents like cetyltrimethyl ammonium bromide (CTAB), F127
(EO106-PO70-EO106) and P123 (EO20-PO70-EO20) into the
glass structure, mesoporous bioactive glasses (MBG) can be
obtained.14–19 P123 and F127 are triblock copolymers with
chemical formula HO(CH2CH2O)20(CH2CH(CH3)O)70(CH2CH2-
O)20H (molecular weight z 5800 Da) and HO(CH2CH2O)106(-
CH2CH(CH3)O)70(CH2CH2O)106H (molecular weight z 12 500
Da), respectively.16–19 The mesoporous glasses have meso-
channels and act as excellent source for drug delivery. The drugs
can be loaded into the channels without chemical bonding.
Apart from MBGs, mesoporous silica material has also received
wide attention for the drug delivery whereas cell encapsulation
technology is the preferred system for transplantation as it
can treat multiple diseases in the absence of immunosuppres-
sion.20–22 Microencapsules consist of biologically active
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Study on Structural, Multiferroic, Optical
and Photocatalytic Properties of Ferroelectromagnetic
Nanoparticles: Bi0.9Ba0.1Fe0.8Ti0.2O3
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Abstract Ferroelectromagnetic nanoparticles (Bi0.9Ba0.1
Fe0.8Ti0.2O3) have been successfully fabricated for multi-
functional applications and photocatalytic degradation of an
industrial dye. X-ray diffraction of Bi0.9Ba0.1Fe0.8Ti0.2O3
nanoparticles suggested the pure phase formation with
tetragonal structure. The average particle size was found to
vary in the range of 10–15 nm. An anomaly in dielectric
constant was observed in the vicinity of antiferromagnetic
transition temperature. Also, impedance spectroscopy mea-
surements clearly indicated a non-Debye-type relaxation
phenomenon in Bi0.9Ba0.1Fe0.8Ti0.2O3 ceramic. The resis-
tivity of the Bi0.9Ba0.1Fe0.8Ti0.2O3 ceramic was of the order
of 107 ! and was found to decrease with an increase in
temperature. The remnant polarization (Pr) value of 9.77 µ

C/cm2 and weak ferromagnetic properties with a magneti-
zation value of 0.025 emu/g were induced. The appropriate
energy bandgap of nanoparticles (Eg = 2.161 eV) makes
it suitable for the degradation of azo-dye in the visible
region. The absorption peak intensity of azo-dye gradu-
ally decreased with the addition of Bi0.9Ba0.1Fe0.8Ti0.2O3
nanoparticles. Finally, the nanoparticles degrade the azo-
dye at approximately 94 % after 80 min in acidic medium.

Keywords Nanoparticles ·Multiferroic properties ·
Impedance analysis · Optical property ·
Photocatalytic activity
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1 Introduction

Presently, the development in the field of wireless com-
munication technology requires miniaturization of highly
efficient electronic devices, especially on multilayer/
multidoped components. This implies a design of novel
ceramics, which can be sintered at lower temperature and
exhibit excellent electrical properties. The most promis-
ing ceramic for such application is polycrystalline ferrite,
which shows superior electric and magnetic properties. This
ceramic material is easy to fabricate, cost-effective, and sta-
ble, and offers a wide range of technological applications
in the cores of transformers, semiconductors, frequency
circuits, filters, operating devices, etc. [1–3].

Literature evidences that BiFeO3 is the only natural
material that possesses high intrinsic polarization (100 µ

C/cm2 in the (111)pc direction) and offers both ferroelectric
and antiferromagnetic properties, above room temperature
[4, 5]. In addition, the multiferroic BiFeO3 gains more atten-
tion in fundamental understandings due to its ability of
converting light into electrical, mechanical, and chemical
energies and also helpful in attaining application goals as
these are proficient in photovoltaic, phototransduction, and
photocatalytic devices [6]. Industrial effluent is also becom-
ing a serious challenge for society as they damage water
courses, endangering human life as well as wildlife. At
that point, BiFeO3 contributes as a proficient semiconductor
photocatalyst to remove environment pollutants. The most
known and extensively studied semiconductor for photo-
catalysis is titanium dioxide (TiO2) because of its adequate
stability, low cost, and suitable band edge positions, but the
large energy bandgap (3.2 eV) degrades its efficacy in vis-
ible light resulting in inadequate utilization of solar energy
[7–9]. Even the modified TiO2 may be activated in the pres-
ence of visible light, they also show weak activity as well as
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[2, 3]. The origin of ferromagnetism in nanomaterials is a 
controversial topic and is still under investigation [4]. The 
observed ferromagnetism were explained by various types 
of exchange interactions i.e. double-exchange, RKKY and 
super-exchange in these materials [5, 6]. It is also attributed 
to the reduction of one or more dimensions at nanoscale that 
decreases the atomic coordination number. This reduces the 
hoping tendency of electrons and hence increases coulomb 
interaction to bandwidth ratio which increases the magnetic 
tendency [7]. Whereas, secondary phases or defects are also 
found responsible for their magnetic behaviour [8, 9]. In 
the recent years, the observation of ferromagnetic order-
ing at room temperature (RT) accompanied by high Curie 
temperature in II-VI and III-V semiconductors has gained a 
significant attention for future device applications.

Among various II–VI semiconductors, CdS is of greater 
interest due to its wide band gap (Eg) of 2.42 eV with high 
electronic transport, high mobility as well as its good mag-
neto-optical properties [10]. Therefore, it is considered to be 
a promising host material for application in solar cell, light 
emitting diodes, photocatalysis and photo detectors [11–14]. 
Recently, II–VI semiconductor materials doped with rare 
earth ions are in focus as they are potential candidates for 
optical display devices [15]. These ions have partially filled 
 4fn shells due to which they exhibit longer fluorescence life-
time, large excitation emission separation and very narrow 
intense emission lines [16]. There are various reports on rare 
earth (Gd, Pr, Eu, Ce) doped CdS nanoparticles [17–20]. 
However, there are few reports on Tb-doped CdS nanopar-
ticles that focused to their fluorescence and photolumines-
cence properties but not on their magnetic properties [21, 
22]. In this communication, we systematically investigated 
the structural, optical and magnetic properties of Tb-doped 
CdS nanoparticles.

