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As there are a large number of contributions, the editorial 

committee took the decision to combine the July- September  

and the October - December  issues into one. In this issue we 

have brought out 7 articles covering different disciplines. 

This year the Nobel Prize in Physics has been awarded to 

R. Weiss, K.S. Thorne and Barry Barish for their pioneering 

contributions to the development of the LIGO detector and for the first 

observation of the gravitational waves. We have carried an article on this written 

by  A. Pai.  Kunchur has discussed the importance of the depairing current density 

in influencing the critical parameters of the superconducting state. Tyagi, Singh 

and Gadkari have provided a comprehensive account of the crystal technology 

and the various applications of the crystals of different types. They have also 

discussed the indigenous capability  in crystal technology that exists in BARC in 

particular.  

Brain wave entrainment has been investigated by Phogat and Paramananda using 

visual and auditory stimulus at the same time. The rapid growth of network 

theory in tackling many critical phenomena in nature has been the focus of the 

article by Jalan and Sarkar. Datta and Mahanta have pointed out as how an 

understanding of a phenomenon in one discipline can lead to a better appreciation 

of a similar event in another discipline. e.g the study of the dynamics of the pattern 

formation and wave nature in the chemical systems will lead to a greater 

knowledge of nonlinear systems in general. 

The consequences of time delay on the dynamical characteristics of systems are 

discussed with several examples by Dodla and Sen to bring home the point that 

this field of research is gaining importance in the recent years. By the time the issue 

is received by you we would have entered 2018. On behalf of the IPA, we wish all 

the members a happy new year and all the good wishes. We thank all the authors 

for their contributions during the year 2017. 

S. Kailas

On behalf of the editorial team, IPA 
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The recent successful commissioning of world's most powerful X-ray 

Free Electron Laser (XFEL) Facility in Hamburg is an excellent 

contribution to future research. The XFEL will help in creation of new 

form of materials, in unravelling the ways to make new antibiotics and 

in recreation of conditions deep inside the stars and planets. The XFEL 

acts as a high-speed camera that can capture images of dynamic 

processes in atoms and molecules in a few millionths of a billionth of a 

second. It will be very useful to study chemical reactions or biological 

processes in details. The photon beam is very powerful. It has a far 

higher pulse rate than that is available from either of its predecessors. 

At the heart of the facility is the world’s longest superconducting linear 

accelerator having length of more than a kilometre. It is designed to 

provide the energy needed to generate X-ray flashes which are a billion 

times brighter than the best conventional radiation sources on earth. 

In India the development and research programs are in advanced stage at Inter University Accelerator Centre (IUAC) 

Delhi and Raja Ramanna Centre for Advanced Technology (RRCAT) Indore to develop modern Free Electron Laser for 

research in Physical and Biological Sciences.

We look forward to further unravelling of the natural processes by using these controlled and brilliant photon beams at 

varied wavelengths having excellent time structure.
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From the President's Desk

                                                                              (Dr. Dinakar Kanjilal)



Archana Pai did her PhD at Inter‐Unievrsity Center of Astronomy and Astronomy at 
Pune in the field of Gravitational Wave Detection. Subsequently she was a Henri‐
Poincare Fellow at Observatoire de la Cote d’Azur, INFN Fellow at Lass Sapienza, Rome 
and post‐doctoral position in Albert Einstein Institute, Germany and she has worked 
with various gravitational wave experiments. She is a member of LIGO Scientific 
Collaboration [1] and IndIGO consortium [2]. Her group works on developing 
detection schemes for compact binaries and with multiple detectors and 
astrophysical parameter estimation of gravitational wave sources.
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Nobel Prize in Physics for the year 2017
rdOn October 3 , 2017, the Secretary General of the Royal 

Swedish Academy of Sciences, Professor Göran 

K. Hansson, announced the Nobel Prize in Physics as ’This 

year’s prize is about the discovery which shook the world!’ 

It was a moment to celebrate. The 2017 Nobel Prize is 

announced to the three pioneers of the field of 

gravitational wave research - Rainer Weiss, Massachussets 

Institute of Technology, Kip S. Thorne, California Institute 

of Technology, and Barry Barish from California Institute 

of Technology (Fig. 1) dividing one half of the prize to 

Weiss and rest amongst Thorne and Barish. The prize was 

awarded for the decisive contribution to the LIGO detector and 

observations of gravitational waves.

Nature of Gravitational Waves
Gravitational waves(GW) are ripples of space-time fabric 

which travel at the speed of light. According to general 

theory of relativity, any dynamic motion with non- 

spherical kinetic energy emits gravitational waves. For

 example orbiting, smashing, accreting objects, all of them 

produce gravitational waves. Unlike electromagnetic 

waves (with leading order dipolar in nature), the leading 

order contribution of gravitational waves is quadrupolar 

The era of multi-messenger astronomy
Archana Pai

Department of Physics, Indian Institute of  Technology, Bombay, Powai, Mumbai - 400 076, India

With several compact binary merger events being detected by LIGO‐Virgo detectors since the first 

observational run of LIGO in 2015, the field of gravitational wave astronomy is rapidly evolving with 

new excitement of resolving older puzzles and posing new questions. To add to this excitement, this 

year’s Nobel Prize in Physics is awarded to the pioneers of LIGO and to the first binary black hole 

merger discovery. The article talks about new LIGO‐Virgo detections and the contribution of Nobel 

Laureats to this the few decade long quest of gravitational waves.
Keywords : Gravitational Waves‐LIGO‐Astronomy

Fig. 1: Rainer Weiss (Left most) - Born in 1932 in Berlin, Germany. 
Ph.D. (1962) from Massachusetts Institute of Technology (MIT),  
Professor of Physics at MIT, USA. 
Barry Barish (Middle) - Born in 1936 in Omaha, USA. Ph.D. (1962) 
from University of California, Berkeley. Linde Professor of Physics, 
(CalTech), USA.
Kip Thorne (Right most) - Born in 1940 in Logan, USA. Ph.D. (1965) 
from Princeton University. Currently Feynman Professor of Theoretical 
Physics at California Institute of Technology (CalTech), USA.
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in nature. The sources of EM waves are due to oscillating 

charges (hence due to microscopic motions) while sources 

of GW are dynamical systems with non-spherical kinetic 

energy (macroscopic bulk motion). The EM waves get 

absorbed and scattered, GW interact weakly with matter 

and hence are unaltered except (1/r) reduction in 

amplitude. Due to this property, it can unravel regions 

which are otherwise not accessible to EM waves such as 

dynamics in violent phenomenon like supernova 

explosion, binary star mergers, black hole (BH) dynamics 

etc. However, the flipside is that because of this weak 

interaction, it is very difficult to detect gravitational waves. 

Colloquilly, it is said that our space-time fabric is highly 

stiff and requires large amount of energy to stretch it.

The strength of the gravitational waves in radiation zone is 

given by quadrupole formula as [3]

where I denotes the quadrupole moment of a given mass 

distribution and r is the distance to the source. The 
2 quantity a ¬ 2GM/Rc is known as the compactness 

parameter (The M and R are the mass and the size of the 

system respectively.) The upper bound is obtained 

assuming virial theorem for gravitating bodies.

It is clear from this expression that at a fixed distance, more 

compact system emits stronger gravitational waves. For 

example, consider a rod of one kg and length of one meter 

spinning with frequency of 10 cycles per second located on

Moon. The gravitational wave amplitude from this rod 
-49 will be of the order of 10 which will produce equivalent 

strain of that order on Earth! However, a binary system 

with two neutron stars (NS) located as far as 100 Mpc with 

orbital separation of 200km will emit gravitational waves 
-23  of amplitude of the order of 10 . Thus, compact objects 

with NS and BH produce measurable GW.

Road to LIGO
The initial attempts to detect gravitational waves in 1960s 

were made by Joseph Weber using the metal bar detector 

[4]. In 1969, Weber announced the detection of gravitational 

waves with the aluminium bar. The idea was that the bar 

will resonate when the frequency of the incoming 

gravitational waves is close to its resonant frequency. 

Though the announcement created a lot of excitement, it  

was clear that the instrument did not have enough 

sensitivity to be able to detect gravitational waves from our 

galaxy. Though the claim was refuted, that triggered 

experimental efforts to detect gravitational waves.

In 1957, in the conference at Chappel Hill, detailed 

calculation by Felix Pirani showed  that ’Observer by using 

light signal can determine coordinates of the neighbouring 

free test object’ [6]. Young Rainer Weiss was excited with this 

idea and immediately thought that laser interferometers 

with mirrors as test masses (suspended mirrors are free 

masses) to detect gravitational waves. In 1972, he made 

detailed study and design of the suspended interferometer 

(see Fig. 2) which can act as gravitational wave antenna [5]. 

He did detailed calculations of the primary noise sources 

which can affect performance of all possible instruments. 

They include laser frequency noise, seismic noise, thermal 

noise, radiation pressure noise, shot noise, gravity gradient 

noise etc and the concept of LIGO (Laser Interferometric 

Gravitational Wave Observatory) was born! This was the 

first detailed design of suspended interferometer to be used 

as a gravitational wave detector with its noise budget! 

Several novel ideas were explored on the prototypes by 

groups at Glasgow by Ronald Drever and Brian Meers, and 

the Garching group in late 1970’s and 80’s. 

In 1968, Kip thorne started a new theoretical group that 

focussed on astrophysics of gravitational wave sources 

especially for LIGO. In late seventies, he triggered an 

experimental group at Caltech and appointed Ronald 

Drever and Stan Whitecomb. Drever brought in a large 

number of sofisticated advanced schemes in the LIGO 

design which includes frequency stabilization scheme 
1known as Pound-Drever-Hall scheme

5

Fig. 2: Rainer Weiss’s design of suspended intermeter with Fabry 
Perot cavities as a gravitational wave detector [5]

1Ronald William Prest Drever (1931 – 2017) was a Scottish experimental physicist. He was a professor emeritus at the California Institute of 

Technology, co-founded the LIGO project, and was a co-inventor of the Pound–Drever–Hall technique for laser stabilisation. This work was 

instrumental in the first detection of gravitational waves in September 2015. Source: LIGO news (url:http://www.caltech.edu/news/caltech-

mourns-passing-ligoco- founder-ronald-w-drever-54336) 



LIGO was performing better than the designed sensitivity! 

With this achievement, the project got approval for the 

advanced LIGO. The advanced LIGO is designed to 

improve the floor sensitivity over initial LIGO by a factor 

of 10 which translates into additional distance reach by a 

factor of 10 and in volume by 1000.

First binary BH detection and more
In 1997, Barish conceived and led a crucial change in 

LIGO’s organization by splitting it into two: (1) The LIGO 

Laboratory at Caltech, MIT, Hanford and Livingston, 

responsible for LIGO operations and advanced 

interferometer research and development, and (2) the 

LIGO Scientific Collaboration, responsible for organizing 

and coordinating LIGO’s technical and scientific research 

and data analysis, and for expanding LIGO to include 

scientists elsewhere. On 2015, just before the start of the 

first observation run, the LSC plus the Virgo collaboration 

was expanded to nearly 16 countries and more than 1000 

scientists.

On September 14, 2015, the first binary black hole merger 

event was observed in both LIGO detectors aka GW150914. 

After several months of rigourous data analysis, the 

detection was announced to the world by LIGO-Virgo 

Scientific Collaboration on February 11, 2016 [10].

The event was an inspiraling of two compact BHs in a 

binary orbit located at 1.3 billion light years away which 

merged in to a single BH. The two LIGO detectors 

observed the GW emitted from this system in its last 

fraction of a second of its life. As both the objects inspiral in 

a binary orbit the system emits gravitational waves 

bringing the two objects closer and thus emitting stronger 

and higher frequency gravitational waves. This is termed 

as a binary chirp signal. The observational features of this 

event were discussed in detail in an earlier issue of Physics 

News Vol 46 in 2016.

The detection of GW150914 was historic in many ways. It 

was the first binary black hole merger event observed by 

the terrestrial detectors. It gave a clear evidence of 

existence of BH greater than 25M . Till then, no candidate 

BH showed evidence of existence of masses above 25M . 

For the first time, using data from GW150914, the General 

theory of relativity was tested in strong regime and was 

shown to be consistent with Einstein’s GR [11].

So far, LIGO detectors have conducted two observational 

runs. The first observational run; O1 was between 

September 2015-January 2016 and the second run; O2 was 

between November 2016 – August 2017. The European 

 Further, with the Russian collaborator Vladimir Braginsky
2 Thorne’s group recognized that the massive mirrors will 

act as a macroscopic quantum systems. Together Caltech 

and MIT put up a joint proposal for building the km arm 

length suspended Michelson interferometer with optical 

cavities in the year 1989 [7].

