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Outline of my talk

Various crystal growth methods to grow metallic crystals

Crystal growth and superconducting properties of 
CaFe2-xTxAs2 (T = Co and Ni) single crystals
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Importance of single crystals

Large Hadron Collider

76,000 crystals of PbWO4 is used in 
the Compact Muon Solenoid (CMS) 
Detector.
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Crystals that grow in our body

Calcium oxalate Uric acid Calcium phosphate
Wednesday 16 March 2011



Single Crystal vs. Poly crystal
Single crystal: A homogenous body consisting of a three dimensional 

periodic arrangement of atoms, ions or molecules

Materials which produce diffraction spots are single crystalline

Poly crystal: A very large number of tiny crystallites

No grain boundaries Grain boundaries
Phase pure Multi-phase

Single crystal: Poly crystal:
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Electrical resistivity of Ce2Ni3Ge5

Polycrystalline

Average of three principal directions Large anisotropy reflecting the 
orthorhombic crystal structure

[100]

[010][001]
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Some more examples

Anisotropy in magnetism 
requires oriented single crystal

DyNi2B2C

Superconductivity  - very 
sensitive to magnetic 
disorder / impurities

Wednesday 16 March 2011



Orientation of the single crystal

Laue method

θ is fixed λ is varying
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Orientation and cutting

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

Binary phase diagrams can be simply 
thought of as maps. They show the regions 
of liquid and solid
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Binary phase diagram of Ag-Nd
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Transforms from a homogenous
liquid to homogenous solid

Congruent melting
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Peritectic reaction Decompose into a mixed solid 
and a liquid phase

(Incongruent metling)
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Bridgman method

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

Samples that melt congruently, 
but have high vapour pressure

Crystal growth methods
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Bridgman method

Temperature gradient method - Static Freeze method

Typical temperature 
gradient 10 to 30 °C
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Crystal growth of CeMg3

Mg has high vapor pressure
CeMg3 melts congruently
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CeMg3 continued...
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Czochralski method Prof. Jan Czochralski
Poland

(1885 - 1953)

About 90  years ago

Solidification of metals

Si single crystal

200 kg 

Materials that melt congruently can be grown by this method
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Czochralski method for rare-earth intermetallics

1 2 

4 3 

During crystal growth 

Crystal pulling 10 - 15 mm/hr
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Czochralski growth of Lu5Ir4Si10

Polycrystalline seed
Necking

Tetragonal crystal structure

a = 12.494 Å
c = 4.185 Å

Tc = 5.7 K and TCDW = 74 K
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Czochralski growth of CeRh3B2

Solid state electrotransport
10-9 Torr  40 A current

As grown single crystal
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Anisotropic magnetic properties of CeRh3B2

Electrical resistivity

Mag. Susceptibility
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Crystal growth from High Temperature Solution
(Flux growth)
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Crystal growth from High Temperature Solution
(Flux growth)
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Crystal growth from High Temperature Solution

Crystal growth is done at high temperature
(Flux growth)

Incongruently melting compounds can be grown
Materials that have high vapour pressure

The growing crystal is NOT exposed to 
steep temperature gradient – the crystal 
grows free from mechanical and thermal 
constraints into the solution and so 
develop FACETS.
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Choice of the crucible:  Al2O3

Choice of solvents:

Should have low melting point

High solubility 

Low reactivity with the crucible

Does not incorporate into the crystal

Since the crystal growth process is at elevated 
temperatures, one has to take care about the crucible 
(container material) and the choice of the flux
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Commonly used fluxes to grow metallic crystals
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Flux growth example: CeCoIn5

Ce : Co : In 
1  :  1  :  24

Starting composition

Wednesday 16 March 2011



Flux growth of CeAg2Ge2

Eutectic at 650 ˚C
 Ag  :  Ge 
75.5 : 24.5 

Individual metals of Ce, Ag and Ge
Ce  :  Ag  :  Ge
  1  :  16   :   7   

Quartz

Al
2
O
3

C
e
  +
  A
g
  +
  G
e
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CeAg2Ge2 Single crystals

The flat plane of the crystal 
corresponds to (001)

(001)

(100)
10 mm x 8 mm x 2mm
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Powder X-ray Diffraction

a = 4.307 Å
c =  10.973 Å

EDAX measurement also confirmed 
the stoichiometry
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Magnetic properties of CeAg2Ge2
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Pnictide superconductors
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1908 Liquefaction of He
Heike Kamerlingh Onnes

Oxides and non-transition 
metals were not serious 
contenders for High Tc

Superconductivity 
 1911

Tc = 22 - 23 K in Nb3Ge
1973

100 Years
2011
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Oxide superconductors
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Pnictides Greek :  Choking or suffocation

Group V elements
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Discovery of the copper-based superconductor La2-xBaxCuO41
with a high transition temperature (Tc) triggered extensive research
with the intention of developing new transition-metal-based super-
conductors.2,3 Currently, high Tc superconductors are limited to
layered perovskites that contain CuO2 structural units as the
conduction layers. However, the Tc of the non-Cu-based supercon-
ductors in this category has remained low, although spin triplet
superconductivity has been found in UPt3 (Tc ∼ 0.54 K)4 and Sr2-
RuO4 (Tc ∼ 1.4 K).5,6 Here, we report a layered iron-based
compound, LaOFeAs, which undergoes superconducting transition
under doping with F- ions at the O2- site. Its Tc exhibits a
trapezoidal shape dependence on F- content, with the highest Tc
of ∼26 K at 5-11 atom %. Further, its magnetic susceptibility
indicates that F-doped LaOFeAs exhibits Curie-Weiss-like be-
havior in the normal conducting state.
We have been studying several quaternary oxypnictides, LaOMPn

