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Outline of my talk

Various crystal growth methods to grow metallic crystals

Crystal growth and superconducting properties of
CaFexxTxAsz (T = Co and Ni) single crystals
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Crystal Growth
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300mm Silicium Cz crystal with a mass of 250kg,
form a 32" crucible (source Wacker Siltronic AG)

Science Technology
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Crystal Growth 1s a Technology:

— Semiconductors

7 Scintillation crystals

I Optical Crystals

[ Acousto-optic crystals
Laser & Non-linear crystals
Jewelry & watch industry

12%

10%

Estimated shares of world crystal production
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Importance of single crystals

A whopping 76,000 crystals are used in the CERN instrument (inset).

This week, one of the most ambitious and  High-energy
unusual bulk orders in science will finally be  particles pass-

Electronic devices

Large Hadron Collider

76,000 crystals of PbWO4 1s used 1n
the Compact Muon Solenoid (CMYS)
Detector.

Compact Muon Solenoid (CMS) Detector

——— -

V"
e = 76k Scintillating
R : PbWO, Crystal
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lllllll
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Crystals that grow 1n our body

Calcium oxalate Uric acid Calcium phosphate
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Single Crystal vs. Poly crystal

Single crystal: A homogenous body consisting of a three dimensional
periodic arrangement of atoms, 1ons or molecules

Materials which produce diffraction spots are single crystalline

Poly crystal: A very large number of tiny crystallites

Single crystal: Poly crystal:

No grain boundaries Grain boundaries
Phase pure Multi-phase
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Electrical resistivity of CeaNizGes

Polycrystalline
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Some more examples

Magnetization (p,/Dy)

()

1 | I I I

Dy,CoGag
T=2K

Anisotropy in magnetism
requires oriented single crystal

Superconductivity - very
sensitive to magnetic
disorder / impurities
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Orientation of the single crystal

[LLaue method

: Detector
White photographic
X-ray Gl

source
Collimator
Fixed
single
crystal

0 1s fixed A 1s varying
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Orientation and cutting

Sample

X-ray Film Sample

Polychromatic
X-ray source

Goniometer

EDM cutting machine
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Crystal Growth
Crystals can be grown by variety of methods

Low temperature solution growth

Melt growth

Bridgman method
Czochralski method

High temperature solution growth

Vapour growth

Physical vapour transport

Chemical vapour transport
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Phase diagram - recap ro
Binary phase diagrams can be simply Supt e
thought of as maps. They show the regions Pune "

of liquid and solid
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Binary phase diagram of Ag-Nd

Weight Percent Neodymium
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Congruent melting

Transforms from a homogenous
liquid to homogenous solid
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Peritectic reaction Decompose into a mixed solid
and a liquid phase
(Incongruent metling)
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Crystal growth methods

Bridgman method

Samples that melt congruently,
but have high vapour pressure

The ampoule 1s lowered slowly from
hot zone to cold Zone (maintained
below the melting point)

T.C =

Hot
Z.one

Cold
Zone

O OO0 OO OO0

» Pt wire

Molten

g Charge

» Crystal
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Bridgman method

Temperature gradient method - Static Freeze method

O O
O O
O O
O o 16
O i
O O
O O

lemperature

Typical temperature
gradient 10 to 30 °C
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Crystal growth of CeMgs3
CeMgs melts congruently

Mg has high vapor pressure

O
o
o

AAAl AA b AL AL A

Temperature (°C)
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CeMgs continued...

. As grown crystal
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Pranab Kumar Das et al.,
To be published in Phys. Rev. B April 2011
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Czochralski method Prot. Jan Czochralski

Solidification of metals

Poland
(1885 - 1953)

Materials that melt congruently can be grown by this method

About 90 years ago
L—J pulling

1 ,/mechanism\

s seed o
\ _?,.

crystal /
|

melt
P s / crucible
/ ‘\'\._;,‘,' /

1917 1950

e

Single Silicon Crystal

) Quartz Crucible

\ I Wster Cooled Chamber

d : Heat Shield
1
I Carton Heater

E Graphite Crucible

B Crucible Support

Spill Tray

Electrode

today

S1 single crystal

S
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Czochralski method for rare-earth intermetallics