In the meanwhile, the astrophysical relativity group under 

Thorne set out to develop gravitational wave sources of 

LIGO. The primary sources identified for LIGO were 

categorised into bursts (merger of compact binaries with 

NS and BH, core collaose supernovae, accreting systems), 

periodic sources like rotating NS and stochastic 

background of GW from early universe. The study to 

develop the waveforms from these astrophysical sources 

was initiated. The classic reviews by Thorne contains more 

details [8] and [9].

In the year 1994, the construction of LIGO started at two 

sites namely Hanford, Washington and Livingston, 

Louisiana in USA and Barry Barish was appointed as a 

LIGO director. With his administrative expertise, and 

leadership qualities, the LIGO project took off and went 

through phases of construction, installation and 

commissioning phase. He was the director for the project 

between 1994 till 2006. The initial LIGO carried out six 

engineering runs between 2002 to 2006 which achieved the 
-21 -23sensitivity level from h  3 x 10  to 3 x 10  per sqrt. Hz (See 

Figure 3).

The clear demonstration of achieving the target sensitivity

of the initial LIGO respecting the initially estimated time-

line was impressive. In fact, in some frequencies, the initial 
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2Vladimir Borisovich Braginsky (3 August 1931 – 29 March 2016) worked in the areas of precision and quantum measurements, the detection of 

gravitational waves, systems with low dissipation, and fundamental thermodynamic fluctuations. Source: LIGO webpage 

(url: https://www.ligo.caltech.edu/news/ligo20160426)

Fig. 3: LIGO Science Runs: Improvement in sensitivity from science 
run 1 to science run 5. The solid curve represents the target 
sensitivity for initial LIGO. Credit:LIGO

Best Strain Sensitivities for the LIGO Intgerferometers
Comparisions among S1 - S5 Runs              LIGO-G060009-02-Z

10 100 1000 10000
Frequency [Hz]

le-24

le-23

le-22

le-21

le-20

le-19

le-18

le-17

le-16

h
[f

],
1

/S
q

rt
[H

z]

LLO 4km - S1 (2002.09.07)

LLO 4km - S2 (2003.03.01)

LHO 4km - S3 (2004.01.04)

LHO 4km - S4 (2005.02.26)

LLO 4km - S5 (2006.06.04)

LIGO I SRD Goal, 4km



French-Italian 3 km armlength Virgo detector joined the 

LIGO O2 run and made joint observations. Together in O1 

and O2, LIGO-Virgo detectors have made five confirmed 

binary black hole merger events and one binary NS merger 

event. The table 1summarizes the LIGO-Virgo detections in 

terms of masses, detectors, distances, energy released etc.

Figure 4 shows the masses of stellar remnant measured 

both in EM window as well as GW window (by LIGO 

Virgo detectors). In EM window, BH mass is estimated 

using X-ray and via accretion mechanism whereas 

rotating NS aka pulsars and emit in radio window. From 

this figure it is clear that using LIGO-Virgo observations, 

we are able to detect massive stellar BHs in binary systems 

and typically not found in the X-ray band. 

Table 1 clearly shows that as expected from Eq.(1) that 

massive binaries will be able to detect much farther in the 

universe. The sky location column shows importance of 

multiple detectors in a network. Using Virgo, the 

localization of GW170814 was improved dramatically. 

Please note that the huge sky patch of 600 square degrees 

for GW150914 reduces to 60 sq. degrees for GW170814. 

Adding spatially separated interferometers improves the 

sky localisation immensely due to triangulation. Using the 

BBH detections of LIGO-Virgo, Einstein’s general theory 

of relativity was tested and was found to be consistent 

with the data. Additional tests such as Lorentz violation 

test as well as speed of gravitational waves was performed 

and obtained bounds on the same. No deviations from 

Einstein’s GR is observed [14].

BNS detection opens upmulti-messenger era 

On August 17, 2017 at 12:41:04 UTC, the LIGO-Virgo 

gravitational wave detectors observed a gravitational wave 

chirp signal from the inspiral of two neutron stars [15].

Binary NS are known to be promising sources of GW and 

hence the detection of GW170817 itself was not a surprise. 

The scientists were expecting such an event in the 

advanced LIGO era. To recall, the most famous 

observation of Hulse- Taylor binary pulsar by radio 

astronomers for past few decades had provided indirect 

evidence of gravitational wave emission from such 

system. PSR1913+16 was first system of its kind and 

Hulse-Taylor duo received Nobel Prize for the year 1993 

[16]. Astronomers did find a dozen binary pulsars since 

then. However, this was the first binary NS merger event 

observed so far!

This event was special because just 1.7 seconds after the 

arrivel of the binary chirp, a gamma-ray burst known as 

GRB170817A of duration 2 sec. was detected by NASA’s 

Fermi-GBM(Gamma ray Burst Monitor) satellite. The joint 

detection of this event in GW plus the gamma ray window 

marked the first GW multi-messenger discovery. This 
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Table 1. Summary of first five GW detections so far. The name of the binary merger event is based on the date when the event is observed in 
the detectors i.e. in year-month-date format. BBH is binary black hole and BNS is binary neutron star. L, H and V stands for LIGO-Livingston, 
LIGO-Hanford and Virgo detector respectively. More details about the events such as science summaries, factsheets and data at 
http://ligo.org/science/outreach.php.

 Event Type Detectors Binary Remnant Distance Sky Energy Signal

    Masses Mass in Location released duration in
6 2 2    in (M)  in (M)   10  light yrs. (deg. )  in M c  seconds  

 GW150914[10] BBH LH  ~ (36,29)  ~ 62  1300  600  2.5-3.5  0.2

 GW151226[12] BBH LH  ~ (14,7)  ~ 21 1400 850 0.8-1.1 1

 GW170104[13] BBH LH  ~ (31,19)  ~ 49 1600-4300 1200 1.3-2.6 0.25 - 0.31

 GW170814[14] BBH LHV  ~ (31,25)  ~ 53 1100-1200 60 2.4-3.1 0.26 - 0.28

 GW170817[15] BNS LHV ~ (1:6,1:1) ? 85-160 28 > 0:025 60

Fig. 4: The masses of stellar remnants are measured in many 
different ways. This graphic shows the masses for black holes 
detected through electromagnetic observations (purple); the black 
holes measured by gravitational-wave observations (blue); neutron 
stars measured with electromagnetic observations (yellow); and the 
masses of the neutron stars that merged in an event called 
GW170817, which were detected in gravitational waves (orange). 
The remnant of GW170817 is unclassified, and labeled as a question 
mark. Credit: LIGO-Virgo/Frank Elavsky/Northwestern University

After submission of this article, detection of one more BBH event was announced as GW170608.



triggered a massive campaign to follow-up this event in 

the electromagnetic window over weeks that followed 

the event.

Within few hours, the Swope telescope located in Chile 

identified an optical transient (SSS17a) in the galaxy NGC 

4993. Over the next two weeks, a network of ground-based 

telescopes and space-based observatories followed up the 

initial detections, spanning the entire EM spectrum right 

from ultraviolet (UV), optical (O), and near infrared (IR) 

wavelengths [17]. These observations carefully monitored 

the spectral energy distribution, revealing that this 

exceptional electromagnetic counterpart was a kilonova. 

The first detection of a kilonova was in 2013, in association 

with the short-duration GRB 130603B, where the faint 

infrared emission was observed by Hubble Space 

Telescope [18]. The joint observation of GW170817 showed 

a clear evidence supporting the idea that kilonovae result 

from the radioactive decay of the heavy elements formed 

by neutron capture during a BNS merger.

The discovery of BNS merger was another landmark 

historical event in the field of gravitational wave 

astronomy. Not only it is the first event of joint observation 

in GW and EM window but the observational data laid 

rest to some of the long standing puzzles about our 

universe. The joint observation of BNS merger and 

associated short GRB gives first evidence of the long 

standing puzzle of short GRB progenitors [19]. Gamma 

ray bursts are one of the most energetic events observed in 
50 Nature. They typically emit 10 ergs per sec amount of 

energy.  This is equivalent to amount of energy released by 

Sun throughout its 10 billion-year life span. They occur 

once a day and from any point in the sky. Based on the 

duration of the bursts, they are divided in to short GRB 

(less than 2 sec) and long GRBs (greater than 2 sec.) Long 

GRBs are caused by the core-collapse of rapidly rotating 

massive stars. Till August 17, 2017, astrophysists thought 

BNS or NSBH mergeres are plausible progenitors of short 

GRBs. The joint observation of GW170817 and 

GRB170817A gave clear evidence on this possibility.

The multi-messenger astronomy paper was a joint 

publication of LIGO-Virgo Scientific Collaboration and 

astronomers from various groups of observatories as well 

as collaborations. In total, there are ~ 3000 scientists have 

authored the historic publication which marks the era of 

multi-messenger astronomy!

Indian contribution
The LIGO Scientific Collaboration and Virgo 

Collaboration now has 17 countries and more than 1000 

scientists. The Indian participation in the LIGO Scientific 

Collaboration, under the umbrella of the Indian Initiative

in Gravitational-Wave Observations (IndIGO), involves 

scientists from all over India. The recent detections have 

authors from - CMI Chennai, ICTS-TIFR Bengaluru, 

IISER-Kolkata, IISER-Trivandrum, IIT Bombay, IIT 

Chennai, IIT Gandhinagar, IIT Hyderabad, IPR 

Gandhinagar, IUCAA Pune, RRCAT Indore, TIFR 

Mumbai, and UIAR.

In 2009, IndIGO consortium was formed by a group of 

researchers with expertise in theoretical and experimental 

gravity, cosmology and optical metrology – keen to 

promote gravitational wave research in the country. The 

consortium pursued the dream of realizing an advanced 

GW detector in India – the LIGO-India project. The LIGO-

India is a joint US-Indian gravitational wave 

detectorproject to set up an advanced LIGO detector in 

India. The nodal institutes are IUCAA, Pune, IPR, 

Gandhinagar and RRCAT, Indore. The details can be 

found at http://www.gw.iucaa.in/ligo-india/.

Indian groups within LVC collaboration have contributed 

to understanding the response of the detector to the 

terrestrial influences, bounding the orbital eccentricity, 

estimating the mass and spin of the final black hole and the 

energy and power radiated during merger, confirming 

that the observed signal agrees with Einstein’s General 

Theory of Relativity, testing Lorentz invariance using the 

GW data, developing data analysis algorithms for 

compact binaries as well as stochastic background signals. 

In addition, in the BNS discovery, Indian astronomers 

were involved in the electromagnetic follow-up of the 

BNS event using AstroSat as well as GMRT (Giant Meter 

Radio Telescope). The group was also involved in 

extracting physics out of the joint observation and 

improving the source localisation.

Conslusions 

The GW detections of BBH as well as BNS merger events 

open up a brand new era of multi messenger astronomy. 

We expect that in the third observational run scheduled to 

start in 2018, the detectors will observe 8 times more 

volume in the sky and hence more number of events. Soon 

BBH and BNS detections will become a routine and can 

answer questions regarding the population of binary BH 

systems, mass distribution of BHs, equation of state of NS 

etc. Within a decade we expect the Japanese detector 

KAGRA and LIGOIndia will join the network. With more 

detectors especially located in different continents, we 

will be able to localize the source more accurately as well 

as probe much deeper in the universe. We have more open 

questions such as do NSBH binaries exists in our universe? 

Do intermediate mass BHs exists? How many are they? 

How are they formed? With new observations, new
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challenges will be faced and new questions to be answered 

in this era of multimessenger astronomy.
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The Technical Physics Division, Bhabha Atomic Research 

Centre is mainly involved in the growth of various 

materials in the form of single crystals. These crystals find 

applications in various fields including radiation 

spectrometry, dosimetry, radiography, VUV and IR optical 

windows etc. Challenges in the growth of single crystals 

grown from melts and useful in applications for the 

radiation detections have been reviewed in this 

communication. An approach to resolve various issues in 

the growth and subsequently improvement of the 

performance characteristics based on the systematic 

investigation is also discussed in details. The conventional 

scintillators like Tl doped CsI and NaI as well as the 

advance scintillators like Ce doped Gd Ga A O , YAlO  etc.3 3 12 12 3

A review of the Single Crystals Growth 
for Radiation Detection

Mohit Tyagi, S. G. Singh and S. C. Gadkari*
Crystal Technology Section, Technical Physics Division, BARC

*Email: gadkari@barc.gov.in



were successfully grown in the form of single crystals 

having size up to 50 mm diameter and 70 mm length. The 

single crystals of halide crystals were grown by the 

Bridgman technique while the Czochralski technique was 

used to grow oxide crystals having melting temperature 

around 2000C. The grown crystals were characterized for 

their structural, electronic, optical and scintillation 

properties. The scintillator crystals were used for the 

online detection of various radiations like gamma, alpha, 

X-ray, neutron etc., while dosimeter single crystals were 

used for the offline detection based on thermally or 

optically stimulated luminescence. 