(M ) Mn, Fe, Co, and Ni; Pn ) P and As),7-10 leading to the
discovery of the Fe and Ni based superconductors, LaOFeP (Tc ∼
5 K)8 and LaONiP (Tc ∼ 3 K).9 LaOFeAs, a member of LaOMPn,
has a layered crystal structure belonging to the tetragonal P4/nmm
space group. As shown in Figure 1a, the unit cell contains two
molecules, and the chemical formula is represented by (La2O2)(Fe2-
As2). The Fe2As2 layer, which is sandwiched between the La2O2
layers, serves as a carrier conduction path.8-11 Thus, conduction
carriers are two-dimensionally confined in the Fe2As2 layer, causing
strong interactions among the electrons. Further, aliovalent ion
doping in the insulating La2O2 layer, for instance, the replacement
of O2- with F-, may provide an extra positive charge in the
insulating layer and a negative charge in the conduction layer. This
would lead to the modulation of the interactions through the change
in carrier density, without seriously exerting crystallographic defects
in the conduction layer.
Polycrystalline LaOFeAs was synthesized by heating a mixture

of lanthanum arsenide, iron arsenide, and dehydrated La2O3 powders
in a silica tube filled with Ar gas at 1250 °C for 40 h, a procedure
similar to that employed for LaOFeP.8 Ca2+ and F- ion doping
was performed by adding CaO and a 1:1 mixture of LaF3 and La,
respectively, to the starting material. The crystal structure, phase
purity, and lattice constants of the resulting powders were examined
by powder X-ray diffraction (XRD; Bruker D8 Advance TXS) using
Cu KR radiation from a rotating anode with the aid of Rietveld
refinement using Code TOPAS3.12 DC electrical resistivity was
measured by a four-probe technique using silver paste electrodes
at temperatures of 1.8 to 300 K. Magnetization measurements were
performed with a vibrating sample magnetometer (VSM; Quantum

Design) in the same temperature range. Figure 1b shows typical
powder XRD patterns of undoped and 5 atom % F-doped LaOFeAs.
All the peaks are assigned the same as those for the LaOFeAs

phase, except some weak peaks that were assigned to impurity
phases,13 indicating that the samples are mostly composed of a
single phase. The LaOFeAs phase is tetragonal with room-
temperature lattice constants of a ) 0.403552(8) nm and c )
0.87393(2) nm for the undoped samples and a ) 0.40320(1) nm
and c ) 0.87263(3) nm for the 5 atom % F-doped samples. The
lattice constants decrease systematically with nominal dopant
concentration by F- substitution to the site of O2- ions. The contents
of the dopant (x) were determined by the lattice constants using
Vegard’s volume rule.14 Figure 2a shows the temperature (T)
dependences of electrical resistivity (F) and magnetic molar
susceptibility (!mol) for undoped and F-doped LaOFeAs samples.
The F-T curve for the undoped LaOFeAs sample exhibits a sudden
decrease at ∼150 K (Tanom). With a further decrease in temperature
below Tanom, F continues to decrease and then increases, showing
a minimum at ∼100 K (Tmin). F-doped samples (3, 4, and 5 atom
%) also show Tmin, whose values were lowered with the F- content.
However, the minimum disappears in 11 and 12 atom % F-doped
samples. It is noteworthy that, with a further decrease in T, the F-T
curves in the samples with F- content more than 4 atom % show
abrupt drops to zero at 5-22 K depending on the F- content, while
the undoped and 3 atom % F-doped samples never exhibit zero
resistivity.
As shown in Figure 2b, !mol for the 5 atom % F-doped sample

starts to decrease at ∼25 K and shows large negative values with
the lowering of T. On the other hand, !mol for the undoped sample
shows positive values in the entire temperature range examined.
The zero resistivity and the large diamagnetic susceptibility indicate
that LaOFeAs becomes a superconductor by F-doping.
The volume fraction of the superconducting (SC) phase estimated

from the observed diamagnetic susceptibility is ∼50%, confirming

† ERATO-SORST, JST.
‡ Materials and Structures Laboratory.
§ Frontier Research Center.

Figure 1. (a) Crystal structure of LaOFeAs. (b) Powder XRD patterns of
undoped LaOFeAs and La[O1-xFx]FeAs: x ) 0.05. Black bars at bottom
show calculated Bragg diffraction positions of LaOFeAs. Arrows denote
peaks due to impurity phases, FeAs (helimagnetic),13 and LaOF.
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with a high transition temperature (Tc) triggered extensive research
with the intention of developing new transition-metal-based super-
conductors.2,3 Currently, high Tc superconductors are limited to
layered perovskites that contain CuO2 structural units as the
conduction layers. However, the Tc of the non-Cu-based supercon-
ductors in this category has remained low, although spin triplet
superconductivity has been found in UPt3 (Tc ∼ 0.54 K)4 and Sr2-
RuO4 (Tc ∼ 1.4 K).5,6 Here, we report a layered iron-based
compound, LaOFeAs, which undergoes superconducting transition
under doping with F- ions at the O2- site. Its Tc exhibits a
trapezoidal shape dependence on F- content, with the highest Tc
of ∼26 K at 5-11 atom %. Further, its magnetic susceptibility
indicates that F-doped LaOFeAs exhibits Curie-Weiss-like be-
havior in the normal conducting state.
We have been studying several quaternary oxypnictides, LaOMPn

(M ) Mn, Fe, Co, and Ni; Pn ) P and As),7-10 leading to the
discovery of the Fe and Ni based superconductors, LaOFeP (Tc ∼
5 K)8 and LaONiP (Tc ∼ 3 K).9 LaOFeAs, a member of LaOMPn,
has a layered crystal structure belonging to the tetragonal P4/nmm
space group. As shown in Figure 1a, the unit cell contains two
molecules, and the chemical formula is represented by (La2O2)(Fe2-
As2). The Fe2As2 layer, which is sandwiched between the La2O2
layers, serves as a carrier conduction path.8-11 Thus, conduction
carriers are two-dimensionally confined in the Fe2As2 layer, causing
strong interactions among the electrons. Further, aliovalent ion
doping in the insulating La2O2 layer, for instance, the replacement
of O2- with F-, may provide an extra positive charge in the
insulating layer and a negative charge in the conduction layer. This
would lead to the modulation of the interactions through the change
in carrier density, without seriously exerting crystallographic defects
in the conduction layer.
Polycrystalline LaOFeAs was synthesized by heating a mixture