Abstract Cd1−xTbxS (x = 0.00, 0.05, 0.10, 0.15) nanoparti-
cles were synthesized by hydrothermal technique. The effect 
of Tb-doping on structural, optical and magnetic proper-
ties were studied. The X-ray diffraction (XRD) confirmed 
wurtzite phase without any impurity. HR-TEM micrographs 
revealed the particle size of ~ 18 nm with spherical mor-
phology. Band gap calculated from UV–Visible absorption 
spectra showed an initial decrease from 2.49 eV (x = 0) to 
2.45 eV (x = 0.10). Further, increasing Tb-doping to x = 0.15 
band gap increased to 2.54 eV. Photoluminescence emis-
sion spectra showed peaks at 430 and 490 nm for x = 0 and 
0.05 which corresponds to blue emission. Further increase 
in Tb doping, peaks found to be quenched. Peak at 530 nm is 
due to green emission and shifted to higher wavelength with 
Tb-doping. Magnetic analysis confirmed ferromagnetism in 
both undoped and Tb-doped nanoparticles. Saturation mag-
netization found to decrease upto x = 0.10 and increased for 
x = 0.15.

1 Introduction

Rare earth or transition metal doped group IV–VI, III–V 
and II–VI semiconductors are known as dilute magnetic 
semiconductors (DMS). These DMS materials are promising 
candidates for spintronic applications, in which they allow 
the manipulation of carrier spins [1]. These materials pos-
sess unique electronic and magnetic properties as compared 
to their bulk counterparts due to quantum effect at nanoscale 

 * Puneet Sharma 
 puneet.sharma@thapar.edu
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Dynamics of surface evolution in 
semiconductor thin films grown 
from a chemical bath
Indu Gupta & Bhaskar Chandra Mohanty

Dynamics of surface evolution in CdS thin films grown by chemical bath deposition technique has been 
studied from time sequence of atomic force micrographs. Detailed scaling analysis of surface uctuation 
in real and Fourier space yielded characteristic exponents αloc = .  ±  . , α = .  ±  . , 
αs = .  ±  . , β = .  ±  .  and βloc = .  ±  . , which are very different from those predicted 
by the local growth models and are not related to any known universality classes. The observed 
anomalous scaling pattern, characterized by power law scaling dependence of interface width on 
deposition time differently at local and global scale, with rapid roughening of the growth front has been 
discussed to arise as a consequence of a nonlocal effect in the form of diffusional instability.

Recent developments in scaling invariance and universality have led to a growing interest in kinetic rough-
ening theory with special attention being paid to studies on roughness evolution in thin films grown under 
far-from-equilibrium conditions1–4 . The study of evolving surfaces provides insight to the fundamental growth 
dynamics and enables one to control the roughness of the films. Such a study is of high technological relevance in 
that roughness of thin films in multilayer structures affects electrical, optical, mechanical and catalytic properties, 
and hence, determines the eventual performance of devices5–7 .

Typically roughness of a surface evolves as a consequence of simultaneous atomic scale processes such as 
direct addition of atoms on the growing surface from the surrounding, removal of atoms from the surface and 
motion of atoms along the surface or diffusive mass transport due to an existing or increasing chemical potential 
gradient8 . The surfaces in many non-equilibrium growth models such as random surface recrystallization in the 
Eden model or ballistic aggregation are self-affining fractal which are described by the Kardar–Parisi–Zhang 
(KPZ) equation9

ν λ η∂
∂

= ∇ + +h x t
t

h x t h x t( , ) ( , )
2

( , ) (1)
2 2

where ν accounts for the surface tension, λ is an “excess velocity” in the growth, and η is white noise. The 
self-affine patterns that the film surfaces develop into can be analyzed by the scaling properties of the surface 
fluctuations10 . A number of applications of the KPZ equation were suggested based on the comparison of scaling 
exponents of surface roughness1.

The self-affine roughness is widely characterized by engaging it to a dynamic scaling form wherein  
the root mean square of the fluctuations of the surface height i.e. the interface width w defined as 

= → − →
→w r t h r t h r t( , ) ( ( , ) ( , ) ) r

2 1/2, where h is the surface height and … →r  is spatial averaging in a system 
of size L and r ≤  L, evolves following a simple dynamic scaling known as Family-Vicsek relation:

=
⎛
⎝
⎜⎜⎜

⎞
⎠
⎟⎟⎟

β
β αw r t t f r

t
( , )

(2)/

where the scaling function behaves as f(u) =  constant and uα for u ≫  1 and u ≪ 1, respectively, α and β are the 
roughness and growth exponents respectively. The set of exponents corresponds to a specific universality class 
and is suggestive of the underlying mechanism that governs the evolution of roughness. Equation (2) suggests 
that for small r (i.e. r ≪  tβ/α), w is independent of deposition time t and scales as rα, and independent of r for large 
r when it scales as tβ. The crossover between these two behaviors occurs at r = ξ, the lateral correlation length, 
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1. Introduction

As a promising absorber candidate, Cu2ZnSn(S,Se)4 (CZTSSe) 
has attracted great attention in recent years. CZTSSe is an 
earth-abundant and non-toxic material, which has emerged as 
an alternative to overcome the scarcity and toxicity issue of 
current Cu(In,Ga)Se2 (CIGS) and CdTe materials. CZTSSe 
has a controllable band gap of 0.9–1.5 eV, which can be deter-
mined by the relative content of S to Se, with considerably 
high absorption coefficients above 104 cm−1. Such charac-
teristics make the material very attractive as an alternative 
absorber for thin film solar cells [1–3].

The highest efficiency of ~12.6% has been reported for the 
CZTSSe absorber obtained by the spin-coating of the particle-
containing hydrazine precursor and then by annealing [2]. 