 Introduction
Single crystal is characterized with the absence of any 

grain boundaries and unbroken lattice. The best 

performance of any material can be realized in its single 

crystalline form. The formation of salt from the sea-water 

evaporation is considered as one of the oldest examples of 

the crystallization process. However to realize any 

material in the single crystalline form in useful sizes is a 

challenging task [1]. In the single crystal growth process, 

the random molecules gradually and uniformly attain a 

long range order in the form of crystalline solids. Natural 

crystals have been used as ornaments since the ages due to 

their attractive colors and designs. Due to the manifold 

increase of applications in various industries as well as 

academic applications, the natural conditions were tried 

to be imitated in the labs to grow various single crystals. 

Single crystals can be grown from the solutions, vapors or 

melts depending on the material properties. Table 1 

describes various techniques for the growth of single 

crystals. The selection of a particular technique mainly 

depends on the material properties like thermal 

conductivities, expansion coefficient, melt viscosity, 

chemical stability of melt/solid etc. The requirement of 

size and acceptable quality of single crystal are also 

important parameters for the suitability of a growth 

technique. The single crystals reviewed in this 

communication have been grown from melts. The melt 

growth methods are the most widely used to grow single 

crystals for radiation detection applications which usually 

requires relatively larger sized crystals. The essential 

requirement for a material to be grown by a melt method is 

its congruently melting property without undergoing any 

structural phase transformation [2].

To grow single crystal from a melt, the latent heat of 

crystallization should be effectively removed. Therefore 

metals achieve the crystalline form relatively easily due to 

their higher thermal conductivity. However, the 

scintillating materials are usually broad band insulators 

doped with small concentrations of efficient activators 

which require the growth rate limited by the heat balance 

at the solid-melt interface and uniform segregation of the 

dopants. The shape of the solid-melt interface is also an 

important factor for the stable growth and the 

propagation of various defect centers.

Single crystal scintillators find various applications due to 

the generation of spontaneous emission in the visible 

region when excited with high energy radiations. Various 

kinds of radiations like X-ray, γ-ray photons, high energy 

charge particles and neutrons interact with a material via 

the initial conversion of electrons and holes, followed by 

their transportation to luminescent sites and 

recombination eventually to generate emission of low 

energy photons. On the other hand, in dosimeter 

materials, trapped electrons or holes need to be released 

by thermal or optical energies to recombine at 

luminescence sites [3]. The single crystals have broad 

transmission range so that the generated light can be 

effectively collected from the bulk. Single crystal 

scintillators also provide a uniform surrounding to the 

activator ions which results in well defined photo-peak 

corresponding to the deposited energy unlike the plastic 

or other scintillators. The absence of any grain boundary 

and size distribution effect results in low scattering losses 

and the reproducibility of results. The single crystal 

scintillators also have mechanical and chemical stability 

and better radiation hardness which makes them an 

essential part for various nuclear radiation detectors. 
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Table 1: Various growth techniques for the growth of 

single crystals

Growth from  Growth from  Growth from 

Melt Solution Vapour

Czochralski Aqueous  Direct Synthesis

 solution  

Bridgman Travelling heater Physical vapour

  transport

Float Zone Solute solution  Chemical vapour

 diffusion  transport

Verneuil Solvent  Solid phase 

 evaporation reaction

 Temperature 

 difference under 

 controlled vapour 

 pressur

 Hydrothermal 

 synthesis



 Experiment Techniques
The initial material for the growth is synthesized by 

mixing the constituents halides/oxides in their respective 

molar ratios. For the large difference of relative vapor 

pressures of the constituent oxides, the material was 
thsintered at 3/4  of the melting temperature to form a 

polycrystalline pure phase. The phase was confirmed by 

the powder XRD pattern and thermal properties were 

studied using a Differential Thermal Analyzer (DTA). The 

raw material was loaded in the suitable crucible. 

The Bridgman and Czochralski are the most common 

techniques based on the melt growth methods. In the 

Bridgman technique, the raw material was melted in a 

conical crucible which is slowly translated down to a 

lower temperature zone while in the Czochralski 

technique a seed is touched to the melt and withdrawn 

upwards slowly after reaching the thermal equilibrium. 

The growth of crystals using the Bridgman method is 

relatively simple, however, disadvantages arise from the 

contact between container and melt/solid which can give 

spurious nucleation, sticking of the crystal ingot inside the 

crucible and consequently generating thermal and 

mechanical stresses [4]. On the other hand, the isolation of 

grown crystal from the crucible is the biggest advantage of 

the Czchrolaski technique [3]. A crystal growth system 

based on the Bridgman technique was indigenously 

designed and developed to grow crystals of hygroscopic 

halide materials like CsI:Tl, NaI:Tl etc. in sealed crucibles. 

The Cyberstar made Czchrolaski crystal pullers were used 

to grow oxide materials having higher melting 

temperatures. Various growth parameters like 

temperature gradient, growth speed, cooling rate, growth 

ambience etc. were optimized for different materials 

according to their thermal properties.

The grown crystals were cut in the required shape and 

polished optically. The absorption/transmission 

properties were studied using UV-VIS spectrophotometer. 

Photoluminescence spectrometer was used to study 

excitation, emission and decay kinetics from 77 K to room 

temperature. The scintillation properties were studied by 

coupling the crystal with photomultiplier tubes or 

photodiodes and processing output signal through pre-

amplifier, shaping amplifier and multi-channel analyzer 

to plot the pulse height spectrum. The processed crystals 

were characterized for X-ray, gamma, electron and 

thermal neutron radiations. After optimizing the 

performances of the grown crystals, the final devices were 

fabricated based on the end-users requirements.
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 Results

Alkali halide Crystals for gamma spectrometers
Alkali halide crystals, in particular, NaI(Tl), CsI(Tl), 

CsI(Na), are produced usually by the directional 

crystallization of the corresponding melt in a crucible by 

the Bridgman/Stockbarger method. The furnace design, 

appropriate crucible material and shape take the central 

stage in designing a crystal growth system. One of the 

major problems during the growth of halide crystals are 

cracking of crystals during cooling that have been solved 

by making a slight but ingenious modification in the 

crystal growth system. The crystal growth system, 

designed by us consists of two heating zones controlled 

independently and separated from each other using a 

baffle to increase the temperature gradient and minimize 

temperature fluctuations. The furnace, developed for the 

crystal growth, consists of four independently controlled 

resistive heating elements. The top isothermal zone 

consisting of two heating elements is separated from the 

bottom isothermal zone by a 50 mm thick baffle (adiabatic 

zone). Four Eurotherm temperature controllers (Model 

no. 2416) are used to set and control various temperature 

profiles in the furnace. Fig.1 shows a photograph of the 

complete crystal growth system. A translational speed 

from 0.1 to 10 mm/h for crystal growth and 150 mm/min 

for coarse setting can be set form a touch screen panel 

mounted on the top of the furnace. 

The crucible was specially designed to be used in the 

modified Bridgman furnace. It consists of two parts of 

Fig. 1: Modified Bridgman furnace and the schematic diagram of the 
complete growth process.



approximately equal length (as shown in Fig. 1). The lower 

part has a slightly less diameter (ID: 55 mm) than the 

upper part (ID: 60 mm). The crystal grow in the lower part 

of the crucible while after the growth the crystal is 

retrieved in the upper part by a definite process involving 

the rotation of the furnace along with the crucible. 

Therefore an arrangement was made to rotate the furnace 

at elevated temperatures around the horizontal axis 

passing through middle of the furnace. There is, also, a 

provision for locking the crucible while rotating the 

furnace if necessary [4].  

For the crystal growth, 500 g high purity (99.99%) CsI/NaI 

was taken in a clean and dry crucible. After filling of 

material the crucible was placed in the furnace (already at 

50°C) and was connected to a vacuum system consisting of 

a rotary and diffusion pumps. The crucible was evacuated 
-4down to pressure of about 5x10  mbar. After this, the 

temperature of the furnace was increased up to 300°C. The 

crucible was thoroughly shaken in between to avoid 

formation of lumps during the dehydration process. After 

the completion of dehydration the crucible temperature is 

brought down to 50°C and 1.275 g of TlI (0.2 mol%) (0.1 

mol% TlI for NaI) is mixed in the dehydrated material. 

Again the crucible is connected to the vacuum system and 
-4evacuated gradually to 5x10  mbar pressure. After this the 

furnace temperature is increased to 150°C in the step of 

50°C with a dwell of 30 minutes at each step. After the 

completion of the dehydration the crucible is sealed. 

Thereafter silica crucible containing the material is kept in 

the upper zone of the furnace for complete melting. The 

temperatures of all the zones are raised in such a manner 

that the temperature of the upper zone is about 50°C above 

the melting temperature (MP) of the material while the 

lower zone temperature is about 50°C lower than the MP. 

Once the material inside the crucible melts completely it is 

allowed to thermalize for 4 h. The crucible is then lowered 

at a rate of 0.5-2 mm/h to the bottom zone of the furnace 

through the temperature gradient (adiabatic zone) for a 

complete solidification of the melt into single crystal. After 

complete solidification of melt into single crystal growth 

the crucible is locked inside the furnace using a locking 

mechanism and the furnace together with the crucible is 

inverted (rotated through 180°). Now the temperature of 

the zone 3 and 4 containing the grown crystal is raised so 

that the temperature of the zone containing the grown 

crystal becomes slightly higher than the MP of the material 

and the grown crystal slides down in the lower zone of the 

crucible that has a slightly larger diameter.

Temperatures of all the zones are then lowered quickly to 

the same temperature (MP-50°C) to achieve a uniform 

temperature in the furnace. The crystal is annealed at this 

temperature for 4 h. Finally the furnace is cooled down to 

room temperature at a uniform rate of 30°C/h. Afterwards 

the silica glass crucible is cut open to retrieve the grown 

crystal. 

To fabricate the radiation detector, slabs of 45 mm f x 45 

mm L were processed from the as grown crystal ingot (50 

mm f x 50 mm L). Five to six layers of 0.1 mm thick Teflon 

tape were used as reflectors [5,6]. Silica based optical 

grease was used for the optical coupling of the crystal slab 

with a photomultiplier tube. Different gamma sources 
60 57 137 134 22( Co, Co, Cs, Cs, Na) were used to check the energy 

dependence of the scintillation characteristics. The typical 

gamma spectra recorded by CsI:Tl and NaI:Tl detectors 

are shown in Fig.3. The energy resolution at 662 keV was 

found to be 7% for both CsI:Tl and NaI:Tl scintillators. The 

resolutions obtained from these detectors are comparable 

or better than those quoted for commercially detectors. 
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Fig. 2: Photographs of (a) CsI:Tl (0.2 mol%) and (b) NaI:Tl 
(0.1 mol%) single crystals.
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Fig. 3: Typical gamma spectra of 137Cs and 60Co recorded using a 
CsI:Tl scintillator.



Lithium rare earth borate crystals for neutron 

detection
Cerium doped lithium rare earth borate [Li6R(BO ) :Ce 3 3

(LRBO); R= Gd,Y,Lu] have recently attracted attention of 

researchers in the field of neutron detection [7-12]. 

Lithium and boron have large cross sections for thermal 

neutrons and yield a good amount of energy in each 

interaction. The reasonable light output of the LRBO 

single crystals (~ 6000-12000 Photons/MeV) and their fast 

decay (~ 30-50 ns) makes it easy to efficiently detect the 

thermal neutrons. However, the growth of single crystals 

of these materials is flagged with a number of problems 

which includes incomplete phase formation, bubble 

entrapment during crystal growth, milky growth and 

cracking. 

The starting charge for the growth of LRBO was prepared 

by mixing constituents oxides (Li CO , H BO , CeO , and 2 3 3 3 2

Gd O /Y O /Lu2O ) and using the solid state sintering 2 2 2 3 3

process [7]. A two step sintering process was optimized 

where the material has been thoroughly mixed after each 

sintering of 24 h. In the first sintering stage the material 

was kept at 300°C for six hours to remove the water 

produced by the decomposition of H BO  while the phase 3 3

was synthesized in the second stage of sintering at 600-

700°C. The DTA of the material prepared through this 

route shows single peak during the heating and the 

cooling sequence.