of lanthanum arsenide, iron arsenide, and dehydrated La2O3 powders
in a silica tube filled with Ar gas at 1250 °C for 40 h, a procedure
similar to that employed for LaOFeP.8 Ca2+ and F- ion doping
was performed by adding CaO and a 1:1 mixture of LaF3 and La,
respectively, to the starting material. The crystal structure, phase
purity, and lattice constants of the resulting powders were examined
by powder X-ray diffraction (XRD; Bruker D8 Advance TXS) using
Cu KR radiation from a rotating anode with the aid of Rietveld
refinement using Code TOPAS3.12 DC electrical resistivity was
measured by a four-probe technique using silver paste electrodes
at temperatures of 1.8 to 300 K. Magnetization measurements were
performed with a vibrating sample magnetometer (VSM; Quantum

Design) in the same temperature range. Figure 1b shows typical
powder XRD patterns of undoped and 5 atom % F-doped LaOFeAs.
All the peaks are assigned the same as those for the LaOFeAs

phase, except some weak peaks that were assigned to impurity
phases,13 indicating that the samples are mostly composed of a
single phase. The LaOFeAs phase is tetragonal with room-
temperature lattice constants of a ) 0.403552(8) nm and c )
0.87393(2) nm for the undoped samples and a ) 0.40320(1) nm
and c ) 0.87263(3) nm for the 5 atom % F-doped samples. The
lattice constants decrease systematically with nominal dopant
concentration by F- substitution to the site of O2- ions. The contents
of the dopant (x) were determined by the lattice constants using
Vegard’s volume rule.14 Figure 2a shows the temperature (T)
dependences of electrical resistivity (F) and magnetic molar
susceptibility (!mol) for undoped and F-doped LaOFeAs samples.
The F-T curve for the undoped LaOFeAs sample exhibits a sudden
decrease at ∼150 K (Tanom). With a further decrease in temperature
below Tanom, F continues to decrease and then increases, showing
a minimum at ∼100 K (Tmin). F-doped samples (3, 4, and 5 atom
%) also show Tmin, whose values were lowered with the F- content.
However, the minimum disappears in 11 and 12 atom % F-doped
samples. It is noteworthy that, with a further decrease in T, the F-T
curves in the samples with F- content more than 4 atom % show
abrupt drops to zero at 5-22 K depending on the F- content, while
the undoped and 3 atom % F-doped samples never exhibit zero
resistivity.
As shown in Figure 2b, !mol for the 5 atom % F-doped sample

starts to decrease at ∼25 K and shows large negative values with
the lowering of T. On the other hand, !mol for the undoped sample
shows positive values in the entire temperature range examined.
The zero resistivity and the large diamagnetic susceptibility indicate
that LaOFeAs becomes a superconductor by F-doping.
The volume fraction of the superconducting (SC) phase estimated

from the observed diamagnetic susceptibility is ∼50%, confirming
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§ Frontier Research Center.

Figure 1. (a) Crystal structure of LaOFeAs. (b) Powder XRD patterns of
undoped LaOFeAs and La[O1-xFx]FeAs: x ) 0.05. Black bars at bottom
show calculated Bragg diffraction positions of LaOFeAs. Arrows denote
peaks due to impurity phases, FeAs (helimagnetic),13 and LaOF.
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Discovery of the copper-based superconductor La2-xBaxCuO41
with a high transition temperature (Tc) triggered extensive research
with the intention of developing new transition-metal-based super-
conductors.2,3 Currently, high Tc superconductors are limited to
layered perovskites that contain CuO2 structural units as the
conduction layers. However, the Tc of the non-Cu-based supercon-
ductors in this category has remained low, although spin triplet
superconductivity has been found in UPt3 (Tc ∼ 0.54 K)4 and Sr2-
RuO4 (Tc ∼ 1.4 K).5,6 Here, we report a layered iron-based
compound, LaOFeAs, which undergoes superconducting transition
under doping with F- ions at the O2- site. Its Tc exhibits a
trapezoidal shape dependence on F- content, with the highest Tc
of ∼26 K at 5-11 atom %. Further, its magnetic susceptibility
indicates that F-doped LaOFeAs exhibits Curie-Weiss-like be-
havior in the normal conducting state.
We have been studying several quaternary oxypnictides, LaOMPn

(M ) Mn, Fe, Co, and Ni; Pn ) P and As),7-10 leading to the
discovery of the Fe and Ni based superconductors, LaOFeP (Tc ∼
5 K)8 and LaONiP (Tc ∼ 3 K).9 LaOFeAs, a member of LaOMPn,
has a layered crystal structure belonging to the tetragonal P4/nmm
space group. As shown in Figure 1a, the unit cell contains two
molecules, and the chemical formula is represented by (La2O2)(Fe2-
As2). The Fe2As2 layer, which is sandwiched between the La2O2
layers, serves as a carrier conduction path.8-11 Thus, conduction
carriers are two-dimensionally confined in the Fe2As2 layer, causing
strong interactions among the electrons. Further, aliovalent ion
doping in the insulating La2O2 layer, for instance, the replacement
of O2- with F-, may provide an extra positive charge in the
insulating layer and a negative charge in the conduction layer. This
would lead to the modulation of the interactions through the change
in carrier density, without seriously exerting crystallographic defects
in the conduction layer.
Polycrystalline LaOFeAs was synthesized by heating a mixture

of lanthanum arsenide, iron arsenide, and dehydrated La2O3 powders
in a silica tube filled with Ar gas at 1250 °C for 40 h, a procedure
similar to that employed for LaOFeP.8 Ca2+ and F- ion doping
was performed by adding CaO and a 1:1 mixture of LaF3 and La,
respectively, to the starting material. The crystal structure, phase
purity, and lattice constants of the resulting powders were examined
by powder X-ray diffraction (XRD; Bruker D8 Advance TXS) using
Cu KR radiation from a rotating anode with the aid of Rietveld
refinement using Code TOPAS3.12 DC electrical resistivity was
measured by a four-probe technique using silver paste electrodes
at temperatures of 1.8 to 300 K. Magnetization measurements were
performed with a vibrating sample magnetometer (VSM; Quantum