The promising cell prefers a higher content of Se than S in 
CZTSSe, despite the fact that the sulfur-rich CZTSSe has a 
larger optimal band gap of ~1.4 eV. The co-existence of sele-
nium and sulfur seems to be beneficial in producing better 
conversion efficiency even though excessive sulfur may cause 
a high defect density in the absorber, which creates recom-
binations [4]. Even though some studies on the sequential 
sulfurization have been reported so far, there is no correla-
tive conclusion demonstrating the direct effect of sulfuriza-
tion on the performance of CZTSe [5]. On the other hand, the 
sputtering process for the absorber has been reported to have 
the highest efficiency of 9.7% when the multilayer approach 
using several targets was utilized [6]. It is known to be very 
difficult to achieve a desirable absorber layer by using a single 
target, presumably due to the difficulty in controlling the sput-
tering yield of each element and thus obtaining the intended 
stoichiometry [7, 8].
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Abstract
A potential way to improve the quality of Cu2ZnSnSe4 absorber thin film by a one step 
process of sputtering using a single elementary target is proposed for thin film solar cells. As 
critical parameters, different S/Se ratios and grain boundary characteristics are achieved by 
adjusting sequential sulfurization and selenization post-treatment. The simple sulfurization of 
as-deposited film at 530 °C in H2S is not effective in raising the performance but the additional 
Se annealing at a shorter duration of 5 min improves conversion efficiency from 0.12 to 3.21% 
with a drastic increase of the open circuit voltage. Positively-charged grain boundaries with 
narrow potential peaks seem to play a critical role for effective exciton separation and higher 
efficiency. The improvement is also understood as related to well-defined microstructures and 
the variable optical band gap.

Keywords: Cu2ZnSnSe4, sputtering, thin film solar cells, grain boundary, sulfurization
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Abstract. The decay mechanism of 47V∗ formed in direct kinematics (20Ne + 27Al) is investigated within
the collective clusterization approach of dynamical cluster decay model (DCM). All calculations are done
for quadrupole (β2i-deformed) choice of fragments by taking optimum orientations over a wide range
of center of mass energies (Ec.m. ∼ 83–125 MeV). According to the experimental evidence, there is a
strong competition between fusion fission (FF) and deep inelastic collision (DIC) in the decay of 47V∗,
which are recognized as compound nucleus process and non-compound nucleus process, respectively. The
decay cross sections of 47V∗ for both FF and DIC decay modes are addressed using DCM, and are found
to be in agreement with the experimental data. It is important to mention that emitting fragments in
both these decay channels maintain their homogeneity in terms of charge number, that lies in the region
3 ≤ Z ≤ 9. Hence, all possible isotopes contributing towards 3 ≤ Z ≤ 9 are taken into consideration
here. Calculations of both FF and DIC are segregated on the basis of angular momentum windows, where
0 ≤ℓ ≤ℓcr has been taken for FF and ℓcr < ℓ ≤ℓgr for DIC, as the later operates only due to the partial
waves near grazing angular momentum. In DIC, preformation probability (P0) is divided equally amongst
the most favoured outgoing fragments. Moreover, the behavior of fragmentation potential, preformation
probability, penetrability and emission time etc. is examined, in order to identify the most favorable isotopes
contributing towards FF and DIC.

1 Introduction

In the last few decades, collisions involving heavy ion
charged particles forming a compound nucleus in the light
mass region (ACN ≤ 80) have been studied extensively [1–
6]. The study regarding the decay of compound nucleus
having mass in the mentioned region provides a lot of in-
teresting opportunities to analyze competing compound
nucleus formalisms such as evaporation residues (ER)
(A2 ≤ 4), intermediate mass fragments (IMF) (A2 ≤ 21),
heavy mass fragments (HMF) (A2 ≤ ACN/2) and fusion
fission (FF) (ACN/2 ± 20) etc. along with other non-
compound nucleus paths. Collisions or fusion processes
forming the composite systems in the specified region may
invite various (nCN) non-compound nucleus exotic pro-
cesses like quasi elastic (QE), deep inelastic (DI) pro-
cesses, etc. Our main focus here is to address FF and
DIC mechanism. The exercise concerning the indicated
nuclear reactions may provide some input to investigate
the mononuclear or dinuclear system more precisely [7].
Many reactions from this region like 16O+27Al, 16O+28Si,
20Ne + 27Al, 20Ne + 59Co [8], 20Ne + 20Ne, 20Ne + 16O [9],

a e-mail: msharma@thapar.edu

20Ne + 12C [10], 16O + 12C [11], etc. have been exam-
ined in the last few years. Information extracted from
the above mentioned reactions unfold distinctive inter-
esting aspects about the system formation and decay. As
mentioned above, the most efficiently recognized forms of
decay modes through compound nucleus are ER, IMF,
HMF and fission. But there are distinctive parameters
like energy, mass, angular momentum, etc. which inhibit
these decay modes with some other anomalous processes.
These parameters influence differently disintegration of
compound nucleus. It is found that for lighter nuclei at
energy much higher than the Coulomb barrier, the com-
pound nucleus dissipates an enormous component of its
own mass, hence in disintegration process, fragments pos-
sessing mass comparable to projectile or target come out
with the highest probability [9]. Apart from energy, in
some cases the structure of the colliding nuclei has been
observed to play a crucial role. Reactions 20Ne + 12C [12],
24Mg + 12C [13], and 28Si + 12C [14] have α cluster amal-
gamating nuclei and inquisition on these reactions demon-
strates that excitation functions of the outgoing chan-
nel are similar to the entrance channel, which is an ex-
plicit indication of the presence of deep inelastic collisions
(DIC). Deep inelastic collisions define the phenomenon
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Abstract In the present report, influence of Dy-substitution
and size on the structural, magnetic and dielectric properties
of BiFeO3 nanoparticles has been investigated. The synthe-
sis of pure and Dy-doped BiFeO3 nanoparticles has been
done successfully using sol–gel method. Size of Dy-doped
BiFeO3 nanoparticles was tailored by varying the calcina-
tion temperature. Structural analysis reveal that substitution
of Dy3+ leads to a change in structure from rhombohedral
(x = 0) to orthorhombic (x = 0.15). The average crystallite
size varies from 6 to 15 nm. Magnetic study reveals the en-
hancement in magnetization with the doping of Dy3+. Fur-
ther, this value decreases as the particle size increases. Di-
electric property improves with the Dy3+ substitution. All
the nanoparticles display Debye-type relaxation. The low
dielectric loss values observed are attributed to the nano-
sized grains. Remarkably, enhanced saturation magnetiza-
tion value (13.8 emu/g) and dielectric constant value (95.8)
were observed for Dy-doped BiFeO3 nanoparticles having
the smallest particle size. Thereby, the study indicates strong
correlation between size and multiferroism.