The DTA plot also showed a large super-cooing in this 

family of borates in the range of 150-250°C. The large 

super-cooling also causes the polycrystalline growth 

which could be eventually resolved by providing high 

thermal gradients [8]. A large temperature gradient was 

employed by keeping the melt height of more than 80% of 

the crucible height in absence of any after heater above the 

crucible. The position of platinum crucible with respect to 

the induction heating coil was also optimized to achieve 

the required thermal gradient. Temperature gradients of 

~ 100°C/cm just above the melt have been achieved using 

the modified growth station. 

The photographs of the as-grown crystals of the cerium 

doped LRBO are shown in Fig. 4. Transparent and crack-

free crystals were successfully grown in the case of LGBO 

and LYBO, however the LLBO single crystals were found 

to have cracks and fogginess in the grown crystals. The 

detailed analysis of the DTA pattern showed the presence 

of other phases during the cooling sequence which has 

resulted in the cracking and the poor transparency of the 

grown crystals. The electronic properties for the LRBO 

single crystals are shown in Fig.5. The emission spectrum 

showed a characteristic peak in the range from 390 to 420 

nm in this family of borates arising due to the allowed 
3electronic transition of Ce + 5d to 4f energy levels [9,10]. 

The transmission spectrum showed good transparency in 

the entire emission range. The excitation bands are 

observed in the wavelength range from 300 nm to 350 nm. 

The decay profile showed a fast single exponential decay 

with decay time of about 40 ns for the LYBO. This is a 

desirable property for scintillators while handling high 

counting applications [11,10].

The Pulse-height spectrum recorded for the thermal 

neutrons using these scintillators is shown in Fig. 6 The 

Pulse-height spectra consist of two peaks at the channel 

number of 140 and 600 arising due to charged particles 
10 6generated by the interaction of B and Li  with neutrons 

respectively.  
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Fig. 4: As-grown single crystals of Li6R(BO ) :Ce; R= Gd, Y, Lu 3 3

(LGBO, LYBO and LLBO from left to right)

Fig. 5: Electronic properties of Ce doped LRBO crystals.
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Fig. 6: Pulse-height spectrum due to thermal neutrons recorded 
using an LLBO:Ce detector.
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L i t h i u m  t e t r a b o r a t e  f o r  d o s i m e t r i c  

applications
Lithium tetraborate (Li B O ), abbreviated as LTB is an 2 4 7

excellent material for dosimetry applications especially 

for clinical and personal dosimetry due to its effective 

atomic number (Zeff= 7.3) similar to human tissue (Zeff= 

7.35). The LTB crystals doped with suitable activators are 

quite sensitive with detection limits lower than 10 μGy 

and have dose linearity over a wide dose range [13-21]. 

Transparency of the emitted light, the resistance to 

humidity and an easy handling make the single crystals as 

material of choice for radiation dosimetry. The presence of 
6 10Li, B having high thermal neutron capture cross-sections 

makes this material suitable for neutron dosimetry as well. 

In the recent past we have developed the technology to 

grow good optical quality pure and doped LTB single 

crystals. Single crystals were grown using the Czochralski 

method using LTB polycrystalline powder (99.99+ % pure) 

as a starting charge. For metal ion doping like Cu, Ag and 

Cu+Ag, high purity CuO, Ag O were mixed in the starting 2

charge [14,15].  Major challenge to grow good quality 

crystals of LTB are related to high viscosity of the borate 

melts and transformation of melt into glassy phase. The 

tendency of conversion into a glassy phase during the 

cooling limits its growth rate. Another growth challenge is 

the formation of core either in the central part or in the 

outer part of the crystal. The formation of core in the 

crystal is related to the growth rate, growth duration, 

purity, stoichiometry of the starting charge and selective 

evaporation of constituents of LTB at elevated 

temperatures.

To avoid the glassy phase a slower pull rate has to be 

employed (typically 0.5 mm/h) for pure crystals. While in 

the doped crystals, due to high viscosity of melts and 

difficulty in the mass transport, the growth rate was kept 

around 0.2 mm/h. Insufficient thermal gradients resulted 

in the appearance of large inclusions of impurities and 

oxygen non-stoichiometry in the crystals. As the thermal 

gradients increase near the crystallization interface, the 

melts become less viscous and more homogeneous and 

the quality of LTB crystals improves. The core formation 

was also suppressed by providing high temperature 

gradients (80°C/cm) and employing a slower growth rate. 

To maintain the stoichiometry high purity starting 

precursors and phase pure starting charge were used to 

suppress the core formation. Excess boron oxide was also 

used to compensate the selective loss of B O  during the 2 3

growth [16]. Furthermore, as LTB is sensitive to thermal 

shocks it has to be cooled at very low cooling rates after the 

growth. 

The grown crystals showed good dosimetric 

characteristics and therefore found suitable for various 

applications in the radiation dosimetry. Depending on the 

type and concentration of dopants crystals have shown 

different dosimetric properties like sensitivity, linearity, 

fading etc. Table 2 shows properties of LTB crystals doped 

with various dopants.

Due to the emission of Ag ions in the UV region, a suitable 

readout system was required to use the full potential of the 

LTB:Ag material to achieve higher sensitivity [17]. 

Therefore a customized in-house built TL reader was 

developed using a solar blind PMT (matched response 
+with Ag  ions emission) and demonstrated the high 

sensitivity of Ag doped LTB crystals [18]. Higher fading of 

the LTB:Ag crystal revealed the optical bleaching of trap

Fig. 7: As-grown single crystals of Li B O :Cu and Li B O :Ag.2 4 7 2 4 7

 Crystal TL glow Emission Dose Minimum Fading Application

  peak wavelength linearity detectable (30 days)

  (deg C) (nm) range dose

 LTB:Cu 90 & 220 270 1 mGy to 100 μGy 6% Medical radiation

    1 kGy   therapy

 LTB:Cu+Ag 95,230 270 % 360 100 mGy 1 mGy –--

  % 160  to 10 Gy

 LTB:Ag 160 270 – 500 nGy 20% personal and

    –   environmental dosimetry

TABLE 2: Properties of LTB crystal with different dopants



centres which indicate the potentiality of the material for 

optically stimulated luminescence (OSL) dosimetry 

[19,20]. Therefore, OSL measurements were carried out on 

LTB:Ag crystals after exposure to various nuclear 

radiations. The time integrated OSL intensity is found to 

be linear in a dose range from 0.1 Gy to 500 Gy.  LTB:Ag 

crystals are also found suitable for neutron dosimetry 

with a linear does response with both TL and OSL modes. 

Therefore it can also be useful to develop devices based on 

OSL for mixed-field dosimetry and imaging applications 

in neutron based radiography [21]. 

Growth germanium single crystals of 9N purity
Based on the purity and crystalline perfectness, 

germanium single crystals are used in IR detectors, neutron 

monochromators, high speed FETs and high resolution 

gamma-ray spectrometers. Single crystals of 9N purity 

germanium oriented along <100> were grown using the 

Czochralski technique in view of exploring the feasibility to 

grow high purity germanium (HPGe) for detector 

applications [22]. Initial charge of 9N purity was obtained 

from, the Chemistry Division, BARC. The material (850 g) 

was purified by zone refining under vacuum/inert 

ambient. The purified material was etched in HNO :HF 3

(3:1) solution for 10 minutes and was then rinsed under 

running DM water (13 MΩ). After cleaning, the charge was 

dried under high purity nitrogen jet. The material was 

loaded in a quartz crucible (cleaned in a samilar manner) of 

100 mm diameter and 150 mm length. A graphite susceptor 

coupled with a 50 kW, 20-100 kHz MF generator was used 

to melt the material. However it was found the at high 

temperatures germanium itself gets coupled to induction 

heating coils which makes the seeding procedure difficult. 

A typical rotation rate of 15-20 rpm and a pull rate of 20-25 

mm/h were used during the growth of Ge single crystal. 

The typical dimensions of the grown single crystals are 45 

mm diameter and 100 mm length.

For characterization the grown crystal was cut in to 5 mm 
2thick discs of various cross-sections (5 x 5 mm  for 

2electrical and structural measurement and 35 x 35 mm  for 

optical measurements). The Laue back-reflection 

measurement confirms the <100> orientation of the grown 

crystal. The transmission was found to be about 45% in the 

2000-2500 nm range which shows the grown crystals at 

par with the performance of commercially available 

optical-grade germanium crystals. For the fabrication 
3diodes, samples (5x5x5 mm ) were given various surface 

treatments like lapping, polishing and etching. For the n+ 

type contact one of the 5x5 mm2 surfaces was doped with 

Li by a thermal evaporation technique followed by 

annealing under vacuum at 250-300°C for 30 minutes. Pd 

was deposited on the opposite face to make p+ type 

contacts. The leakage current is quite high mainly because 

of thermal ionization and surface leakage and various 

experiments are in progress to achieve the required 

parameters to fabricate a radiation detector.

 Ce doped Gd Ga Al2O12 single crystals for 3 3

radiography

Cerium doped Gd3Ga3Al O (GGAG) crystals have 2 12

promising scintillation properties due to their excellent 

combination of high luminescence efficiency and fast 

decay times arising from the 5d-4f transition [23]. The 
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Fig. 8: OSL signal of LTB:Ag crystal on exposure to  neutron and 
gamma radiation
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Fig. 9: (a) Photograph of as-grown Ge crystal, (b) Laue back-
reflection pattern, (c) Transmission spectrum and (d) I-V 
characteristics of a diode fabricated from the crystal.



maximum light yield was achieved by band gap 

engineering to optimize the cation ratios Ga to Al to be 3:2. 

However the growth of single crystals of this composition 

with high melting temperatures (~1900°C) faces many 

challenges like stoichiometry variation, antisite defect 

centers, need for providing steep thermal gradients, 

suitable ambient, after growth cracking, etc. The 

polycrystalline powder was synthesized by a solid state 

sintering or co-precipitation methods to optimize the 

activator (doping and codoping) concentration for better 

luminescence efficiencies. The constituent oxides Gd O , 2 3

Ga O , Al O  and CeO  (all 4N purity) were mixed in a 2 3 2 3 2

desired molar ratios. The prepared material was loaded in 

an iridium crucible in the form of compact pellets to 

accommodate maximum quantity. The material was 

consequently melted down and reloaded to increase the 

melt height to provide a high thermal gradient. The single 

crystals were grown by the Czochralski technique using 

an automatic diameter controlled crystal puller system. 

An arrangement was made to evacuate the growth system 
-5below 1x10  mbar pressure and to avoid oxidation of the 

iridium crucible and to provide a suitable ambient. High 

pure Argon was also used in some experiments to observe 

the role of defect centers related to the oxygen vacancies. 

Single crystals were grown at a pull rate of about 1mm/h. 

The grown crystals were slowly cooled at the rate of 

20°C/h. Fig. 10 shows photographs of single crystals 

grown in first attempt and after optimization of 

parameters [23-26].

The GGAG:Ce crystals emit visible light at 550 nm (green) 

when excited with high energy radiation like gamma or 

X-rays. The emission matches well with the efficiency of 

silicon photo-censors and therefore can be captured easily

using CCD cameras as well. Therefore the possibility of 

using these crystals for applications in X-ray radiographic 

was also explored as shown in Fig. 11. A sample having 

thickness around 1 mm was cut and optically polished to 

record the images in the transmission mode.

The images were generated due to the attenuation of 

X-rays by the objects structure and the fluorescence 

produced by the single crystal where X-rays falls directly. 

These images were digitally recorded by employing a 

CCD based digital camera. An integrated chip was kept in 

front of X-rays to observe its internal structure. The bigger 

images can be recorded by using a divergent beam of 

X-ray source and a large area scintillator crystal. The 

negligible diffusion of generated emission light indicates 

that X-ray beam profiling devices also can be developed 

based on these crystals.
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Summary
Single crystals are essential components for the 

development of various devices. Some of the single 

crystals which have been successfully grown in the 

Crystal technology Section, Technical Physics Division, 

Bhabha Atomic Research Centre have been reviewed. 

These conventional and advanced single crystals of 

various scintillating materials find applications in the 

radiation detection and other programs of the 

department. After resolving various issues pertaining to 

growth, these crystals have been characterized 
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Fig. 10: Single crystals grown (a) in first attempt and (b) after the 
optimization of various parameters.

Fig. 11: (a) Schematic diagram of a set-up to record images of 
various objects formed on a GGAG:Ce crystal when irradiated by 
X-rays, (b) a gold mask deposited on the crystal, (c) an Integrated 
Chip (IC) and (d) Line-pair mask having 80 and 60 micron spatial 
resolution pattern.



systematically. The performance characteristics could be 

further improved based on the growth conditions. 