Design) in the same temperature range. Figure 1b shows typical
powder XRD patterns of undoped and 5 atom % F-doped LaOFeAs.
All the peaks are assigned the same as those for the LaOFeAs

phase, except some weak peaks that were assigned to impurity
phases,13 indicating that the samples are mostly composed of a
single phase. The LaOFeAs phase is tetragonal with room-
temperature lattice constants of a ) 0.403552(8) nm and c )
0.87393(2) nm for the undoped samples and a ) 0.40320(1) nm
and c ) 0.87263(3) nm for the 5 atom % F-doped samples. The
lattice constants decrease systematically with nominal dopant
concentration by F- substitution to the site of O2- ions. The contents
of the dopant (x) were determined by the lattice constants using
Vegard’s volume rule.14 Figure 2a shows the temperature (T)
dependences of electrical resistivity (F) and magnetic molar
susceptibility (!mol) for undoped and F-doped LaOFeAs samples.
The F-T curve for the undoped LaOFeAs sample exhibits a sudden
decrease at ∼150 K (Tanom). With a further decrease in temperature
below Tanom, F continues to decrease and then increases, showing
a minimum at ∼100 K (Tmin). F-doped samples (3, 4, and 5 atom
%) also show Tmin, whose values were lowered with the F- content.
However, the minimum disappears in 11 and 12 atom % F-doped
samples. It is noteworthy that, with a further decrease in T, the F-T
curves in the samples with F- content more than 4 atom % show
abrupt drops to zero at 5-22 K depending on the F- content, while
the undoped and 3 atom % F-doped samples never exhibit zero
resistivity.
As shown in Figure 2b, !mol for the 5 atom % F-doped sample

starts to decrease at ∼25 K and shows large negative values with
the lowering of T. On the other hand, !mol for the undoped sample
shows positive values in the entire temperature range examined.
The zero resistivity and the large diamagnetic susceptibility indicate
that LaOFeAs becomes a superconductor by F-doping.
The volume fraction of the superconducting (SC) phase estimated

from the observed diamagnetic susceptibility is ∼50%, confirming
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Figure 1. (a) Crystal structure of LaOFeAs. (b) Powder XRD patterns of
undoped LaOFeAs and La[O1-xFx]FeAs: x ) 0.05. Black bars at bottom
show calculated Bragg diffraction positions of LaOFeAs. Arrows denote
peaks due to impurity phases, FeAs (helimagnetic),13 and LaOF.
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Discovery of the copper-based superconductor La2-xBaxCuO41
with a high transition temperature (Tc) triggered extensive research
with the intention of developing new transition-metal-based super-
conductors.2,3 Currently, high Tc superconductors are limited to
layered perovskites that contain CuO2 structural units as the
conduction layers. However, the Tc of the non-Cu-based supercon-
ductors in this category has remained low, although spin triplet
superconductivity has been found in UPt3 (Tc ∼ 0.54 K)4 and Sr2-
RuO4 (Tc ∼ 1.4 K).5,6 Here, we report a layered iron-based
compound, LaOFeAs, which undergoes superconducting transition
under doping with F- ions at the O2- site. Its Tc exhibits a
trapezoidal shape dependence on F- content, with the highest Tc
of ∼26 K at 5-11 atom %. Further, its magnetic susceptibility
indicates that F-doped LaOFeAs exhibits Curie-Weiss-like be-
havior in the normal conducting state.
We have been studying several quaternary oxypnictides, LaOMPn

(M ) Mn, Fe, Co, and Ni; Pn ) P and As),7-10 leading to the
discovery of the Fe and Ni based superconductors, LaOFeP (Tc ∼
5 K)8 and LaONiP (Tc ∼ 3 K).9 LaOFeAs, a member of LaOMPn,
has a layered crystal structure belonging to the tetragonal P4/nmm
space group. As shown in Figure 1a, the unit cell contains two
molecules, and the chemical formula is represented by (La2O2)(Fe2-
As2). The Fe2As2 layer, which is sandwiched between the La2O2
layers, serves as a carrier conduction path.8-11 Thus, conduction
carriers are two-dimensionally confined in the Fe2As2 layer, causing
strong interactions among the electrons. Further, aliovalent ion
doping in the insulating La2O2 layer, for instance, the replacement
of O2- with F-, may provide an extra positive charge in the
insulating layer and a negative charge in the conduction layer. This
would lead to the modulation of the interactions through the change
in carrier density, without seriously exerting crystallographic defects
in the conduction layer.
Polycrystalline LaOFeAs was synthesized by heating a mixture

of lanthanum arsenide, iron arsenide, and dehydrated La2O3 powders
in a silica tube filled with Ar gas at 1250 °C for 40 h, a procedure
similar to that employed for LaOFeP.8 Ca2+ and F- ion doping
was performed by adding CaO and a 1:1 mixture of LaF3 and La,
respectively, to the starting material. The crystal structure, phase
purity, and lattice constants of the resulting powders were examined
by powder X-ray diffraction (XRD; Bruker D8 Advance TXS) using
Cu KR radiation from a rotating anode with the aid of Rietveld
refinement using Code TOPAS3.12 DC electrical resistivity was
measured by a four-probe technique using silver paste electrodes
at temperatures of 1.8 to 300 K. Magnetization measurements were
performed with a vibrating sample magnetometer (VSM; Quantum