Keywords Size-dependent · Nanoparticles · Magnetic
materials · Dielectric · Ferromagnetism

1 Introduction

Multiferroics categorize the materials that exhibit simulta-
neous presence of any of the two ferroic orders, namely,
ferroelectric, ferromagnetic, ferroelastic or ferrotoroidic, in

G. Dhir (B) · P. Uniyal · N.K. Verma
Nano Research Lab, School of Physics and Materials Science,
Thapar University, Patiala 147 004, India
e-mail: gitanjali.thaprian@gmail.com

the same phase [1–3]. Multiferroics with magnetoelectric
effect (ME) possess coupling between (anti)ferroelectric
and (anti)ferromagnetic orders over some range of temper-
ature [4]. The term ‘multiferroic’ coined by Hans Schmid,
represents a rare class of materials owing to the contrary pre-
requisites of ferroelectricity and ferromagnetism [3]. Much
attention is paid to these materials due to a wide range of
applications provided by them such as multiple state mem-
ories, spintronics, spin valves, sensors, transducers, quan-
tum electromagnets and many more. Also, the fascinating
physics involved makes them attractive apart from the im-
mense technological applications [1–4]. Amongst the vari-
ous single-phase ME materials, BiFeO3 is a strong candidate
having immense potential in technological applications ow-
ing to its high Curie (Tc ∼ 1103 K) and Néel (TN ∼ 643 K)
temperature [4]. Although the exhibition of ferroelectric and
G-type antiferromagnetic order above room temperature is
promising from the application point of view, however, it
has few inherent problems associated with it. Bulk BiFeO3
possesses weak magnetism due to orientation of magnetic
moments perpendicular to the rhombohedral axis, magnetic
moment canting and spiral spin structure having wavelength
of 62 nm [5]. The superimposed spin spiral structure over
the G-type antiferromagnetic order prevents the net magne-
tization as well as linear magnetoelectric coupling [6]. Also,
the non-stoichiometry issues and defects lead to low resis-
tivity which in turn makes the complete polarization impos-
sible [7]. It possesses low magnetoelectric coupling coef-
ficients and wider difference between the ferroic transition
temperatures. These altogether contribute towards the dis-
appointingly low values of polarization and magnetization
when compared to the standard ferromagnetic and ferroelec-
tric materials.

Several studies have been devoted to the enhancement
of multiferroic properties in BiFeO3 [4–12]. It has been
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Augmenting the catalytic performance of spinel
nanoferrites (CoFe2O4 and NiFe2O4) via
incorporation of Al into the lattice†

Ankita Goyal, a S. Bansal,b B. Chudasama,c K. B. Tikoo,d V. Kumard and
Sonal Singhal*a

Spinel nanoferrites have emerged as outstanding catalysts for a variety of organic transformations and

reactions. Spinel nanoferrites also possess the complementary benefit of facile and complete external

magnet-aided recovery. Further improvement in the catalytic performance of spinel nanoferrites is

currently a vibrant area of research. In this context, in the present investigation, Al has been incorporated

into the lattice of spinel nanoferrites. Owing to its octahedral site preference, Al could actively participate

in the reaction mechanism as octahedral sites are exposed upon the surface and catalytic activity

is predominantly related to the metal ions present in these sites. Al content has varied from x = 0.2 to

x = 1.0 when incorporated into the lattice of CoFe2O4 and NiFe2O4 as CoAlxFe2!xO4 and NiAlxFe2!xO4,

respectively. Catalytic activity has been evaluated for the reduction of nitrophenols in the presence of

NaBH4 as the reducing agent. The catalytic activity has been found to increase with increasing Al

content up to x = 0.6, before decreasing with further increase in Al content. The effect of increasing Al

content on the catalytic performance is thought to be related to synergistic interactions among the

metal ions present in the surface-exposed octahedral sites.

1. Introduction
Magnetically recoverable nanocatalysts have revolutionized
the world of catalysis by facilitating facile recovery using an
external magnet.1–4 Facile recovery and recyclability of the
catalyst are key characteristics of any catalyst and have allowed
spinel nanoferrites to assume a strong position in the area of
catalysis.5 Additional attractions of spinel nanoferrites that have
attracted many nanochemists working in the field of catalysis
are their fascinating properties, including heterogeneity, facile
synthetic procedure, stability, insolubility in most solvents,
stability at wider pH ranges, inherent magnetic character and
their intriguing structure.6–9 A variety of methodologies are
available in the literature for the synthesis of these spinel
nanoferrites, viz. co-precipitation,10 micro-emulsion,11 hydro-
thermal,12–14 sol–gel,15,16 sol–gel auto-combustion17 etc., with
different modifications.

In the case of spinel nanoferrites, catalytic activity pre-
dominantly relates to their structure. The structure of spinel
nanoferrites is such that the octahedral sites are exposed upon
the surface while the tetrahedral sites are present in the bulk.18

As catalysis is a surface phenomenon, the metal ions present in
the octahedral sites are largely responsible for the catalysis
offered by spinel nanoferrites. Further, the metal ions in the
octahedral sites are placed at comparatively large distances,
providing sufficient room for the reactant molecules to interact
freely. Therefore, the catalytic activity of spinel nanoferrites is
greatly affected by the nature and mutual synergistic interactions
of the metal ions present in the catalytically active octahedral
sites.19 The catalytic properties of spinel nanoferrites can easily
be tailored by varying the cation distribution; i.e. via substitution
of existing ions with the guest metal ions.20 The substituent
or the dopant guest metal ion can belong to any of the blocks
of the periodic table; i.e. it can be a transition metal element, a
post-transition metal element, or a rare-earth metal element.
The doping of transition metal ions21–26 and the rare-earth
metal ions27–31 has been widely studied by researchers in terms
of its effect on the catalytic performance of spinel nanoferrites.
Both a reduction and an improvement in catalytic performance
has been observed by researchers studying doping of this kind
in different catalytic applications. However, the effect of doping
of p-block elements on the catalytic performance of spinel
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Abstract. The complete fusion (CF) and incomplete fusion (ICF) cross-sections are estimated for
6,7Li + 159Tb reactions using the energy-dependent Woods-Saxon potential model (EDWSP model) and
dynamical cluster-decay model (DCM). The CF data of the 6Li + 159Tb (7Li + 159Tb) reaction at above
barrier energies is suppressed with reference to expectations of the EDWSP model by 25% (20%) which is
smaller than the reported data by ∼9% (6%). This suppression is correlated with the projectile breakup
effect. The projectiles 6,7Li are loosely bound systems, which may break up into charged fragments prior
to reaching the fusion barrier and subsequently one of the fragment is captured by the target leading to
the suppression of fusion data at above barrier energies. The sum of CF and ICF, which is termed as
total fusion cross-section (TF), removes the discrepancies between theoretical predictions and the above
barrier complete fusion data and hence is adequately explained via the EDWSP model over a wide range
of energy spread across the Coulomb barrier. In addition to fusion, the decay mechanism of 6Li + 159Tb
reaction is studied within the framework of the dynamical cluster-decay model (DCM). The breakup of
the projectile (6Li) in the entrance channel indicates the presence of ICF, which is investigated further
using the collective clusterization approach of DCM. The present theoretical analysis suggests that a larger
barrier modification is needed to address the fusion data of chosen reactions in the below barrier energy
region.