Eventually, by employing these crystals, various devices 

were developed and deployed in several applications.
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When a superconductor is cooled below some transition 

temperature T , it undergoes a phase transition leading to c

the formation of a superconducting state wherein its 

charge carriers correlate and condense into a coherent 

macroscopic quantum state. The degree of condensation 

can be viewed as qualitatively reflecting the order 

parameter ∆ of the superconducting state. In this 

superconducting state, type I superconductors expel 

magnetic flux for magnetic field values below B , the c

thermodynamic field. In type II superconductors, the flux 

expulsion is partial for fields between the lower and upper 

critical fields, B  and B  respectively. The superconducting c1 c2

state is also characterized by an absence of resistivity  for 

current densities j below some critical value j . In type II c

superconductors, there is partial resistivity for j values 

between j  and j , where j  is the depairing or pair-breaking c d d

current density. The onset of resistivity above j  is related c

to extrinsic characteristics such as the pinning of vortices, 

whereas j  has the fundamental significance of completely d

quenching the superconducting state and extinguishing ∆. 

For j > j , the system attains its normal-state resistivity  . d n

This article discusses the physical meaning of j  and its d

interrelationships with other basic parameters of the 

superconducting state, as well as the technical challenges 

in measuring this important critical parameter. 

Introduction 
Attractive interactions between charge carriers cause 

them to condense by pairs into a coherent macroscopic 

quantum state below some transition temperature T . The c

formation of this state is governed principally by a 

competition between four energies: condensation, 

magnetic-field expulsion, thermal, and kinetic. The order 

parameter ∆, that describes the extent of condensation and 

the strength of the superconducting state, is reduced as the 

temperature T, magnetic field B, and electric current 

density j are increased. In this article, we will be mainly 

concerned with type-II superconductors, in which there is 

partial flux entry at B values above the lower critical 

magnetic field B  and complete destruction of c1

superconductivity above the upper critical field B  (type-I c2

superconductors can be viewed as a special case where the 

thermodynamic critical field B  = B  = B ). The boundary in c c1 c2

the T-B-j phase space that separates the superconducting 

and normal states is where ∆ vanishes, and the three 

parameters attain their critical values T (B,j), B (T,j), and c2 c2

j (T,B). j  sets the intrinsic upper limiting scale for d d

supercurrent transport in any superconductor.

The resistivity ρ in the superconducting state is usually 

less than its normal-state value ρ  The reason for the n

presence of resistance at all in the superconducting state is 

because of fluctuations, percolation through junctions (in

The pair-breaking current and basic parameters 
of the superconducting state

*Milind N. Kunchur
Department of Physics and Astronomy, University of South Carolina, Columbia, SC 29208, U.S.A.



the case of granular superconductors), and the motion of 

magnetic flux vortices. For singly connected 

superconductors not very close to T , only the last c

mechanism dominates as the cause of resistance. In the 

magnetic field region between B  and B , a type II c1 c2

superconductor enters a “mixed state” with quantized 

magnetic flux vortices, each containing an elementary 

quantum of flux Φ  = h/2e. Under the Lorentz driving force 0

of an applied current, j×Φ , vortices move transverse to j 0

leading to a flux-flow resistivity

in the free-flux-flow (large driving force) limit.
1Two length scales characterize the superconducting state . 

One is the coherence length

which is the characteristic length scale for spatial 

modulations in ∆ (here v  is the Fermi velocity and τ  is the F ∆

order-parameter relaxation time). The normal core of a 

flux vortex has an approximate effective radius of x. The 

destruction of the superconducting state occurs when 

these normal cores overlap, corresponding to the 

condition

where x	 is the coherence length perpendicular to B; the 

single x is replaced by the geometric mean x x in cases 1 2 

where the plane perpendicular to B is characterized by 

two anisotropic values.

The other characteristic length scale in a superconductor is 

the magnetic-field penetration depth λ, whose London 

value is given by

*where m  is the effective electronic mass and n  is the s

density of superconducting electrons. The theory behind 

this important quantity and its relationship to j  is d

described below. 

 Superfluid density

For clean metallic superconductors, n  → n as T → 0, where s

n is the concentration of carriers in the normal state. Non-

local effects and other corrections lead to deviations in λ 

from its London value. Hence the superfluid density ρ  can s

be conveniently and more completely defined as

which includes the effective mass and other corrections to 

the effective n , rather than the simpler definitions r  = n  or s s s

*r  = n /m  that are sometimes used in the literature. r , a s s s

quantity of central importance in superconductivity, 
2characterizes the phase stiffness of the condensate  and its 

effectiveness at screening out magnetic fields, and feeds 

into expressions for the transition temperature (such as 

the Uemura relation T µρ (0) that applies to the c s

3–5underdoped cuprate superconductors ). 

Traditionally, many common methods for obtaining ρ  do s

so by directly or indirectly measuring λ through its effect 

on a superconducting sample's magnetic-field profile and 

consequent magnetic susceptibility. This category 

includes methods such as reflection of spin-polarized 
6slow neutrons , mutual inductance altered by an 

7,8intervening superconducting film , changes in the self-

inductance of a coil that is part of an LC resonating 
9,10 11circuit , muon- spin rotation , magnetic force 

12 13microscopy , microwave cavity resonance , and 

measurements of the lower critical field. These 

measurements are understandably affected if the 

material's internal magnetic field is altered, for example 

by a large paramagnetic background as in the case of the 
3+Nd Ce C O  superconductor because of its Nd  magnetic 2−x x u 4

moments. 

Another approach to obtaining ρ  is by measuring the s

inertia of the superfluid (kinetic inductance) during its 
14–17ballistic acceleration phase . This method requires the 

sample to be patterned into very high aspect ratio 

meanders for the highest accuracy.

A measurement of j  provides an alternative to the above d

approaches for obtaining ρ . It requires a minimal amount s

of material (typically just a microbridge or nanobridge), 

does not require the complicated meander patterning 

needed for a kinetic-inductance measurement, and is 

unaffected by a material's normal-state magnetism that 

affects inductive measurements of ρ  as discussed above. s

This immunity to material magnetism was used to 

advantage for directly obtaining ρ  in the Nd Ce CuO  s 2−x x 4

18superconductor for the first time . Also unlike some of the 

methods for measuring λ that do not provide an accurate 

absolute value but only provide the temperature variation 

λ(T)/λ(0), j  does provide the absolute value of λ and ρ  and d s

can hence provide information on the total carrier 

concentration n.
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Normal-state resistivity
Another valuable byproduct of measuring j  is that it d

provides a direct measurement of the normal state 

resistivity ρ  for temperatures below T . One of the starting n c

points in developing an understanding of any newly 

discovered superconductor is to understand the 

underlying normal state – the type of carriers and their 

concentration, their band related properties, and the 

relevant scattering mechanisms and rates. At low applied 

B and j, ρ(T) drops precipitously below T , thereby c

obscuring how ρ (T«T ) would have behaved if the n c

superconductivity had not set in. The most common 

method for measuring ρ (T < T ) utilizes high magnetic n c

fields B > B  to drive the system normal below T ; however, c2 c

this measurement is subject to magnetoresistance 

(typically R(B) ¹ const) ) and may require prohibitively 

high magnetic fields (B  > 100  T  for some c 2

superconductors). 

One alternative is to use the core of a magnetic flux vortex 

as a window to the normal state. From Eq. 1, a 
19measurement of ρ  elucidates ρ . However, this extraction f n

of ρ  requires interpretation and modelling, since Eq. 1 n

usually holds only approximately except for very high 

driving forces, and the exact pre-factor depends on the 
20–22detailed regime of flux flow . 

Current induced pair-breaking provides an especially 

clean method for destroying superconductivity and 

accessing ρ (T«T ). Like the method of applying B > B  to n c c2

drive the system normal, applying j > j  is also free of d

interpretation and modelling, unlike flux-flow dissipation 

measurements. On the other hand, unlike the potential 

errors in the B  based measurement due to normal-state c2

magnetoresistance, the j  method is immune to this issue d

because the normal-state electroresistance is quite 

negligible (i.e., R(E) � const) under the electric fields that 

arise at pair-breaking conditions. 

Thus, besides the investigation of interesting phenomena 

and regimes in superconductivity related directly to 

current-induced pair breaking itself, the study of j  d

provides information on the important parameters of the 

superconducting state such as ρ (T) and ρ (T).s n

Relationship Between The Pair-breaking 

Current And Other Parameters 
In a microscopic theory such as the Bardeen-Cooper-

Schrieffer (BCS) theory, experimental quantities are 

calculated from microscopic parameters such as the 

strength of the effective attractive interaction that leads to 

Cooper pair formation and the density of states at the
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Fermi level. Often these microscopic parameters are not 

sufficiently well known. In London and Ginzburg-Landau 

(GL) phenomenological theories, connections are made 

between the different observables from constraints based 

on thermodynamic principles and electrodynamical 

properties of the superconducting state, leading to an ad- 

equate estimation of the pair-breaking current. These 
1,23phenomenological formulations are described next . 

London formulation
1,25The London theory  of superconductivity provides a 

description of the observed electrodynamical properties 

by supplementing the basic Maxwell equations by 

additional equations, which constrain the possible 

behaviour to reflect the two hallmarks of the 

superconducting state – perfect conductivity and 

Meissner effect. Note that these properties hold only 

partially when vortices are present. 

An ordinary metal (normal conductor) requires a driving 

electric field E to maintain a constant current against 

resistive losses. In the simple Drude picture, this produces 

Ohm's law behaviour, j = σE, with a conductivity given by 
2 *σ = ne τ/m . A superconductor can carry a resistanceless 

current and so an electric field is not required for 

maintaining a persistent current. Instead E in a perfectly 

conducting state causes a ballistic acceleration of charge so 

that 

This is the first London equation, which reflects the 

dissipationless acceleration of superfluid. 

0 1 2 3 4 5

x/l

0.0
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Fig. 1: An externally applied magnetic field B  is screened from the 0

interior of a superconductor in the Meissner state over a 
characteristic length scale which is the magnetic-field penetration 

−x/λdepth λ: B ~B  e . The circulating screening current is of roughly the 0

depairing magnitude j  so that λµ1/j .d, d

(6)



The second property that needs to be accounted for is the 

expulsion of magnetic flux by a superconductor. The 

magnetic field is exponentially screened from the interior 

following a spatial dependence

Together with the Maxwell equation ∇ × B = μ j, this 0

implies the following condition between B and j:

This is the second London equation, which describes the 

property of a superconductor to exclude magnetic flux 

from its interior. Taken together with the Maxwell 

equation ∇×E = −∂B/∂t, Eq. 6 and 8 yield the expression for 

λ  of Eq. 4. L

Besides the London equations themselves, a third 

ingredient needed for the estimation of j  in this d

framework is the thermodynamic critical field B  and its c

relationship to the Helmholtz free energy density f. When 

flux is expelled, the free energy density is raised by the 
2amount B /2μ . The critical flux expulsion energy (for the 0

ideal case of a type I superconductor with a non-

demagnetizing geometry and dimensions large compared 

to the penetration depth) corresponds to the condition

where the L.H.S. of the equation represents the 

condensation energy density, which is the difference in 

free energy densities f  - f  between the normal and n s

superconducting states. j  represents the condition when d

the kinetic energy density equals the condensation energy 

density:

where v  is the superfluid speed. Substituting for λ  (Eq. 4) s L

gives the London estimate for the depairing current 

density

The inequality reflects the fact that n  does not remain s

constant but diminishes as j approaches j . d

Ginzburg-Landau formulation
There are situations where a system's quantum wave- 

function cannot be solved for by usual means because the 

Hamiltonian is unknown or not easily approximated. The 
26GL formulation  is a clever construction that allows useful 

information and conclusions to be extracted in such a 

situation where one cannot solve the problem quantum 

mechanically. For describing macroscopic properties – 

such as j  that we are about to calculate – the GL theory is in d

1,27fact more amenable than the microscopic theory . 

The idea is to introduce a complex phenomenogical order 
ijparameter (pseudowavefunction) ψ = |ψ|e  to represent 

2the superconducting state. |ψ(r)|  is assumed to represent 

the order parameter ∆ introduced earlier, and to 

approximate the local density of paired superconducting 

charge carriers (Cooper pairs), which in turn is half the 

density of superconducting electrons n . s

The free energy density f  of the superconducting state is s

then expressed as a reasonable function of ψ(r) plus other 

energy terms. A “solution” to ψ(r) is now obtained by the 

minimization of free energy rather than through quantum 

mechanics. The unknown parameters of the theory are 

then solved in terms of measurable physical quantities 

thereby providing constraints between the different 

quantities of the superconducting state.
2Close to the phase boundary, |ψ|  is small and so f  can be s

2expanded keeping the lowest two orders of |ψ| . First let 

us consider the simplest situation where there are no 

currents, gradients in |ψ|, or magnetic fields present. 