Design) in the same temperature range. Figure 1b shows typical
powder XRD patterns of undoped and 5 atom % F-doped LaOFeAs.
All the peaks are assigned the same as those for the LaOFeAs

phase, except some weak peaks that were assigned to impurity
phases,13 indicating that the samples are mostly composed of a
single phase. The LaOFeAs phase is tetragonal with room-
temperature lattice constants of a ) 0.403552(8) nm and c )
0.87393(2) nm for the undoped samples and a ) 0.40320(1) nm
and c ) 0.87263(3) nm for the 5 atom % F-doped samples. The
lattice constants decrease systematically with nominal dopant
concentration by F- substitution to the site of O2- ions. The contents
of the dopant (x) were determined by the lattice constants using
Vegard’s volume rule.14 Figure 2a shows the temperature (T)
dependences of electrical resistivity (F) and magnetic molar
susceptibility (!mol) for undoped and F-doped LaOFeAs samples.
The F-T curve for the undoped LaOFeAs sample exhibits a sudden
decrease at ∼150 K (Tanom). With a further decrease in temperature
below Tanom, F continues to decrease and then increases, showing
a minimum at ∼100 K (Tmin). F-doped samples (3, 4, and 5 atom
%) also show Tmin, whose values were lowered with the F- content.
However, the minimum disappears in 11 and 12 atom % F-doped
samples. It is noteworthy that, with a further decrease in T, the F-T
curves in the samples with F- content more than 4 atom % show
abrupt drops to zero at 5-22 K depending on the F- content, while
the undoped and 3 atom % F-doped samples never exhibit zero
resistivity.
As shown in Figure 2b, !mol for the 5 atom % F-doped sample

starts to decrease at ∼25 K and shows large negative values with
the lowering of T. On the other hand, !mol for the undoped sample
shows positive values in the entire temperature range examined.
The zero resistivity and the large diamagnetic susceptibility indicate
that LaOFeAs becomes a superconductor by F-doping.
The volume fraction of the superconducting (SC) phase estimated

from the observed diamagnetic susceptibility is ∼50%, confirming

† ERATO-SORST, JST.
‡ Materials and Structures Laboratory.
§ Frontier Research Center.

Figure 1. (a) Crystal structure of LaOFeAs. (b) Powder XRD patterns of
undoped LaOFeAs and La[O1-xFx]FeAs: x ) 0.05. Black bars at bottom
show calculated Bragg diffraction positions of LaOFeAs. Arrows denote
peaks due to impurity phases, FeAs (helimagnetic),13 and LaOF.
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Crystal Structure of LaFeAsO1-xFx

Dopant Layer

Conduction Layer

Tetragonal
Space group : P4/nmm

Two formula units per unit cell

Lattice constants

a = 4.035 Å
c = 8.740 Å

Alternate stacking of (R2O2)2+ 
and (Fe2As2)2- layers
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Electrical Resistivity
LaFeAsO1-xFx

J. Am. Chem. Soc. 130 (2008) 3296

Tc max ≈ 26 K for x = 0.11 
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(RE)FeAsO1-xFx  where RE = Ce, Pr, Nd, 
Sm, Gd and Tb also showed  
superconducting transitions close to 50 K.

Superconductivity at 43 K.   
Chen et al , Nature 453 (2008) 761.

SmFeAsO1-xFx

Highest Tc 55 K

Wednesday 16 March 2011



AFe2As2 (A = Ba, Sr, Ca and Eu)
Structural similarity

LaFeAsO AFe2As2

Exchanging (R2O2)+ layer with a 
single large A atom leads to 
ThCr2Si2 type structure

To keep the electron count A has 
to be divalent
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Heat capacity of AFe2As2 (A = Ba, Sr, Ca and Eu)

BaFe2As2 TSDW = 137 K

CaFe2As2 TSDW = 170 K

SrFe2As2 TSDW = 198 K

EuFe2As2 TSDW = 195 K; TN = 19 K
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X-ray diffraction of BaFe2As2

Splitting of (110) and (112) reflections 

M Rotter Phys. Rev. B 78 (2008) 020503

300 K
Tetragonal
I4/mmm
a = 3.962 Å
c = 13.0168 Å

20 K
Orthorhombic
Fmmm
a = 5.614 Å
b = 5.574 Å
c = 12.940 Å
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Neutron diffraction studies of AFe2As2

BaFe2As2

0.87 µB

Below the magnetic ordering in 
the orthorhombic phase

CaFe2As2 0.80 µB

Fe orders AF along a and c axes 
and Ferromagnetically along b-axis
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Superconductivity AFe2As2

All of the AFe2As2 compounds exhibit superconductivity either by doping 
or by applying pressure

Ba1-xKxFe2As2 Tc = 30 K BaFe2-xCoxAs2 Tc = 22 K
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Pressure induced superconductivity CaFe2As2

A. Kreyssig et al Phys. Rev B 78 (2008) 184517

Magnetically ordered Orthorhombic phase - Non magnetically 
ordered collapsed tetragonal phase

Pressure induced superconductivity appears in the 
collapsed tetragonal phase
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Crystal growth of AFe2As2

Flux  method

Sn  Flux Fe  +  As  Flux

Binary Phase diagram of Fe-As

Fe-As  (1030  °C)
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Crystal growth of AFe2As2 (A = Ca, Sr, Ba and Eu)

Using Sn as flux
A  :  Fe  :  As  :  Sn
1   :   2   :    2    :  19 

Temperature Profile
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As grown single crystals

CaFe4As3 needle like 
crystals on the surface

CaFe2As2 crystals 

SrFe2As2 crystal 

The flat plane (001)
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CaFe2As2 Magnetic Susceptibility

Structural / Magnetic transition
170 K
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CaFe1.94Co0.06As2 

No SDW ordering

Tc = 17 K
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Electrical Resistivity

Increase in resistivity at 170 K is due to the energy gaps introduced 
into the parts of the Fermi surface by SDW which reduce the 
number of carriers
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H // [001] 

Electrical Resistivity in Applied Magnetic Fields

Neeraj Kumar et al., Phys. Rev. B 79, 012504 (2009)
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Estimation of Hc2

Werthamer - Helfand - Hohenberg (WHH) theory

Hc2(0) = −0.7Tc

�
dHc2

dTc

�

�
dHc2

dTc

�
= −1.82 T/K

H // [100]