1 Introduction

During the last few decades, the fusion dynamics of weakly
bound unstable nuclei with different target isotopes have
been extensively worked out for a better understanding of
the nuclear behavior. The low breakup threshold of these
systems in turn affects the magnitude of fusion excitation
functions in the domain of the Coulomb barrier. The fu-
sion reactions with weakly bound nuclei are primarily in-
vestigated to understand the possible role of the breakup
channel on fusion dynamics [1–7]. Reactions with weakly
bound projectiles may undergo both complete as well as
incomplete fusion: the complete fusion, where the whole
projectile is captured by the target, and incomplete fu-
sion, wherein a part of projectile is fused with the target.
In the case of weakly bound nuclei, it is well recognized
that the complete fusion cross-section data at above bar-
rier energies is suppressed with respect to the predictions
made by the coupled channel approach. The missing fu-
sion cross-sections appear in the form of incomplete fusion
cross-sections. The loosely bound system breaks up into

a e-mail: msharma@thapar.edu

two or more fragments in the field of the target isotope
and consequently results in the suppression of fusion data
at above barrier energies [8–13]. The various theoretical
predictions result in the conflicting statement with regard
to the enhancement or suppression of fusion cross-section,
due to breakup channel at both above and below barrier
energies [14–22]. The authors of refs. [18–22] suggested
the enhancement of sub-barrier fusion excitation function
data while the authors of refs. [3–12,14–17] claimed the
above barrier suppression of the fusion cross-section data.
The breakup channel induces a strong coupling between
the elastic channel and the continuum states and hence re-
sults in inhibition of above barrier fusion excitation func-
tion data. The weakly bound nuclei such as 6,7Li and 9Be
have large breakup probabilities and are most suitable
candidates to investigate the role of the projectile breakup
channel on the fusion mechanism.

Very recently, Rath et al. [23–25] pointed out that
the above barrier fusion data is suppressed due to the
breakup of the projectile in the entrance channel by 32%
for 6Li + 144Sm, 24% for 7Li + 144Sm, 28% for 6Li + 152Sm
and 25% for 7Li + 152Sm reaction. Dasgupta et al. [5–
7] have highlighted the suppression of above barrier fu-



Antibacterial activities of silver nanoparticles and
antibiotic-adsorbed silver nanoparticles against
biorecycling microbes
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Silver nanoparticles have a huge share in nanotechnology based products used in clinical and hygiene

products. Silver nanoparticles leaching from these medical and domestic products will eventually enter

terrestrial ecosystems and will interact with the microbes present in the land and water. These

interactions could be a threat to biorecycling microbes present in the Earth’s crust. The antimicrobial

action towards biorecycling microbes by leached silver nanoparticles from medical waste could be many

times greater compared to that of silver nanoparticles leached from other domestic products, since

medical products may contain traditional antibiotics along with silver nanoparticles. In the present article,

we have evaluated the antimicrobial activities of as-synthesized silver nanoparticles, antibiotics –

tetracycline and kanamycin, and antibiotic-adsorbed silver nanoparticles. The antimicrobial action of

silver nanoparticles with adsorbed antibiotics is 33–100% more profound against the biorecycling

microbes B. subtilis and Pseudomonas compared to the antibacterial action of silver nanoparticles of the

same concentration. This study indicates that there is an immediate and urgent need for well-defined

protocols for environmental exposure to silver nanoparticles, as the use of silver nanoparticles in

nanotechnology based products is poorly restricted.

Environmental impact

Due to the antibacterial properties of silver nanoparticles (AgNPs), their production and applications have increased. AgNPs can be used in various areas
including clinical and hygiene products. During the production, use, and disposal of these products, nanoparticles can be released into the environment. Their
exposure to the environment may have a harmful impact on biorecycling microbes. To study their environmental risks, a comprehensive understanding of the
source, distribution and toxicity of AgNPs is needed. This article studies the effect of AgNPs and antibiotic-adsorbed AgNPs on environmentally friendly bacterial
strains.

Introduction
In a recent project report on “Emerging Nanotechnologies” by
Woodrow Wilson International Center for Scholars, it is repor-
ted that 1600+ nanomaterial-incorporated consumer products
are available on the market for commercial use.1 The market
share of nanotechnology based products has grown at an
impressive rate of 379% in the last ten years. In the United
States alone, the nanomaterial business will be a trillion dollar
industry by 2015.2 Antimicrobial silver nanoparticles (AgNPs)
are one of the most widely used engineered nanomaterials in
nanotechnology based products.3 Thanks to their biocidal
activity, AgNPs are routinely incorporated into medical
supplements, catheters, wound dressings and implants to

inhibit pathogen growth. AgNPs are added to cosmetics as an
antiseptic and used in medical textiles to eliminate microbes
in the clinical environment.3–6 They are also used for water
purication, biosensors, bone prostheses, drug and gene
delivery, bioimaging devices, etc.7–10 The majority of AgNPs
released from consumer products are expected to enter
terrestrial ecosystems through the land application of
biosolids.11,12 While environmental concentrations are
currently unavailable for AgNPs, and potential environmental
exposures are poorly constrained, the increasing use of AgNPs
has raised concerns over their likely release into ecosystems.
Given the critical role of microbial communities in organic
matter and nutrient cycling in ecosystems, environmental
exposure of AgNPs has the potential to alter ecosystem
productivity.13 A large number of studies have been conducted
on the clinical applications of AgNPs,14–18 while their envi-
ronmental impacts are largely unclear.12,19–25 In addition, the
antimicrobial properties of complexes of AgNPs with
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Tensile Stress-Dependent Fracture Behavior and Its Influences on
Photovoltaic Characteristics in Flexible PbS/CdS Thin-Film Solar Cells
Seung Min Lee,†,§ Deuk Ho Yeon,†,§ Bhaskar Chandra Mohanty,‡ and Yong Soo Cho*,†