During crystal growth

Water cooled
Cu hearth

Necking, to select a single crystal seed

Crystal pulling 10 - 15 mm/hr
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Czochralski growth of LusIrsSiig

Polycrystalline seed Tetragonal crystal structure
f Necking
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Czochralski growth of CeRh3B>

Strong itinerant magnetism in ternary boride CeRh;B,

S K Dhar, S K Malik and R Vijayaraghavan
Tata Institute of Fundamental Research, Homi Bhabha Road, Bombay 400003, India

Received 5 February 1981

Laue Pattern of CeRh B, single crystal
(1010) (0001)

As grown single crystal

Solid state electrotransport
10 Torr 40 A current
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Anisotropic magnetic properties of CeRh3B>
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Crystal growth from High Temperature Solution
(Flux growth)
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Crystal growth from High Temperature Solution
(Flux growth)

Low Temperature Solution Growth:
NaC(l more NaCl

HO 'NaCl V |

7

T A T=50C
| @ 0.01°C
AtT=30C (R.T) AtT= 50°C .
T=30"C
NaCl completely dissolves ~ We can add ,more NaCl Well FACTED
Add more NaCl to make a  and the solution becomes single crystal

saturated solution Supersaturated solution
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Crystal growth from High Temperature Solution
(Flux growth)

Crystal growth 1s done at high temperature
Incongruently melting compounds can be grown

Materials that have high vapour pressure

The growing crystal 1s NOT exposed to =itk
steep temperature gradiept — the crystal Er.Rh,Sn .
grows free from mechanical and thermal

constraints 1nto the solution and so
develop FACETS.

Wednesday 16 March 2011



Since the crystal growth process 1s at elevated
temperatures, one has to take care about the crucible
(container material) and the choice of the flux

Choice of the crucible: Al,O3

Choice of solvents:
Should have low melting point
High solubility
Low reactivity with the crucible

Does not incorporate into the crystal
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Commonly used fluxes to grow metallic crystals
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Flux growth example: CeColns Starting composition
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Flux growth of CeAgGe:
Individual metals of Ce, Ag and Ge

Weight Percent Silver
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CeAgrGez Single crystals (001)

10 mm x & mm x 2mm

The flat plane of the crystal
corresponds to (001)
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Powder X-ray Diffraction
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Magnetic properties of CeAgGer
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Pnictide superconductors
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1908 Liquefaction of He

Heike Kamerlingh Onnes

Oxi1des and non-transition
metals were not serious
contenders for High Tc
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Oxide superconductors
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Pnictides
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Since the discovery of high-transition-temperatule (high-T ¢) superconductivity in layered copper oxides, extensive effort has
been devoted to e\plormg the origins of this phenomenon AT hlgher than 40 K (about the theoretical maximum predicted
from Bardeen—Cooper—Schrieffer theory2 i al/va53/n7196/ html=B1)) however, has been obtained only in the
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LaOs-xFxFeAs (ref. 3 (/ 7 . Here we report the discovery of bulk
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Qowgi‘Swine flu, space interest scientists most
2009

pdated 1/3/2010 10:15 PM| Comments 28 | Recommend 5 E-mail | Save | Print | Reprints & Permissions | ILEM
Dan Vergano, USA TODAY

ience marches on, sometimes with headlines and awards, but most often with little fanfare.

A look at the year's most-cited papers in science, ones that scientists themselves referenced in their own work,
for example, finds studies that did and didn't make any “Top Ten" lists.

Here are the top 10:

1 *NASA's measures of the age, expansion and distribution of galaxies throughout the universe based on
observations by its WMAP probe, launched in 2001. Noton a lot of lists, but, "the studies just provide a wealth of
data that everyone in physics from cosmology to high-energy physicists will use for years,” Pendlebury says.

2 *Prostate cancer studies suggesting that screening and Vitamin E had few benefits in treating the disease. These
made news but were also highly cited by other researchers.