H // [001]
�

dHc2

dTc

�
= −1.43 T/K

Hc2 = 22 T

Hc2 = 17 T

Neeraj Kumar et al., Phys. Rev. B 79, 012504 (2009)
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CaFe2-xNixAs2
CaFe2-xNixAs2

Nominal Composition (x) Actual Composition (x)

0
0.05
0.10
0.15
0.20
0.30
0.40
0.50
0.60
0.80
1.0

0.006
0.008
0.015
0.020
0.027
0.030
0.053
0.060
0.075
0.1
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Rietveld analysis of CaFe2-xNixAs2

Neeraj Kumar et al., Phys. Rev. B 80 (2009) 144524
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Variation of lattice constant with Ni doping

Unit cell volume decreases
Neeraj Kumar et al., Phys. Rev. B 80 (2009) 144524
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Electrical Resistivity of CaFe2-xNixAs2

Tc = 15 K for x = 0.06

TSDW decreases with Ni 
doping

Co-existence of magnetism 
& superconductivity

Superconductivity

No superconductivity

Neeraj Kumar et al., Phys. Rev. B 80 (2009) 144524
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Hc2 of CaFe1.94Ni0.06As2

Hc2 = 14 T for H // [001]
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Magnetic susceptibility of CaFe2-xNixAs2

H // [100]
H // [001]
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Heat capacity of CaFe2-xNixAs2

γ increases for x ≥ 0.027
suggests appreciable 
enhancement of density of 
states at the Fermi level
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Single crystal neutron diffraction
BT-7 and BT-9 triple axis spectrometer
at NIST center for Neutron Research

Neutron wavelength: 2.359 Å

Pyrolyic graphite (PG)
monochromator

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 CaFe1.994Ni0.006As2

Below TSDW peaks are not 
symmetric about the tetragonal 
position - Change in the area of the 
ab-plane - decrease in the area of 
orthorhombic phase

Below TSDW sudden decrease in the 
position of the c-axis lattice para-
meter. This tends to compensate for 
the decrease in the area of the ab-
plane

Sudden appearance and 
disappearance of the magnetic peak 
on warming and cooling

Neeraj Kumar et al., Phys. Rev. B 80 (2009) 144524
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Nature of orthorhombic distortion as a function of doping

x = 0.007 x = 0.027

x = 0.05 x = 0.06

When Tc sets in the distortion 
very weak

F o r x = 0 . 0 6 , w h e r e 
superconductivity occurs, there is no 
structural distortion.

Temperature maps of (2,2,0)T to (4,0,0)O, (0,4,0)O peaks for 4 different compositions:
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Temperature dependence of (103) magnetic Bragg peak 
for various concentration of Ni doping

for small x there is a jump in the 
magnetic scattering intensity - 
First order

At higher x the ordered moment is 
smaller and the transition appears 
to be continuous
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Temperature dependence of the lattice constants for various Ni concentration

In the superconducting state the structural transition does not occur
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Temperature dependence of the lattice constants for various Ni concentration

In the superconducting state the structural transition does not occur
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Ni Doping Structural 
Transition (K)

Magnetic 
ordering

Ordered 
moment (µB)

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

0.063 No 
transition

No 
transition No moment

From Neutron diffraction:
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Phase diagram of CaFe2-xNixAs2

Neeraj Kumar et al., Phys. Rev. B 80 (2009) 144524
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resistivity values are plotted. Although only resistivity data
are presented in this Rapid Communication, detailed magne-
tization and specific-heat data have also been collected; as in
the case of Ba!Fe1−xCox"2As2,3 these thermodynamic data
further support the T!x" phase diagrams we infer from trans-
port data.

Figures 1!a" and 1!b" present the temperature-dependent
normalized resistivity for Ba!Fe1−xTMx"2As2 system for
TM=Co and Ni, respectively. For each TM dopant there is a
clear suppression !and separation" of the upper transitions
with increasing x and superconductivity is clearly stabilized

once the structural/magnetic phase transitions are sufficiently
suppressed and exists in both the orthorhombic/
antiferromagnetic phase as well as in the tetragonal one at
high dopings.3,7,11 Although BaCu2As2 itself appears to be a
relatively innocuous compound,12,13 the Ba!Fe1−xCux"2As2
series #Fig. 1!c"$ reveals a key difference: although the sig-
nature of the structural/antiferromagnetic phase transition is
suppressed in a manner similar to that seen for TM=Co and
Ni, there is no superconductivity found for any x value tried
!up to values six times greater than the x=0.061 shown".
This means that the signatures of the orthorhombic/
antiferromagnetic transitions are not truncated by supercon-
ductivity and can be observed to fade as x is increased.

In order to clarify the effect of Cu as a dopant !i.e., is it
particularly pernicious to superconductivity or is it essen-
tially part of a continuum that contains Co and Ni dopants as
well" we studied a Ba!Fe1−x−yCoxCuy"2As2 series !x%0.022
and 0!y"0.05". Figure 1!d" presents selected normalized
resistivity plots for this series. As can be seen in Fig. 1!a", a
Co doping of x=0.024 is insufficient to induce superconduc-
tivity, but additional doping by Cu #Fig. 1!d"$ can indeed
induce superconductivity. These data clearly show that Cu is
not inherently antithetical to the superconducting state and
that there may well be a deeper and more profound realiza-
tion to be made based on these data.

The data presented in Fig. 1 can be summarized in a T-x
phase diagram. The transition temperature values for the up-
per structural and magnetic phase transitions were inferred
from these data in manner similar to that used in Ref. 3 and
subsequently supported by microscopic measurements.7,8 For
the higher Cu concentrations !x=0.05 and 0.061" the resis-
tive features become so broad that the error bars associated
with the determination of the upper !only detectable" transi-
tion are defined by the temperature of the resistance minima
on the high side and the temperature of the inflection point
on the low side. Figure 2!a" displays the T-x phase diagram
for each of the Ba!Fe1−xTMx"2As2 !TM=Co, Ni, Cu, and
Co/Cu" series. Whereas the suppression of the upper phase
transitions for each of these different series appears to de-
pend on x in a similar manner, the occurrence of supercon-
ductivity is not well described by this parametrization. Su-
perconductivity is found for a wide range of Co-doping
values, a narrower range of Ni doping values, and an even
narrower range of Cu doping values #in the
Ba!Fe1−x−yCoxCuy"2As2 series$.