†Department of Materials Science and Engineering, Yonsei University, Seoul 120-749, Korea
‡School of Physics & Materials Science, Thapar University, Patiala, 147004, India
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ABSTRACT: Tensile stress-dependent fracture behavior of
flexible PbS/CdS heterojunction thin-film solar cells on indium
tin oxide-coated polyethylene terephthalate (PET) substrates is
investigated in terms of the variations of fracture parameters with
applied strains and their influences on photovoltaic properties.
The PbS absorber layer that exhibits only mechanical cracks
within the applied strain range from ∼0.67 to 1.33% is prepared
by chemical bath deposition at different temperatures of 50, 70,
and 90 °C. The PbS thin films prepared at 50 °C demonstrate
better mechanical resistance against the applied bending strain
with the highest crack initiating bending strain of ∼1.14% and the lowest saturated crack density of 0.036 μm−1. Photovoltaic
properties of the cells depend on the deposition temperature and the level of applied tensile stress. The values of short-circuit
current density and fill factor are dramatically reduced above a certain level of applied strain, while open-circuit voltage is nearly
maintained. The dependency of photovoltaic properties on the progress of fractures is understood as related to the reduced
fracture energy and toughness, which is limitedly controllable by microstructural features of the absorber layer.
KEYWORDS: lead sulfide, chemical bath deposition, flexible solar cell, fracture behavior

■ INTRODUCTION
Photovoltaic cells on flexible polymer substrates have been
investigated over the past decade because of their great
potential for extended applications including as a mobile energy
source. Particularly, the choice of absorber layer for the flexible
substrate is very limited since the absorber layer needs to be
processed below the softening point of the polymeric
substrates. Several organic absorber materials, such as poly(3-
hexylthiophene) (P3HT) and poly[2-methoxy-5-(2-ethylhex-
yloxy)-1,4-phenylenevinylene] (MEH-PPV), may be suitable
for the flexible applications, but the practical utilization is very
limited due to their compatibility issue with polymer substrates
and their poor intrinsic long-term stability.1,2 On the other
hand, typical inorganic absorbers for thin-film solar cells,
including Cu(In,Ga)Se2 and CdTe, have been actively studied
for the flexible applications.3−5 The selection of substrates for
the inorganic absorber is critical since it determines maximum
processing temperature for the synthesis and densification of
the absorber materials. Only highly thermal resistive substrates
including metal foils have been considered as an ideal choice for
the inorganic absorbers demanding at least 500 °C for
densification to cover the broader range of applications
potentially favoring lower softening temperature-polymer
substrates including polyethylene terephthalate (PET), poly-
(ether sulfone) (PES) and polyethylene naphthalate (PEN);
however, nonconventional absorber-driven cell structures that
are processable below 100 °C are preferred.

Lead sulfide (PbS) has drawn considerable interest as one of
the rare p-type absorbers for thin-film solar cells due to its high
absorption coefficient of ∼1 × 105 cm−1 in the visible light and
adjustable band gap toward a higher value (>1.3 eV) suitable
for better band alignment in typical cell structures.6−8 There
has been no report concerning the deposition of PbS thin films
on any flexible polymer substrate even though polycrystalline
PbS can be easily formed at temperature below 100 °C by the
known chemical bath deposition (CBD) process. There are
several reports on the PbS/CdS heterojunction thin-film
photovoltaic cells fabricated by CBD on a rigid glass
substrate.9−11

In the meantime, there have been extensive studies on
mechanical or fracture behavior of thin films deposited onto
polymer substrates for a variety of flexible electronic
devices.12−14 Cracks or macrodefects developed on the surface
of thin films as a result of externally applied stress are regarded
as the reason for substantial degradation of the devices’
functional performance.15 In the field of flexible thin-film solar
cells, surprisingly, there have been no systematic studies about
the fracture behavior under tensile stress even though there is a
rare report proposing that the photovoltaic performance of
Cu(In,Ga)Se2 cells can be critically affected by flexibility stress
and mechanical cycling.5
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Estimation of Particle Concentration in a
Nanocomposite Using Magnetization Data

Chandni Rani1, S. D. Tiwari1, and Devendra Kumar2

1School of Physics and Materials Science, Thapar University, Patiala 147004, India
2University Grants Commission-Department of Atomic Energy Consortium for Scientific Research, Indore 452001, India

We report magnetic field dependence of magnetization on nickel oxide nanoparticles, ferrihydrite nanoparticles, and a
nanocomposite of both nanoparticle systems. The process of magnetization in these samples is studied. Possibility for estimating
concentration of an individual nanoparticle system in a nanocomposite consisting of two or more magnetic phases is discussed in
detail.

Index Terms— Magnetization, nanocomposite, nanoparticles, superparamagnetism.

I. INTRODUCTION

NANOMATERIALS have been attracting the attention
of researchers from different disciplines of science

and engineering for fundamental understanding and useful
technological applications. Among different nanomaterials,
behavior of magnetic nanoparticles is of great interest.
One of the properties that makes magnetic nanoparticles
unique is superparamagnetism [1]–[4]. This phenomenon is
only shown by small particles of magnetic materials. In last
few decades nanoparticles of antiferromagnetic materials
have been found to be more interesting in comparison with
those of ferromagnetic and ferrimagnetic materials [5], [6].
Among several antiferromagnetic nanoparticle systems,
NiO [5]–[16], ferrihydrite [17]–[26], and ferritin [27]–[29],
are relatively more interesting.