3 *New England Journal of Medicine and Journal of the American Medical Association studies showing problems
with the blood-thinning drug Clopidogrel for heart patients. Another newsmaker.

4 *Diabetes treatment consensus statements that were updated this year. "Such articles are typically highly cited,”
Pendlebury says.

5 *Swine flu studies. They racked up a lot of citations this year. (You may not be too surprised.)

Iron-based superconductors, which rivaled swine flu for citations among scholars. For two decades, physicists
have chased after superconductors, which transmit juice with zero power loss, to replace less efficient copper
wires. Iron superconductors look like the latest hope. "Recent discovery of superconductivity in iron-based

6 layered compounds may have opened a new pathway to room temperature superconductivity,” begins a highly
cited EPL journal paper by Viadimir Cvetkovic of Johns Hopkins University in Baltimore. Did you hear about this?
You may hear more in the next few years.

7 «Cancer treatments that target blood vessel growth, or anti-angiogenesis. They also made the news, but for the
wrong reasons. Highly-cited papers linked anti-angiogenesis to tumor growth.

*Graphene, single-atom layers of carbon that have semiconductor properties. They “look like a coming revolution
8 in electronics,” Pendlebury says. Science magazine included graphene on its “Top Ten" list of breakthroughs for
the year.

*Small RNA's, genetic materials that regulate genes in cells. They've emerged in “an astounding landscape”

National University. They have potential to treat diseases and reveal how genes work on a fundamental level
inside cells. But not a big news item.

10 *Obesity gene, biology and diet studies. A New England Journal of Medicine report that found cutting calories,
whatever their origin, mattered the most to losing weight garnered a surprisingly high number of citations,
considering it confirmed |long-standing advice.
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Crystal Structure of LaFeAsO1-xFx Tetragonal
Space group : P4/nmm
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Lattice constants
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SmFCASOl_XFX

Superconductivity at 43 K.
Chen et al, Nature 453 (2008) 761.
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AFe;As; (A =Ba, Sr, Ca and Eu)

Structural similarity

LaFeAsO

Exchanging (R202)" layer with a
single large A atom leads to
ThCr2S1; type structure

To keep the electron count 4 has
to be divalent
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Heat capacity of AFe2As: (A = Ba, Sr, Ca and Eu)
BaFe>As; Tspw = 137 K
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X-ray diffraction of BaFe2As:

Intensity (arb. units)
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Neutron diffraction studies of AFe>As»
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Superconductivity AFe2As:
All of the AFe2As, compounds exhibit superconductivity either by doping

or by applying pressure
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Pressure induced superconductivity CaFe2As»

Tetragonal
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Crystal growth of AFe2As:

Flux method

CnFlux > l >

Binary Phase diagram of Fe-As
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Crystal growth of AFe>As> (A = Ca, Sr, Ba and Eu)

Using Sn as flux
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As grown single crystals

CaFesAss needle like
crystals on the surface

The flat plane (001)

CaFe2As: crystals
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(aFe2As, Magnetic Susceptibility
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Electrical Resistivity

400

» |

b —O- CaFeI o 4Coo'%As

0 100 200

J//[100]

J 1/ 1100]

Increase 1n resistivity at 170 K 1s due to the energy gaps introduced
into the parts of the Fermi1 surface by SDW which reduce the
number of carriers
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Electrical Resistivity in Applied Magnetic Fields
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Neeraj Kumar et al., Phys. Rev. B 79, 012504 (2009)
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Estimation of He»

Werthamer - Helfand - Hohenberg (WHH) theory
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Temperature (K)
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Neeraj Kumar et al., Phys. Rev. B 79, 012504 (2009)
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CaFe2—XNixASZ

CaFex-xNixAs
Nominal Composition (x) Actual Composition (x)

0

0.05 0.006
0.10 0.008
0.15 0.015
0.20 0.020
0.30 0.027
0.40 0.030
0.50 0.053
0.60 0.060
0.80 0.075
1.0 0.1
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Rietveld analysis of CaFesxNixAs:
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Neeraj Kumar et al., Phys. Rev. B 80 (2009) 144524
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Variation of lattice constant with N1 doping