There is, of course, a second way of plotting these data:
transition temperature as a function of extra conduction elec-
trons added by the dopant, i.e., grossly assuming the validity
of a rigid band approximation for these dopants. For TM
=Co, the number of impurity atoms, x, per TM site is the
same as the number of extra valence electrons, e, per TM
site. When TM=Ni or Cu, this is not the case. A second
parametrization of the data inferred from Fig. 1 is shown in
Fig. 2!b": a T-e phase diagram, where e is the number of
extra valence electron added per Fe/TM site !for the case of
Co e=x, for the case of Ni e=2x, and for the case of Cu e
=3x". This parametrization does a much better job of unify-
ing the superconducting domes of these compounds but
clearly does a much poorer job of capturing the physics of
the suppression of the upper structural/antiferromagnetic
phase transitions.

FIG. 1. !Color" The temperature-dependent resistivity, normal-
ized by room-temperature value, for electron-doped
Ba!Fe1−xTMx"2As2 !TM=Co, Ni, Cu, and Co/Cu" series: !a"
Ba!Fe1−xCox"2As2.3 Inset: low-temperature data for
Ba!Fe1−xCox"2As2 !b" Ba!Fe1−xNix"2As2. Inset: low-temperature
data for Ba!Fe1−xNix"2As2, !c" Ba!Fe1−xCux"2As2, !d"
Ba!Fe1−x−yCoxCuy"2As2. Inset: low-temperature data for
Ba!Fe1−x−yCoxCuy"2As2.

CANFIELD et al. PHYSICAL REVIEW B 80, 060501!R" !2009"
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It should be noted that whereas the assumption that Ni
!and Co" doping can shift the Fermi level upward, #because
of the higher valence electron count in Ni2+ !3d8" compared
to Fe2+ !3d6"$ !Ref. 14" is generally accepted, the state of Cu
impurities and their effect on the Fermi level and band struc-
ture is less clear. Recent Hall and thermoelectric power
data15 are consistent with Cu electron doping the BaFe2As2
at a rate that is clearly larger than Co doping, so the assump-
tion that, for low doping levels, Cu is adding three valence
electrons per atom seems plausible.

Although x and e are intuitive !and relatively easy to de-
termine" parameters, they are certainly not unique ones. Fig-
ures 3!a"–3!d" demonstrate that whereas the c-lattice param-
eter variation is similar to x, the variations in the a-lattice
parameter, the volume and the a /c ratio do not show univer-
sal behavior when plotted as a function of x. This means that
the statement that the upper structural and antiferromagnetic
phase transitions scale with x is equivalent !experimentally"
with the statement that they scale with the variation in the
c-lattice parameter.

Further examination of Figs. 3!a"–3!d" reveals that
whereas a change in parameter from x to e will not lead to a
collapse of the data for a /a0, c /c0, or V /V0 onto a universal
curve, the variation in the a /c data appears promising, show-
ing variations in x that differ by factors of 2 and 3. Figure
3!e" plots the variation in a /c as a function of e. As clearly
shown, a /c and e are experimentally equivalent variables
!for 3d TM electron doping" as well.

One obvious parameter that has not been examined in this
study is the As-Fe-As bonding angle. Unfortunately this was
not extracted from our diffraction data, and given that the
location of the As site is free to vary, it is hard to model.
Future measurements will have to determine whether this
angle is related to either x or e.

FIG. 2. !Color online" !a" Transition temperature as a function
of the number of substitutional transition-metal ions per Fe site; !b"
transition temperature as a function of extra electrons contributed
by TM substitution per Fe site. For both plots the transition tem-
peratures were determined in a manner similar to that described in
Ref. 3 and the text.

FIG. 3. !Color online" Normalized structural parameters mea-
sured at %300 K. !a" a /a0, !b" c /c0, !c" V /V0, and !d"
!a /c" / !a0 /c0" as a function of transition-metal doping, x, and !e"
!a /c" / !a0 /c0" as a function of extra conduction electrons, e. !a0
=3.9621 Å and c0=13.0178 Å".
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TM doping in BaFe2-xTxAs2 (T = Co and Ni)

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

But...!!
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resistivity values are plotted. Although only resistivity data
are presented in this Rapid Communication, detailed magne-
tization and specific-heat data have also been collected; as in
the case of Ba!Fe1−xCox"2As2,3 these thermodynamic data
further support the T!x" phase diagrams we infer from trans-
port data.

Figures 1!a" and 1!b" present the temperature-dependent
normalized resistivity for Ba!Fe1−xTMx"2As2 system for
TM=Co and Ni, respectively. For each TM dopant there is a
clear suppression !and separation" of the upper transitions
with increasing x and superconductivity is clearly stabilized

once the structural/magnetic phase transitions are sufficiently
suppressed and exists in both the orthorhombic/
antiferromagnetic phase as well as in the tetragonal one at
high dopings.3,7,11 Although BaCu2As2 itself appears to be a
relatively innocuous compound,12,13 the Ba!Fe1−xCux"2As2
series #Fig. 1!c"$ reveals a key difference: although the sig-
nature of the structural/antiferromagnetic phase transition is
suppressed in a manner similar to that seen for TM=Co and
Ni, there is no superconductivity found for any x value tried
!up to values six times greater than the x=0.061 shown".
This means that the signatures of the orthorhombic/
antiferromagnetic transitions are not truncated by supercon-
ductivity and can be observed to fade as x is increased.