In addition to pure phase magnetic nanoparticles, works
on nanocomposites of magnetic materials have been gaining
a lot of attention by researchers in recent years [30]–[33].
Nanocomposites consist of two or more pure phases of
nanoparticles. However, there do not exist any convenient
and reliable method to estimate concentration of individual
nanoparticle system in a nanocomposite. This motivated us to
study the magnetization process in a magnetic nanocomposite.
This paper is found to be very useful in the estimation of
concentration of individual system in a nanocomposite
consisting of two or more magnetic phases.

II. EXPERIMENTAL DETAILS

Nanoparticles of nickel oxide are prepared by the thermal
decomposition of freshly synthesized nickel hydroxide powder.
Ferrihydrite nanoparticles are synthesized by the precipitation
of aqueous ferric nitrate solution with sodium hydroxide
solution. More details of synthesis of these samples are
discussed in [10] and [26]. A nanocomposite is prepared
by mixing known masses of nickel oxide and ferrihydrite

Manuscript received April 16, 2015; accepted July 11, 2015. Date of
publication July 29, 2015; date of current version November 16, 2015.
Corresponding author: S. D. Tiwari (e-mail: sdtiwari@thapar.edu).

Color versions of one or more of the figures in this paper are available
online at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TMAG.2015.2461677

Fig. 1. (a) Room temperature X-ray diffraction pattern. (b) Transmission
electron micrograph. (c) Selected area electron diffraction pattern.
(d) Histogram of the distribution of particle size in nickel oxide nanoparticles.

nanoparticles homogeneously. This composite consists
of 48 weight percent of nickel oxide and 52 weight percent
of ferrihydrite nanoparticles. Magnetization measurements
are done with a commercial vibrating sample magnetometer
(Quantum Design, PPMS).

III. RESULTS AND DISCUSSION

A. Structural Characterization

Structural characterizations of synthesized samples are done
by X-ray diffractometer and transmission electron microscope.
Room temperature X-ray diffraction data are collected using a
PANalytical diffractometer and Cu Kα radiation. Transmission
electron micrograph and selected area electron diffraction
pattern are taken using a FEI Tecnai transmission electron
microscope. Figs. 1(a) and 2(a) show the X-ray diffraction
patterns of synthesized samples. From these figures, we find
that the synthesized samples are single-phase nickel oxide
and two lines ferrihydrite nanoparticles [10], [26]. These
figures also show that the diffraction peaks are broad. The
average crystallite size is calculated by X-ray diffraction line

0018-9464 © 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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Frequency independent low-k lithium borate
nanocrystalline glass ceramic and glasses for
microelectronic applications

S. K. Arya,a S. S. Danewaliab and K. Singh*b

Glasses with composition B2O3–Li2O–ZnO–TiO2–V2O5 were prepared with a melt and quench technique

with variable concentration of TiO2 and V2O5. Structural aspects of the as-prepared sample

were explored with the help of electron paramagnetic resonance spectroscopy (EPR). Conductivity

and dielectric properties of the glasses and nanocrystalline glass ceramic were investigated using

impedance spectroscopy. Vanadium was present in these glasses in the V4+ state, however, in initial

composition, it was in the V5+ state. The maximum quantity of TiO2 contained glasses formed a nano-

crystalline rutile phase, which dominated the electronic conduction at lower temperatures with

decreased activation energy, i.e. 0.21 eV. Moreover, the presence of a nanocrystalline TiO2 phase

reduced the dielectric constant B3 at room temperature and 1 MHz with excellent stability over a

wide temperature and frequency range. The present nanocrystalline glass ceramic and glasses can be

used in fast communication devices.

1 Introduction
Low-k materials are being used as substrates in microelectronic
devices. It works to enhance the speed of the signals with low
noise levels. Basically, the signal speed in conducting media is
inversely proportional to the square root of the dielectric
constant.1 The substrate should also have good mechanical,
thermal and chemical stability. Silica based glasses meet most
of the abovementioned properties. However, during processing
and device operation, crystalline cristobalite phase is formed in
silica and silicate glasses.2 A large volume change is exhibited
during a thermal cycle, which leads to thermal stresses between
the substrate and signal carrying materials. The fused silica has
dielectric constant B4 and changes upon the incorporation of
other additives.3 Similarly, polymer based materials exhibit
even lower k than silica glasses, i.e. B2.5.4 However, their
thermal and mechanical properties are very poor. It appears
that a single phase material could not meet all the above-
mentioned properties. The properties can be tailored easily in
the glasses due to easy accommodation of different constituents.
Moreover, according to mixing rules, introduction of the lower
polarizable lighter element oxides, such as B2O3 , Li2O and Na2O,
should decrease the dielectric constant. Another possible way to

decrease the dielectric constant is to create pores, but their
mechanical properties decrease drastically. Based on these
factors, light element oxides based lithium borate glasses were
selected for the present study. A small fraction (r10 mol%) of
ZnO, TiO2 and V2O5 were added to increase the thermal expansion
coefficient as well as to improve the chemical stability. The small
fraction of transition elements works as a nucleating agent to
form nanocrystalline phases in the glasses, which enhances
their chemical durability and thermal stability.5 Vaish et al. also
reported that the nanocrystallites in the glass matrix would be
beneficial in non-linear optical applications.6 Moreover, the
presence of transition metals in different oxidation states may
modify the transport/dielectric properties of the glasses. In
brief, the transport characteristics of the glasses depend upon
the structure, defect states, crystallinity, and internal friction. By
optimizing these parameters, the dielectric properties of the
glasses can be modified easily. For high-performance micro-
electronic systems, low-k (o10) glasses are essential components
and can be used as substrates and dielectric layer in semiconductor
packaging7 and in thick film resistors. Therefore, for fast
communication applications, it is important to understand
the structure and mechanism of dielectric polarization, which
arises from the constituent species of the glasses.8