Then we have

where α and β are temperature dependent coefficients 

whose values are to be determined in terms of measurable 

parameters. The coefficients can be determined as follows. 
2First of all, for the solution of |ψ|  to be finite at the 

minimum free energy, β must be positive. Second, for the 
2solution of |ψ|  to be non-zero, α must be negative. Since 

2|ψ|  vanishes above T , α must change its sign upon c

crossing T . The minimum in f  occurs at c s

Substituting this back in Eq. 11 and using the definition of 

B  (Eq. 9), Eq. 12 can be written asc

giving one of the connections between α and β and a 

measurable quantity (B ). A second connection can be c

obtained by noting that n  in Eq. 4 can be replaced by s

22|ψ| , taking it's equilibrium value from Eq. 12

Solving Eqs. 13 and 14 simultaneously gives the GL 

coefficients: 
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*Note that e and m  refer to single-carrier values and not 

pair values.

To calculate j , we include the effect of a current in Eq. 11 by d

adding a kinetic energy term                                        to it. 

For zero j and v , we saw earlier (Eq. 12) that the s

2equilibrium value of |ψ|  that minimizes the free energy is 
2|ψ =0|  = −α/β. For a finite j and v  minimization of Eq. 16 j s

2gives the value of |ψ|  when it is suppressed by a current: 

The corresponding supercurrent density is then

The maximum possible value of this expression can now 

be identified with j .d

where the GL-theory parameters were replaced by their 

expressions in terms of the physical measurables B  and λ c

through Eqs. 15. As anticipated at the end of Eq. 10 for the 

London derivation for j , that simpler estimate is indeed d

larger than this more rigorous GL derivation by the factor 
3/2(3/2) =1.84. 

The approximate temperature dependence of j  can be d

obtained by inserting the generic empirical temperature 

dependencies

giving

which close to T  reduces toc

where j (0) is given by Eq. 19 by setting T = 0. (For high d

scattering “dirty” superconductors, the  prefactor can 
27,28be smaller or absent .) 

Since B  is not an easy quantity to measure directly, the c

relation

can be used along with Eq. 19 to write the expression for 

j (0)d

that has the more easily measurable B . Since both B  and j  c2 c2 d

can be obtained from transport measurements, this 

becomes a convenient way to obtain λ and hence r . s

Microscopic formulations
Various authors have calculated j (T) from a microscopic d

27,29,30basis . For arbitrary temperatures and mean free paths, 

one must use the Gorkov equations as the starting point. 
31Kupriyanov and Lukichev  have derived j (T) from the d

Eilenberger equations, which are a simplified version of 

the Gorkov equations. This derivation is beyond the scope 

of the present review, but a nice shortened version can be 

found in reference 28. The microscopic calculation 

confirms the overall temperature dependence predicted 

by GL and the two normalized curves differ only slightly 
28from each other (e.g., see Fig. 4 of reference ).

Pulsed Measurement Technique 
Pair-breaking current densities in superconductors are 

11 13 2extremely high – on the order of j (T=0) = 10 –10  A/m . If d

the cross section of the sample is even as narrow as just 1 
2mm , the current required would reach a value of I = j A ∼ 

610  A! A current of this magnitude would be exceedingly 

difficult to produce and control. There are three steps to 

overcoming this dilemma: (1) Fabricate samples with very 

narrow cross-sectional areas. This can be achieved by 

growing nanowires and nanorods, or by depositing very 

thin films and using lithography to pattern narrow 

bridges (alternatively the films can be deposited onto 

nanowires or carbon nanotubes). (2) By pulsing the 

current at very low duty cycles so that large values of I can 

be handled while reducing the time- averaged current and 

time-averaged power dissipation to manageable levels. (3) 

Limiting the measurement of j  to the regime close to T . d c

From Eq. 21 it would seem that j  can be made arbitrarily d

small by making T very close to T ; however, the T −T  c c

distance needs to be large compared to the transition 

width for the measurement to be meaningful. Even for this 

near-T  measurement of j , the current usually will have to c d

be pulsed to avoid significant sample heating. Also, the 

near-T  measurement will only measure ρ  in that region c s

and its zero-T value will have to be extrapolated using 

theory. While this is better than nothing, it will not shed 

light on any abnormal temperature dependence of  ρ  over s

the entire range, which could be of special interest if the 

superconductor has some exotic behaviour.

Thus, the experimental ingredients needed to conduct a j  d

measurement are: a superconducting sample with a very 

narrow cross section; a means to control the temperature, 

i.e., a cryostat; and a method to source pulsed signals 
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(current or voltage) and to detect the consequent 

complementary signal (voltage or current). There are 

numerous methods for sample fabrication which vary 

widely with the different superconducting materials. 

Some deposition systems for preparing superconducting 

films can be bought off the shelf. Cryostats are also 

represent standard equipment that can be bought off the 

shelf. The principal distinguishing experimental 

capabilities of our work centre around the pulsed 

electrical measurements. Therefore, the rest of the 

experimental section will be devoted to describing this 

unique measurement setup. 

Fig. 2 shows the overall configuration and functional 

schematic. The pulsed current/voltage source puts out a 

time varying current and voltage. This signal flows 

through a standard impedance, usually a resistor R  std

(although an inductor is preferable in some situations) 

and the superconducting sample of resistance R that are in 

series. The initial signal can be taken directly from the 

output of a standard pulse generator (one of the models 

used was a Wavetek model 801). These signal generators 

will typically have an output impedance of Z  = 50 Ω. If a out

lower Z  is desirable (to allow for constant voltage out

control), the signal generator's out-put can be passed 

through any standard buffer amplifier (e.g., a transistor-

emitter-follower based circuit, a power-operational-

amplifier based circuit, or an off the shelf audio amplifier). 

If a higher voltage than the signal generator's output is 

desirable, its output can be passed through any standard 

voltage amplifier (fast high-quality audio amplifiers can 

serve this purpose as well). Combining a higher voltage 

signal with a large series resistor (which can be the R  std

itself or an additional series resistor) can provide for a 

relatively constant current. In general, the measurement 

will be in current controlled or voltage controlled mode 

depending on whether the combination of the final Z  out

(after the amplifier if any) plus R  are greater than or less std

than R. If the current needs to be held constant to a high 

accuracy (for example if a series of R vs T resistive 

transition curves need to be traced out at various constant 

currents as will be seen later) then it is better to follow the 

pulse generator with a transconductance amplifier, which 

converts the generator's voltage pulse into a constant 

current pulse. The transconductance amplifier is able to 

hold the current constant by electronic circuity instead of 

needing an enormous series resistance. While conducting 

a pulsed current-voltage (IV) curve, which is usually done 

manually, it is preferable to have the voltage controlled 

mode. The reason for this is that as the current and voltage 

are pushed higher, the sample's resistance will increase 

and at some point, the sample will be driven normal as j  is d

exceeded. In constant-current mode, the power 
2dissipation P = I R rises as R rises, causing increase in 

heating and a further rise in R. This can lead to a run-away 

condition, which can destroy the sample. On the other 

hand, the constant-voltage mode is self-stabilizing since in 
2this case P = V /R decreases as R rises, thus reducing 

heating and controlling the situation. 

Once the current pulse flows through the sample and R , std

the corresponding time varying voltages, V(t) and V (t) std

will be developed across them respectively. These must be 

observed and quantified using an oscilloscope. A digital 

storage oscilloscope (DSO) allows multiple pulses to be 

averaged. Since the signal is exactly repetitive, because the 

DSO is triggered off of the pulse generator's sync signal, 

the averaging effectively suppresses random uncorrelated 

noise. As long as the sample condition (T, B, etc.) is stable, a 

very high number of averages can be taken to vastly 

improve the signal-to-noise ratio (SNR). Coaxial cables 

with 50 Ohm characteristic impedance are used between 

all connection points, including the wiring within the 

cryostat. Where possible the originating and/or 

terminating points at the ends of cables need to have 

matching 50 Ohm values to avoid reflections. Multiple 

ground connections to the circuit must be avoided to 

prevent ground loops. This means the two channels of the 

DSO cannot be simultaneously connected to both the 

sample and R ; either a differential instrumentation std

preamplifier (Princeton Applied Research and Stanford 

Research Systems are two brands that make 

V(t) or  I(t)

Zstd sample

diff preamps

Oscilloscope

Ch 1 Ch 2

Fig. 2: The overall configuration and functional schematic of the 
pulsed-signal measurement system. The differential preamplifiers 
(diff preamps) convert the time varying potential differences across 
standard impedance (Z ) and the sample, V (t) and V(t) std std

respectively, into ground referenced single-ended signals that can be 
fed to the inputs of a digital storage oscilloscope. 



instrumentation amplifiers) must be used between the 

DSO channels and the sample and R , or only one of the std

two must be measured at a time.

Fig. 3 shows the pair of time varying current I(t)=V (t)/R  std std

and sample-voltage V(t) signals that results. The topmost 

trace is the scaled calculated resistance 50R(t) = 50 V(t)/I(t). 

Note that the pulses reach constant plateaus after their 

initial transients. R, V, and I are defined by taking the 

plateau values of the individual quantities. The thermal 

rise in a sample because of Joule heating involves several 

processes: thermal diffusion occurs within the sample 

essentially instantaneously; on the time scale of 

nanoseconds, phonons transfer heat across the interface 

between the film and substrate; heat then diffuses within 

the substrate in a matter of microseconds and finally into 

the heat sink in milliseconds. For those processes that have 

time scales comparable to or longer than the pulse 

duration, there will be a visible rise in V(t) causing the 

pulse to be distorted. Thus, as long as the V(t) pulse is flat, 

slow causes of heating that influence the V(t) shape can be 

assumed to be negligible. Reference32 discusses a method 

to quantitatively evaluate a sample's thermal resistance 

for pulsed signals. 
23Fig. 4 shows an example  of a set of IV curves at various 

fixed temperatures (in zero magnetic field), where each 

data point represents a pulsed measurement (plateau 

values) as described above. As the temperature is 

increased, j  is reduced and hence the “jump” occurs at a d

lower value of I. Notice that the resistance (the V/I slope) 

jumps from zero (dissipationless superconducting state) 

to a constant finite value (normal state) as the current 

crosses its depairing value. This is one direct way of 

obtaining r  below T . In this material, high impurity n c

scattering dominates over electron-phonon scattering at 

all temperatures leading to a relatively flat ρ(T). A more 

interesting application of this technique for elucidating a 

variable ρ(T) is described in a later section. 
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Fig. 5(a) represents a set of pulsed constant-current R(T) 
24curves in zero magnetic field . As the current is increased, 

the transition is progressively pushed down in 

temperature. Fig. 5(b) plots these midpoint transition 
2/3temperatures (T ) versus I and they are seen to follow a I  c2

law as per Eq. 21. From this measured slope and Eq. 21 one 

can estimate j (0) without requiring the application of this d

enormous value of current. This is especially useful for 

systems (e.g., cuprate high-temperature superconductors) 

that have a very high j (0) value. d

Fig. 6 shows the companion very low dc-current R(T) 

curves at various constant B values. Here the shift occurs 

because of the B (T) boundary; the current level is small c2

enough for its pair breaking to be negligible. Unlike j (T), d

B (T) has a linear dependence near T  and that slope can be c2 c

related to B (0) through the WHH (Werthamer, Helfand, c2

33 34and Hohenberg) theory  and its variations  by 

relationships such as B (0) � 0.7 dB /dT. c2 c2

The measurements represented by Fig. 5 and Fig. 6 

together with Eq. 23 are the key to obtaining ρ  through s

relatively straightforward transport measurements. We 

now look at one recent example of a current induced pair- 

breaking study of an exotic superconducting system. 

Pairbreaking Current Investigations In A 

Topological Insulator / Chalcogenide 

Interfacial Superconductor 
Background

The interface between the Bi Te  topological insulator and 2 3

the FeTe chalcogenide provides a fascinating 2D 

superconducting system, in which neither Bi Te  nor FeTe 2 3

35are superconducting by themselves . While the exact 

origin of the superconductivity is not known, it has been 

suggested that the robust topological surfaces states may 

b e  d o p i n g  t h e  F e Te  a n d  s u p p r e s s i n g  t h e  

antiferromagnetism in a thin region close to the interface, 

thus inducing the observed 2D superconductivity. These 

surface states represent a conducting system with very 

high normal conductivity because of protection against 

time-reversal invariant scattering mechanisms. 