In order to clarify the effect of Cu as a dopant !i.e., is it
particularly pernicious to superconductivity or is it essen-
tially part of a continuum that contains Co and Ni dopants as
well" we studied a Ba!Fe1−x−yCoxCuy"2As2 series !x%0.022
and 0!y"0.05". Figure 1!d" presents selected normalized
resistivity plots for this series. As can be seen in Fig. 1!a", a
Co doping of x=0.024 is insufficient to induce superconduc-
tivity, but additional doping by Cu #Fig. 1!d"$ can indeed
induce superconductivity. These data clearly show that Cu is
not inherently antithetical to the superconducting state and
that there may well be a deeper and more profound realiza-
tion to be made based on these data.

The data presented in Fig. 1 can be summarized in a T-x
phase diagram. The transition temperature values for the up-
per structural and magnetic phase transitions were inferred
from these data in manner similar to that used in Ref. 3 and
subsequently supported by microscopic measurements.7,8 For
the higher Cu concentrations !x=0.05 and 0.061" the resis-
tive features become so broad that the error bars associated
with the determination of the upper !only detectable" transi-
tion are defined by the temperature of the resistance minima
on the high side and the temperature of the inflection point
on the low side. Figure 2!a" displays the T-x phase diagram
for each of the Ba!Fe1−xTMx"2As2 !TM=Co, Ni, Cu, and
Co/Cu" series. Whereas the suppression of the upper phase
transitions for each of these different series appears to de-
pend on x in a similar manner, the occurrence of supercon-
ductivity is not well described by this parametrization. Su-
perconductivity is found for a wide range of Co-doping
values, a narrower range of Ni doping values, and an even
narrower range of Cu doping values #in the
Ba!Fe1−x−yCoxCuy"2As2 series$.

There is, of course, a second way of plotting these data:
transition temperature as a function of extra conduction elec-
trons added by the dopant, i.e., grossly assuming the validity
of a rigid band approximation for these dopants. For TM
=Co, the number of impurity atoms, x, per TM site is the
same as the number of extra valence electrons, e, per TM
site. When TM=Ni or Cu, this is not the case. A second
parametrization of the data inferred from Fig. 1 is shown in
Fig. 2!b": a T-e phase diagram, where e is the number of
extra valence electron added per Fe/TM site !for the case of
Co e=x, for the case of Ni e=2x, and for the case of Cu e
=3x". This parametrization does a much better job of unify-
ing the superconducting domes of these compounds but
clearly does a much poorer job of capturing the physics of
the suppression of the upper structural/antiferromagnetic
phase transitions.

FIG. 1. !Color" The temperature-dependent resistivity, normal-
ized by room-temperature value, for electron-doped
Ba!Fe1−xTMx"2As2 !TM=Co, Ni, Cu, and Co/Cu" series: !a"
Ba!Fe1−xCox"2As2.3 Inset: low-temperature data for
Ba!Fe1−xCox"2As2 !b" Ba!Fe1−xNix"2As2. Inset: low-temperature
data for Ba!Fe1−xNix"2As2, !c" Ba!Fe1−xCux"2As2, !d"
Ba!Fe1−x−yCoxCuy"2As2. Inset: low-temperature data for
Ba!Fe1−x−yCoxCuy"2As2.
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It should be noted that whereas the assumption that Ni
!and Co" doping can shift the Fermi level upward, #because
of the higher valence electron count in Ni2+ !3d8" compared
to Fe2+ !3d6"$ !Ref. 14" is generally accepted, the state of Cu
impurities and their effect on the Fermi level and band struc-
ture is less clear. Recent Hall and thermoelectric power
data15 are consistent with Cu electron doping the BaFe2As2
at a rate that is clearly larger than Co doping, so the assump-
tion that, for low doping levels, Cu is adding three valence
electrons per atom seems plausible.

Although x and e are intuitive !and relatively easy to de-
termine" parameters, they are certainly not unique ones. Fig-
ures 3!a"–3!d" demonstrate that whereas the c-lattice param-
eter variation is similar to x, the variations in the a-lattice
parameter, the volume and the a /c ratio do not show univer-
sal behavior when plotted as a function of x. This means that
the statement that the upper structural and antiferromagnetic
phase transitions scale with x is equivalent !experimentally"
with the statement that they scale with the variation in the
c-lattice parameter.

Further examination of Figs. 3!a"–3!d" reveals that
whereas a change in parameter from x to e will not lead to a
collapse of the data for a /a0, c /c0, or V /V0 onto a universal
curve, the variation in the a /c data appears promising, show-
ing variations in x that differ by factors of 2 and 3. Figure
3!e" plots the variation in a /c as a function of e. As clearly
shown, a /c and e are experimentally equivalent variables
!for 3d TM electron doping" as well.

One obvious parameter that has not been examined in this
study is the As-Fe-As bonding angle. Unfortunately this was
not extracted from our diffraction data, and given that the
location of the As site is free to vary, it is hard to model.
Future measurements will have to determine whether this
angle is related to either x or e.

FIG. 2. !Color online" !a" Transition temperature as a function
of the number of substitutional transition-metal ions per Fe site; !b"
transition temperature as a function of extra electrons contributed
by TM substitution per Fe site. For both plots the transition tem-
peratures were determined in a manner similar to that described in
Ref. 3 and the text.

FIG. 3. !Color online" Normalized structural parameters mea-
sured at %300 K. !a" a /a0, !b" c /c0, !c" V /V0, and !d"
!a /c" / !a0 /c0" as a function of transition-metal doping, x, and !e"
!a /c" / !a0 /c0" as a function of extra conduction electrons, e. !a0
=3.9621 Å and c0=13.0178 Å".
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Summary

Successfully grown the single crystals of AFe2As2

Superconductivity is observed by electron doping 
in the tetragonal phase of CaFe2-xTxAs2

A phase diagram has been constructed based on 
the systematic study of Ni-doping in CaFe2-

xNixAs2

Superconductivity is observed for an optimum 
doping concentration of x = 0.06

H // [001] 
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Thank you....!!!
Group Website:  http://www.tifr.res.in/~crystalgrowth

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