The motivation of the present study was to develop low-k lithium
borate glass with three different transition metal oxides to meet
thermal, chemical and mechanical properties for substrates.
The chosen glass composition was unique with respect to three
different modifiers with different oxidation states such as Li+ , Zn2+ ,
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High-Efficiency Double Absorber PbS/CdS Heterojunction Solar Cells
by Enhanced Charge Collection Using a ZnO Nanorod Array
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ABSTRACT: The device architecture of solar cells remains
critical in achieving high photoconversion efficiency while
affordable and scalable routes are being explored. Here, we
demonstrate a scalable, low cost, and less toxic synthesis route
for the fabrication of PbS/CdS thin-film solar cells with
efficiencies as high as ∼ 5.59%, which is the highest efficiency
obtained so far for the PbS-based solar cells not involving
quantum dots. The devices use a stack of two band-aligned
junctions that facilitates absorption of a wider range of the
solar spectrum and an architectural modification of the
electron-accepting electrode assembly consisting of a very
thin CdS layer (∼ 10 nm) supported by vertically aligned ZnO nanorods on a ∼ 50 nm thick ZnO underlayer. Compared to a
planar electrode of a 50 nm thick CdS film, the modified electrode assembly enhanced the efficiency by ∼ 39% primarily due to a
significantly higher photon absorption in the PbS layer, as revealed by a detailed three-dimensional finite difference time-domain
optoelectronic modeling of the device.

■ INTRODUCTION
Solution-processed PbS-based thin-film solar cells have drawn
tremendous research interest in recent years for their potential
in large area, high throughput, and affordable solar energy
conversion.1− 5 Intensified research has culminated in a
remarkable progress in the photoconversion efficiency (PCE)
from <1% to better than 8% in a time span of less than a
decade.1− 6 The high performing solar cells utilize a two
dimensionally constricted assembly of individually surface
passivated PbS quantum dots, which assist in harnessing a
wide range of the solar spectrum due to their band gap
tunability. Notwithstanding the favorable optoelectronic
properties, the surface chemistry resulting from the passivation
of the quantum dots and their packing have been shown to
critically affect the performance of the devices.7,8 The concerted
efforts over the years have witnessed diverse techniques
employed to achieve the desired passivation with substantially
reduced density of trap states on surface and the close packing
of the quantum dots, which is critical for efficient exciton
dissociation and charge transfer. Despite the promise and rapid
progress of the PbS quantum dot-based solar cells, the complex
and elaborate processes of surface passivation and poor stability
have raised serious issues on the fabrication of scalable low-cost
devices.9,10

While seeking an affordable approach to synthesize the PbS
absorber layer that would offer the facile tunability of band gap

similar to that of the quantum dots without involving multistep
chemical processing and/or without ligand engineering,
recently, we have shown that the chemical bath deposition
(CBD) method could be a viable option.11,12 For the CBD PbS
thin films, the optoelectronic properties, including band gap,
are determined by the process parameters, such as temperature,
composition, etc., that can be easily tailored. A promising PCE,
as high as 4.03%, was obtained for photovoltaic devices
employing a stack of a pair of CBD PbS layers of varying band
gaps.12 The architectural modification involving stacking of the
band gap-tailored PbS films without any intervening layer
facilitated better absorption of a wider range of solar spectrum
resulting in better PCE, compared to a single PbS layer.
Although the obtained photovoltaic performance is the highest
for any PbS thin film-based device not involving colloidal
quantum dots,13,14 we seek to address the need for further
improvement in the PCE of the devices.
One of the limiting factors of the performance of the PbS

quantum dot-based solar cells has been the inherent
compromise between the light absorption and carrier
extraction.4 Although a complete absorption of above band
gap photons requires a film thickness of 1 μm, the very short
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Effect of band-aligned double 
absorber layers on photovoltaic 
characteristics of chemical bath 
deposited PbS/CdS thin film solar 
cells
Deuk Ho Yeon1,*, Bhaskar Chandra Mohanty2,*, Seung Min Lee1 & Yong Soo Cho1

Here we report the highest energy conversion efficiency and good stability of PbS thin film-based 
depleted heterojunction solar cells, not involving PbS quantum dots. The PbS thin films were grown 
by the low cost chemical bath deposition (CBD) process at relatively low temperatures. Compared 
to the quantum dot solar cells which require critical and multistep complex procedures for surface 
passivation, the present approach, leveraging the facile modulation of the optoelectronic properties 
of the PbS films by the CBD process, offers a simpler route for optimization of PbS-based solar cells. 
Through an architectural modification, wherein two band-aligned junctions are stacked without 
any intervening layers, an enhancement of conversion efficiency by as much as 30% from 3.10 to 
4.03% facilitated by absorption of a wider range of solar spectrum has been obtained. As an added 
advantage of the low band gap PbS stacked over a wide gap PbS, the devices show stability over a 
period of 10 days.

In recent years, solution-processed inorganic thin film photovoltaics have exhibited tremendous potential 
in the quest for sustainable energy sources1–4. Among the various materials that have been aggressively 
pursued for the purpose, PbS has emerged as one of the top candidates over the last decade3,4. Although 
photoresponse of PbS has been long revealed, the recent development is based on its quantum dots that 
provide with ability to exploit the near infrared (NIR) region due to band gap tunability as a conse-
quence of quantum size effects5. Significant and rapid progress has been made on solar cells based on 
the solution-processed quantum dots from less than 1% efficiency in 2005 to more than 8% in 20146–8.

Till date, architectures of (i) Schottky junction between a quantum dot film and metal electrode9, (ii) 
depleted heterojunction where a quantum dot film is sandwiched between a metal and an n-type con-
ductor like TiO2

2, ZnO10 or CdS4 and (iii) quantum dot-sensitized solar cells11 have been employed for 
photovoltaic applications. In a true sense, however, the quantum dot thin film is a misnomer; it is rather 
a two dimensionally constricted assembly of individually surface-passivated quantum dots. Incidentally, 
surface chemistry of the quantum dots is one of the factors those critically affect the energy conversion 
efficiency12,13. It has been accepted that the solution-processed quantum dots exhibit poor air stability 
that can pose serious apprehensions on fabrication of scalable low cost devices9,14. In turn, this has 
prompted researchers to explore other possibilities that can yield high performance at a reasonably low 
cost. For example, recently it has been suggested to use pulsed laser ablation-based synthesis of the PbS 
quantum dots15. Some other research group has used elemental sulfur, albeit multiple processing steps, 
instead of the conventional bis (trimethylsilyl) sulfide owing to its pyrophoric nature and high cost16.
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