Therefore, it is of great interest to understand the nature 

and origin of the charge carriers that underlie this 

interfacial superconductivity, and in particular to see if the 

topologically protected surface states might be a source of 

the normal carriers. We describe below how the current- 

induced pair-breaking approach was used to answer these 

questions to elucidate the nature of the normal state in this 

system. 

Samples and experimental information

The Bi Te /FeTe samples consist of a ZnSe buffer layer (50 2 3

nm) deposited on a GaAs (001) semi-insulating substrate, 

followed by a deposition of 220 nm thick FeTe, which is 

then capped with a 20 nm thick Bi Te layer. Upper-critical-2 3

3 5f i e l d  m e a s u r e m e n t s  a n d  vo r t e x - e x p l o s i o n  
36measurements  show that the superconductivity occurs 

within an interfacial layer of thickness d = 7 nm, which is 

much thinner than both the FeTe and Bi Te  layers. 2 3

Projection photolithography followed by argon-ion 

milling was used to pattern narrow micro-bridges 

optimized for the high current-density pulsed four-probe 

measurements. Two bridges were studied: sample A with 

lateral dimensions of width w = 11.5 μm and length 

l = 285μm, and sample B with w = 12 μm and l = 285μm. The 

onset T  (defined as the intersection of the extrapolation of c

the normal-state portion and the extrapolation of the steep 

transition portion of the R(T) curve) for both bridges was 

11.7 K. Details about sample preparation are provided in 

Ref.35. All measurements were made in zero applied 

magnetic field. While the very low reference curves at 

I  60 μA were measured using continuous DC signals, the 

main electrical transport measurements were made with 

pulsed signals. 
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Fig. 6: (a) Resistive transitions of a Sr La CuO  superconducting film 1−x x 2

bridge at a constant current of I = 13 μA in various perpendicular 
magnetic field values as indicated in the key. (b) Upper critical 
magnetic field versus the midpoint transition temperature, extracted 
from the curves in panel (a). (Adapted from M. Liang, M. N. Kunchur, 
L. Fruchter, and Z.Z. Li, Physica C 492, 178 (2013).) 





Contact resistances (< 1 Ω) were much lower than the 

normal resistance R  of the bridge, and heat generated at n

contacts does not reach the bridge within the time 

duration t of each pulse, since the thermal diffusion 

distance (Dt10m) ) is much shorter than the contact- to-

bridge distance (>1 mm); here D is the diffusion constant. 

Results and discussion

The normal-state resistivity ρ (T) and depairing current n

density j (T) in the Bi Te /FeTe samples were extracted over d 2 3

37the entire temperature range , by driving the system 

normal with high pulsed currents using the methods 

described earlier and illustrated in Fig. 4 and Fig. 5. Fig. 7 

shows the raw depairing current results. The dashed 

horizontal lines in panels (a) and (b) provide the values 

I (T →  0)  0.131 A and 0.136 A for samples A and B d

respectively. 

In order to obtain more accurately the intrinsic j  and ρ  of d n

the 7nm thick superconducting interfacial layer itself, we 

need to subtract the small parallel current through the 

normally conductive underlying FeTe layer. For this 

purpose, a separate measurement of pure FeTe deposited 

on ZnSe/GaAs, without the Bi Te  top layer, was 2 3

37conducted . With this subtraction, the previous raw 
8 2I (T → 0) values give a corrected j (T=0) of 1.5 × 10  A/cm  for d d

7 9both samples (which is a typical value: j  ranges 10 –10  d

2A/cm  for most superconductors) and the correction gives 

the intrinsic ρ  (T) for the two samples as shown in Fig. 8. n

This absolute value of ρ  (T →0)∼200 nΩ-cm represents an n

extraordinarily conductive normal state for a 

superconducting system, as most superconductors are 

poor conductors in the normal state. This information will 

be analyzed below within the framework of an anisotropic 
37Ginzburg-Landau (GL) approach , to obtain information 

on the superfluid density, carrier concentration, and 

scattering rate, and their implications for the nature of the 

normal state. 

35From the previously published measurements of He et al.  

we have the following orientation dependent values of B : c2

perpendicular-to-interfaceh B     (0) » 17 T  and parallel-to-
interface B   (0) » 40 T The corresponding coherence 

lengths from Eq. 3 are: in-plane x (0)»4.4 nm and 

perpendicular x (0)»1.9 Using Eq. 23 together with this ^
B     (0) and our measured in-plane  j  (0) gives l (0)=124 nm 

2and a corresponding ρ (0) = 1/l (0). From ρ (0)s s

2 2=m n (0)e /m*»m ne /m applicable in the clean limit at T = 0 0 s 0

21 3 *we get n » 1.8×10  per cm , approximating m  » m. This 

effective single-band value of n evaluated above is similar 

to n characteristic of high temperature superconductors 

and about 2 orders of magnitude lower than n in highly 

conductive metals such as copper.

The low value of n together with the very high normal 

conductivity implies a rather long scattering time τ and 

mean-free-path l. The Fermi wave number for this n 
2 1/3 9 -1computes to k (3D) = m*v / = (3p n)  = 3.8 x 10 m  and F F

1/2 9 -1k (2D) = (2pnd)  = 9.0 x10 m  in three and two dimensions, F

respectively. In both cases the Fermi wavelength
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λ  = 2π/k «d, validating the continuum approximation for F F

states along the perpendicular direction and justifying the 

anisotropic 3D treatment of the normal state. Then from 
2the Drude relationship r » m/ne τ we get τ » 10 ps, which 

agrees well with the scattering rates (~/0.05 meV = 13 ps) 
38measured by Pan et al.  using spin and angle resolved 

photoemission spectroscopy. Combining this value of 

τ with the Fermi velocity v  = k  /m » 440 km/s, we get F F

l = v τ = 4.2 μm. The very long l, which well exceeds the F

superconducting layer thickness d, indicates that 

scattering from the faces that bound the superconducting 

layer is of a specular nature. This surprising dramatically 

low scattering indeed supports the possible role of the 

topological surface states in the formation of the normal 

state that underlies this exotic interfacial superconducting 

system.

Concluding Remarks
Fast pulsed signals of short duration and low duty cycle 

make it possible to study transport behaviour in 

superconductors at extreme current densities, power 

densities, and electric fields. In this article, we focused on 

the use of this technique in the measurement of one of the 

fundamental critical parameters of the superconducting 

state, the depairing current j . It was shown how through j  d d

one can obtain information on various other key 

parameters of the superconducting state – in particular the 

penetration depth and consequent superfluid density, 

which cast light on the normal state. As an example, and 

illustration of this procedure, we described a recent study 

of the superconducting system formed at the interface 

between a topological insulator and a chalcogenide. We 

hope that this article will provide a useful introduction to 

these methods and to the theory of these phenomena and 

their characterizing parameters. 
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“Study the past if you would define the future” - 

Confucius

Why study delays? 
An 'aha' moment is everybody's experience when one 

suddenly discovers a relationship between what is being 

presented and what he/she has in their knowledge store, 

and is usually interspersed with significant delay before 

one arrives at such a moment. This is a complex biological 

communication delay between various parts of the brain 

nuclei involved in decision making showing up at a 

systemic level. Time delays are ubiquitous in most natural 

or man-made processes surrounding us. For example, 

voice or video communications across continents when 

transmitted via satellites, or other physical media are 

prone to delays in signal arrival times. Sports fans in large  

stadia trying to maintain coherent clapping to cheer up 

their sides experience sound delays that often lead to 

waves or patterns of sounds that may die down soon, or 

depending on circumstances can have sustained 

oscillations. Chemical oscillatory mechanisms mediated 

by diffusion of reactants are affected by delayed reactions.

The consequences of time delay on the dynamical 

characteristics of a system have been known for a long 

time. Volterra recognized its importance in 1909 while 

developing a model for viscoelasticity and incorporated a 

memory effect by using an integro-differential 

formulation [1]. Subsequently in 1931, he delineated the 

role of heredity in the evolution of species using a time 

delayed formulation [2]. Time delay systems are thus 
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often known as hereditary systems or systems with 

memory effects. They are usually modelled by delay- 

differential (also called differential difference) equations 

(DDEs) that belong to the general class of functional 

differential equations. Unlike ordinary differential 

equations where the time evolution of a variable depends 

on its current value, in a DDE there is also a dependence on 

past values i.e. the value of the variable at a time t - τ where 

τ is a delay period. To solve a DDE one therefore needs to 

specify the values of the variable over an entire past 

interval in the form of a function which constitutes an 

infinite number of initial conditions as opposed to a finite 

number for an ODE of a given order. Thus, DDEs are 

inherently infinite dimensional and display a much richer 

behaviour than ODEs. They are also more difficult to solve 

and analytic solutions for even some simple one-

dimensional forms of DDEs are difficult to come by. This 

has deterred their widespread use in modelling although 

in principle they provide a more realistic description of 

most natural systems since time delay is so ubiquitous. 

One of the well-known physical effects of time delay is the 

excitation of unstable oscillations in a system which in the 

absence of time delay would normally display a stable 

state or an exponentially decaying solution to a stable 

state. Such an effect was recognized long back in many 

mechanical systems as a “mechanical chatter” and since 

the early sixties various model studies to understand their 

origin have been the focus of systems control studies [3].

While a single linear DDE is hard enough to handle, the 

situation becomes more difficult in the presence of 

nonlinearity and when the system consists of several 

coupled DDEs. Such is the case in most real-life systems 

which consist of a large number of individual dynamical 

components interacting with each other. Some prime 

examples are neuron networks in the brain, pacemaker 

cells in the heart, banks of coupled lasers or gyrotrons, 

communication networks etc. The dynamics of such 

systems are typically modelled by ensembles of coupled 

nonlinear oscillators that display a rich variety of 

collective states many of which resemble cooperative 

phenomena seen in real life systems. Starting in the late 

70s these models have inspired an almost explosive 

amount of theoretical and numerical simulation work and 

also a great deal of associated experimental activity [4–15]. 

Exploration of time delay effects on the collective states of 

such systems took some time to gather momentum but 

over the past two decades a large body of work has 

emerged showing a wealth of interesting results and also 

some novel applications [16–29]. The dynamical origin of 

some of these collective effects, discovered in large scale 

complex systems, can often be identified in simplified 

systems consisting of just a single time delay driven 

nonlinear oscillator [30] or two time delay coupled 

nonlinear oscillators [20].

The limit cycle oscillator paradigm 
A limit cycle oscillator is a convenient and widely used 

paradigm to model the self-sustained oscillations of many 

systems. The concept of a limit cycle oscillator 

representing a system behaviour assumes that the system 

is regenerative, and has a source of energy for it to 

maintain a repetitive behaviour of finite amplitude. At the 

same time the system is bounded such that large 

deviations from a finite amplitude oscillation are 

suppressed. The system could also be at rest but any 

perturbation to the system would cause it to latch on to the 

periodic behaviour. A number of real life systems fit this 

description across various of branches of science. The Van 

der-Pol oscillator is a classic example that has found many 

practical applications for describing oscillatory 

phenomena in brain nuclei neurons, semi-conductor 

lasers, Belusov-Zhabotinski reactions, flashing fireflies etc. 

The essential features of the limit cycle behaviour can be 

captured by a two-dimensional differential equation 

model that can exhibit a Hopf bifurcation: a steady state 

losing stability giving rise to a stable periodic solution 

when a parameter in the model is gradually moved past a 

critical point. The model can be written as a single 

differential equation in complex coordinates: 
2Z(t) = (a + iw - |Z(t)| )Z(t)                                    (1)

where Z(t) = X(t) + iY(t), and a is the parameter that would 

trigger oscillations with frequency ω when it is increased 

above a criticality, which in this simple model is 0. This 

model can be derived from a Van der-Pol oscillator 

equation [28] after averaging over fast time scales near the 

criticality of bifurcation. 

How time delay can affect a simple limit cycle 

oscillator
A simple means of assessing the influence of time delay on 

the dynamics of the above limit cycle oscillator is by 

driving it with an autonomous time delayed source term 

as is commonly done in feedback systems. Consider a 

simple negative feedback driving force on (1), 
2Z(t) = (a + iw - |Z(t)| )Z(t) - KZ(t - t)                     (2)

where K is the strength of driving and τ is the time delay. In 

the absence of time delay (τ = 0), the Hopf bifurcation point 

has now shifted to a = K, implying that for a < K there are no 

oscillations (origin is stable) and for a > K the system 

oscillates with amplitude    a - K  and frequency w . This 

scenario changes when t ¹ 0. A simple linear stability 
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small delay can display a variety of oscillation patterns 

that are not as intuitive. The frequency of the oscillator is 

not only affected by the delay and driving force, but it can 

acquire a state of multiplicity. This is seen in the 

transcendental nature of (4) which can have multiple 

roots. Thus, the oscillator can oscillate near its native 

frequency or at discrete levels of a higher or a lower set of 

frequencies - all which have their own rates of attraction. 