3.95 e
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0 0.04 0.08

N1 Concentration
Unit cell volume decreases

Neeraj Kumar et al., Phys. Rev. B 80 (2009) 144524
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Electrical Resistivity of CaFez-xNixAs»
Tc =15 K for x =0.06

: No superconductivity
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Neeraj Kumar et al., Phys. Rev. B 80 (2009) 144524
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Hc2 of CaFej.94N19.06AS2
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Magnetic susceptibility of C
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Heat capacity of CaFex-xNixAs:

e T T—— “To ] CaFey NiAs,
<~ ()
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100+
v increases for x > 0.027
‘ suggests appreciable
0=t enhancement of density of
0 50 100 150 200

Temparature (K) states at the Fermi1 level
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Single crystal neutron diffraction

BT-7 and BT-9 triple axis spectrometer | |
Pyrolyic graphite (PQG)
at NIST center for Neutron Research monochromator

Neutron wavelength: 2.359 A

{400
600 -

3 1300 =
£ 400- o
(/)] -
'E 4200 ¢
=
S 200 5
O 1100 ©

0 i i {0

114 116 118 120 122 114 116 118 120 122 124

20 (degree) 20 (degree)

Tetragonal (220) reflection spits into orthorhombic (400) and (040)

Neeraj Kumar et al., Phys. Rev. B 80 (2009) 144524
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Intensity maps of structural & magnetic Bragg peaks in CaFe1.994N10.006AS2
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Neeraj Kumar et al., Phys. Rev. B 80 (2009) 144524
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Nature of orthorhombic distortion as a function of doping
Temperature maps of (2,2,0)t to (4,0,0)0, (0,4,0)0 peaks for 4 different compositions:

12

< <
8 s g
5 . 5
x=0.007 " .
QA QA"
g » <
x=005 #* g o x = 0.06
| QA"
For x = 0.06, where
When Tc sets in the distortion superconductivity occurs, there 1s no
very weak structural distortion.
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Temperature dependence of (103) magnetic Bragg peak

for various concentration of N1 doping

1500

for small x there 1s a jump 1n the
magnetic scattering intensity -

First order

At higher x the ordered moment 1s
smaller and the transition appears
to be continuous
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Temperature dependence of the lattice constants for various N1 concentration
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In the superconducting state the structural transition does not occur
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Temperature dependence of the lattice constants for various N1 concentration
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From Neutron diffraction:

Ni Doping Strqqtural Magn.etic Ordered
Transition (K)| ordering moment (LB)
0 172 172 0.8
0.008 161 160.9 0.728
0.015 151 150.9 0.621
0.020 146 148 0.162
0.0273 129 128.3 0.058
0.0532 80 80 0.037
0.003 tI‘EH?S?[iOIl trar?sli(iion No moment
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T(K)

Phase diagram of CaFe,xNixAs»

CaFe, N1 As,

—

Superconducting

i R

150F D
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0 0.02
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N1 concentration

Neeraj Kumar et al., Phys. Rev. B 80 (2009) 144524
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TM doping in BaFezxTxAsz (T = Co and Ni1)

A
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p(T)/p(300K)
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P.C. Canfield et al., Phys. Rev. B 80 (2009) 060501(R)
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Suppression of the structural/antiferromagnetic transition
1s a necessary condition for observing superconductivity
in these compounds

But...!!
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It 1s not a sufficient condition...!

2

——0 —A—0.0077
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Extra electrons per Fe/TM site
P.C. Canfield et al., Phys. Rev. B 80 (2009) 060501(R)
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Summary

Successfully grown the single crystals of AFe>As»

Superconductivity 1s observed by electron doping
in the tetragonal phase of CaFexxTxAs

Superconductivity 1s observed for an optimum
doping concentration of x = 0.06

A phase diagram has been constructed based on [ i
the systematic study of Ni-doping in CaFez.  cw |
XleASZ 50

1 / i
0 0.02 0.04 0.06 0.08 0.10

Ni concentration
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Thank you....!!!

Group Website: http://www.tifr.res.in/~crystalgrowth

Personal Website: http:// www.thamizhavel.com
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