The existence of multiplicity arising due to time delay has 

long been known among coupled oscillators [17].

Introducing nonlinearity in the driving force enhances the 

possible solutions displayed by the oscillator including 

radially trapped solutions, spiralling solutions, and chaos 

via different routes [24]. 

Effect of delay on two coupled oscillators 
A minimal model consisting of two limit cycle oscillators 

that are linearly (“diffusively”) coupled to each other and 

where the coupling is time delayed can be described by the 

following model equations,
2Z (t) = (1+iw  - |Z  (t)| )Z (t) + K[Z (t - t) - Z (t)]       (5)1 1 1 1 2 1

2Z (t) = (1+iw  - |Z  (t)| )Z (t) + K[Z (t - t) - Z (t)]       (6)2 2 2 2 1 2

where a = 1 has been chosen (so that each oscillator in the 

uncoupled state is in the stable limit cycle state), K is the 

strength of coupling and τ is a discrete and constant delay 

time. As an approximation to a physical system, (5) and (6) 

can be viewed as two nonlinear electronic circuits that are 

resistively coupled to each other. Although the coupling 

looks linear in the complex plane, it is reminiscent of the 

concept of weakly coupled oscillator theory [6,7,31,32] 

that has been well studied over the years [33,34], and 

essentially represents the interactions over slow 

timescales.

In the absence of time delay, the above set of equations 

(and its generalizations) have been studied in detail by 

Aronson et al. [35] to delineate the bifurcation structures 

and the existence of various collective states. Fig. 2 

illustrates the main features of their analyses. 

The figure shows three distinct regions. If the coupling 

strength is weak and the disparity in the frequencies of the 

two oscillators (∆ = ω  − ω ) is large then the oscillators do 2 1

not influence each other very much and continue to 

behave independently. This is the region marked as phase 

drift since the phases of the two oscillators keep drifting 

with respect to each other due to their different 

frequencies. When the coupling strength is sufficiently 

strong and ∆ not too large then the oscillators can get 

phase locked with their frequencies synchronized to a 

single frequency - in this case the mean frequency w = (w  + 1

w )/2. For ∆ = 0 the synchronized oscillators have a phase 2

difference of zero. There is a third region in Fig. 1, marked 

analysis around the origin (Z = 0) shows that the stability 

of the origin now depends in a complex manner on the 

values of a, K, ω and τ. For a fixed value of a = 1 the stability 

region of the origin (shaded area) is shown in Fig.1 as a 
−1function of K  and τ for two different values of ω. Note that 

for ω = 1 there is only one stability region of the origin 

whereas for a higher value of ω multiple regions appear. 

This is a feature of time delay which makes the stability 

regions to become multiply connected.

To investigate the influence of time delay on the oscillatory 

behaviour of (2) it is convenient to look for plane wave 
iΩtsolutions of the form Z = Re  where R and Ω are constants. 

Substituting in (2) one gets the relations
R = (a - K cos(Wt))               (3)

W = w + K sin(Wt)              (4)

From the above we see that in the absence of delay or very 

small delay, and if the driving is weak, then there will not 

be any significant change to the oscillating limit cycle. Its 

amplitude and frequency will continue to be close to their 

original levels. What if we drive the oscillator with 

stronger driving force but still keep the delay close to zero? 

Naturally the amplitude of the oscillator will get reduced 

due to negative driving, and if we continue to increase the 

negative driving force, the amplitude continues to 

decrease in a non-linear manner [proportional to     a - K] ], 

and eventually the oscillator will die, i.e. its amplitude will 

become zero, after being unable to overcome the frictional 

driving force by its internal regenerative mechanism. 

Working with a Taylor series expansion under small delay 

approximation confirms this prediction. 

Consider now another extreme: very large delay, but weak 

driving. Whatever the effect of delay there is in the system, 

the weakness of the driving strength understates it. But if 

the driving is moderate such that it's strength is 

comparable to the amplitude of the oscillator, then even a 
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Fig. 1: Amplitude death regions (hatched) of a single oscillator with a 
linear delayed feedback displayed in the time delay and inverse 
coupling strength plane. The curves represent transition of a pair of 
eigenvalues in the complex conjugate eigenvalue plane. At low 
frequencies only one stable amplitude death region is seen (a), and 
at large frequencies higher order stable death regions exist (b). 
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as the amplitude death region, in which the amplitudes of 

the two oscillators go to zero - in other words they cease to 

oscillate. This can happen when ∆ is large and the coupling 

strength K is also large such as to induce a stability of the 

origin - reminiscent of what is observed for a single 

oscillator that is driven by a negative feedback term (recall 

stabilization when K > a in such a case). It is important to 

mention that it requires the oscillators to be reasonably 

disparate in their frequencies before the coupled 

oscillators suffer a suppression of their amplitudes of 

oscillation. This is because the amplitudes now (unlike the 

single driven system discussed before) also depend on the 

frequency difference. In particular, the amplitude of the 
2 2oscillators will be reduced by K -       K  - D /4,  where ∆ is 

the frequency difference.

This scenario changes drastically if the interactions are 

mediated by time delay. Fig. (3) illustrates the altered 

phase space diagram. We note that in the presence of time 

delay the amplitude death region can extend down to the 

∆ = 0 axis - a somewhat surprising result indicating that 

even identical oscillators can suffer amplitude death in the 

presence of sufficient time delay. A nice geometrical 

interpretation of this phenomenon was provided in [36] 

and is illustrated in Fig. (3). For two identical oscillators, 

the state of the system can be viewed as two dots Z (t) and 1

Z (t) moving with the same frequency on a circle (the limit 2

cycle to which they are attracted). The coupling acts as a 

force between them which in the absence of time delay 

would make them merge and move with a phase 

difference of zero. In the presence of delay each point is not 

pulled towards the current position of the other, but rather 

towards the position at a time τ in the past (as shown in the 

figure) and this tends to reduce their amplitudes. For a 

suitable value of τ they can in fact pull each other off their  

limit cycles and collapse to the origin. The force also 

depends on the coupling strength K and hence such a 

death can occur in a finite domain in the K − τ space - a

death island in phase space. As in the single oscillator case 

one can also have multiple death islands in the K − τ space 

for larger values of the intrinsic frequency ω of the 

identical oscillators. Solving the coupled equations 

displays the death behaviour of each of the individual 

components of the oscillator [(X , Y (t)), (X (t), Y (t))] 1 1 2 2

flanked by phase-locked solutions.

Simple non-linear electronic circuits designed to behave 

like limit cycle oscillators with regenerative sources, and 

coupled using delay components to mimic the delayed 

interactions among coupled oscil lators have 

experimentally demonstrated all the results discussed so 

far,  namely,  the existence of  death- is lands,  

synchronization, frequency multiplicity, and frequency 

suppression with delay [24]. 

Delay effects in large assemblies of coupled 

oscillators
The results discussed above have also been seen in model 

calculations done for larger assemblies of time delay 

coupled limit cycle oscillators with some interesting 

additional features. When the number of oscillators is 

large (N > 2), their mutual coupling can occur in a variety 

of ways such as global coupling where each oscillator is 

connected to every other oscillator with a constant 

coupling strength, or nearest neighbour coupling which is 

often referred to as diffusive coupling or non-local 

coupling in which the coupling extends over a wider 

spatial extent but with a varying strength. The collective 

states of the system are then determined not only by the 

frequencies of the oscillators, the coupling strength K and 

the time delay but also by the nature of the coupling and 

the geometry of the system. Time delayed networks of 

limit cycle oscillators with nearest neighbour coupling 

show some distinct behaviour compared to a globally 

coupled system. For example, for a system with an even 
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Fig. 2: The collective behaviour of two coupled oscillators is shown in 
the parameter space of coupling strength and frequency difference. 
In the absence of time delay, amplitude death occurs only for finite 
frequency difference, ∆ > 0 (a), but with appropriate time delay, 
identical oscillators (∆ = 0 line) can also exhibit amplitude death (b). 

Fig. 3: Forces acting on identical coupled oscillators with finite delay 
are depicted (a). When the delay is small the oscillators continue to 
exhibit synchronization (b, top; real components of the complex 
variables Z  are displayed), for intermediate delays, amplitudes 1,2

subside (b, middle), and for large delays they emerge with anti-phase 
locking behavior (b, bottom). 



number (N) of oscillators that are locally coupled the death 

island region is unique and its shape and size does not 

depend on the number of oscillators but for an odd 

number of oscillators the island size and shape changes 

with N. The two regions merge in the limit of N ® ¥. The 

nature of the coupling can also be exploited to reverse the 

stability of the origin. Model calculations and experiments 

done for an odd and even numbered ring and random 

networks with diffusive delayed coupling produce an 

amplitude death phenomenon but a switch to direct 

coupling can revive the oscillations to form synchronous 

states [37].

Another interesting consequence arising from the nature 

of the coupling is related to the discovery of the so-called 

chimera state in a system of non-locally coupled identical 

phase oscillators [38, 39]. For identical phase oscillators, 

one would have expected them to just phase lock (with 

zero phase difference) as is seen for a system with global 

coupling. However, the presence of a non-local coupling 

that brings in a spatial dependence allows the creation of 

another state consisting of the co-existence of an 

incoherent region (where the oscillators move with a 

random distribution of frequencies) and a coherent region 

where they are all phase locked and move with the same 

collective frequency. The introduction of time delay in 

such a system is found to further break up these regions 

spatially into clusters of coherence and incoherence with 

the adjoining coherent regions being π out-of-phase with 

each other [40–42].

Some future directions 
Chimeras have attracted a lot of attention in recent years 

and are the subject of intense investigation not only for 

their curious dynamical features but also for their possible 

applications in neuroscience and other disciplines. It is 

believed that a prominent feature of the dynamics of the 

brain is the generation of a multitude of meta-stable 

chimera states that it keeps switching between. Such a 

process, presumably, is at the heart of our ability to 

respond to different stimuli and to much of our learning 

behaviour. Chimera states are thus vital to the functioning 

of the brain and it is important therefore to investigate 

their existence conditions and robustness to any changes 

in the system environment including propagation delay. 

The existence of meta-stability is an important element of 

brain dynamics. Loss of this property leading to strong 

synchronization of neuronal clusters may cause different 

disease symptoms like peripheral tremor (Morbus 

Parkinson) or epileptic seizures. An interventional   

technique to mitigate such a condition is by externally 

stimulating that region with a train of electrical pulses to 

bring about desynchronization of the neuronal activity - a 

procedure called deep brain stimulation. Model studies of 

the desynchronization process using an ensemble of limit 

cycle oscillators have shown that a time delayed nonlinear 

feedback can considerably reduce the threshold for 

desynchronization [43] thereby minimizing possible side 

effects. The method is found to be robust to large 

variations of system parameters and thus offers a safe and 

reliable technique for treatment of neurological disorders. 

Time delay has also found an important application in 

another area of modern technology, namely opto-

electronic devices where time delay is an integral part of a 

nonlinear feedback loop that influences the nature of the 

output of the oscillator which can be in the form of limit 

cycle oscillations, broadband chaos or a variety of other 

nonlinear temporal forms [44]. Opto-electronic devices 

are at the forefront of exploring advanced concepts like 

encrypted data communication using chaotic 

synchronization, development of microwave oscillators 

with a high spectral purity of the output and use of 

nonlinear transient dynamics of these devices for novel 

computing applications like “Reservoir Computing” 

[45,46]. The concept of reservoir computing (RC) has been 

inspired by the insight that the brain processes 

information by generating patterns of transient neuronal 

activity triggered by input sensory signals. Such patterns 

can be generated in a computing device through a 

network of coupled nonlinear oscillators as is done for 

example in conventional neural networks. The major 

difference in the training process of a neural network and 

an RC is that in the latter the connections between the 

constituent nodes of the system are kept fixed. However, 

each node in an RC has a time delayed feedback which is 

the key to the generation of a rich variety of collective 

states (transient patterns) and provides access to a large 

higher dimensional space (the reservoir or memory 

space). These and other applications have significantly 

changed our modern perspective on time delay systems, 

namely, from treating delay effects as a nuisance (e.g. in 

leading to unwanted instabilities) that need to be 

mitigated to viewing them as a resource that can be 

beneficially exploited. The study of delay dynamical 

systems is currently gaining increasing attention in the 

scientific community with new areas of research opening 

up that promise exciting novel applications in the near 

future.
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