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Tailoring the crystal structure towards optimal superconductors

OUTLINE

•
 

“Practical”
 

superconductors
–

 
What we know

–

 
Opportunities for discovery

•
 

Reduced anisotropy in a new Fe pnictide compound: 
 CaFe4

 

As3
•

 
Interplay between competing interactions

–

 
Charge density wave and superconductivity: intercalated 

 dichalcogenides 1T‐Cux

 

TiSe2

 

, 2H‐Cux

 

TaS2

•
 

Conclusions and outlook
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“Practical”
 

superconductors

•
 

High Tc
 

is not enough
–

 
More important: high

 
carrier density, low

 
electron 

 mass anisotropy

•
 

What we know:
1.

 
Layered

 
crystal structure

square Cu‐O lattice
High anisotropy

“perfect” tetrahedra
less two‐dimensional

Maximum Tc ~ 50 K 
much smaller than maximum in HTS (~160K)

Jun Zhao et al. Nature Materials, 7

 

953 (2008)

Cuprates:

Pnictides:
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“Practical”
 

superconductors

•
 

High Tc
 

is not enough
–

 
More important: high

 
carrier density, low

 
electron 

 mass anisotropy

•
 

What we know:
1.

 
Layered

 
crystal structure

square Cu‐O lattice
High anisotropy

“perfect” tetrahedra
less two‐dimensional

Maximum Tc ~ 50 K 
much smaller than maximum in HTS (~160K)

J. Rodgers et al., arxiv

 

0908.1167 (Aug 11 2009)

Cuprates:

Pnictides:
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“Practical”
 

superconductors

•
 

What we know:
2.

 
Competing interactions:

 
superconductivity and 

 magnetism

Doping suppresses SDW in favor of SC
Fe, Ni “1111”, “122”: Tc

 

~ 50 K
Kito

 

et al.,

 

JPSJ 77

 

063707 (2008)

No magnetic ordering in stoichiometric LiFeAs, Tc ~ 18 K
Tapp

 

et al.,

 

PRB 78

 

060505(R) (2008)

No magnetic moments in Rh, Ir, Pd, Pt “122”
compounds 

Much smaller Tc ~ 1‐2 K 
Hirai et al., JPSJ 78

 

023706 (2009); Berry

 

et al., PRB 79

 

180502(R) (2009)
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“Practical”
 

superconductors

•
 
What we know:
2.

 
Competing interactions:

 
superconductivity and 

 magnetism

Coexistence of magnetic order and SC?

Strain‐induced SC and FM in 

 stoichiometric SrFe2

 

As2

Partial superconducting transitions in 
stoichiometric “122” compounds

Sample‐dependent

Saha

 

et al.,

 

PRL 103

 

037005 (2009)

Tanatar

 

et al., PRB 79

 

134528 (2009); Torikachvili

 

et al., PRL 101 057006 (2009); 

 
Torikachvili

 

et al., PRB 80 014521 (2009)
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“Practical”
 

superconductors

•
 

Opportunities for discovery: interplay of layered 
 structures and competing interactions

–
 

Superconducting “Fe‐As”
 

type layers separated by 
 blocking layers (B)

•

 
B = R‐O (“1111”), A2+ (“122”), A1+ (“111”)

–
 

Beyond pnictides: Fe1+δ

 

Se

•no blocking layer
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Opportunities for discovery

•
 

Design potential new SC: “Fe‐As”
 

+ B

Tetragonal

Fe

 

-

 

Pn

B



10

Tailoring the crystal structure towards optimal superconductors

Opportunities for discovery

•
 

Design potential new SC: “Fe‐As”
 

+ B

Will lower symmetry work?

B

Fe

 

–

 

Pn

Fe

 

–

 

Pn

Orthorhombic
Hexagonal
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Opportunities for discovery

•
 

Routes to reduced anisotropy:
–

 
pressure: push layers together

–
 

doping = chemical pressure
–

 
coupled Fe‐Pn

 
layers ⇒

 
less 2D crystal structure?

Coupled
Fe

 

–

 

Pn
layers

B

“Broken”
Fe

 

–

 

Pn
layers

“Double”
Fe

 

–

 

Pn
layers

Tetragonal
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Ca

five

 

fold coordinated Fe

four

 

fold coordinated Fe

Ca

 

ions sit in channel

Opportunities for discovery

•
 

Routes to reduced anisotropy:
–

 
“locally layered”

 
structure: CaFe4

 

As3

Fe‐As

 

ribbons form channels 

 along b axis

Zhao et al.,

 

PRB 80

 

020404(R) (2009)
Todorov

 

et al., JACS 131

 

5405 (2009)

Orthorhombic
Pnma

a = 11.88407 Å
b = 3.73422 Å
c = 11.58577 Å
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CaFe4
 

As3
 

–
 

crystal structure

•
 

Infinitely long, narrow Fe‐As ribbons 
LaFeAsO

Infinite Fe‐As planes
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CaFe4
 

As3 
 

‐
 

anisotropic magnetization 

•

 
M(T) H = 0.1 T

0 50 100 150 200 250 300
400
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1600
CaFe4As3

H||acH = 0.1 T

 

 

H
/(M

-M
0) (

m
ol

Fe
/e

m
u)

T(K)

H||b

0 40 80 120

0.0028

0.0032

0.0036

H||ac

H||b

CaFe4As3

M
/H

(e
m

u/
m

ol
Fe

)

T(K)

H = 0.1 T

Magnetic ordering (antiferromagnetic) TN

 

= 88 K

Second phase transition around T2

 

= 26 K

Slight upturn in low‐T M(T) ⇒ FM ?

Curie‐Weiss behavior at high T:

χ(T) = χ0

 

+ C/(T ‐

 

θ)

χ0

 

~ 10‐3

 

emu/molFe

μeff

 

= 1.7 μB
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CaFe4
 

As3 
 

–
 

resistivity

•

 
ρ(T)    i||b

Metallic above TN

 

= 89 K

Local minimum around TN

 

⇒ SDW

Second phase transition around T2

 

= 26 K
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i || b
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CaFe4
 

As3 
 

– Fermi liquid behavior at low T

•

 
ρ(T)    i||b

ρ0

 

= 42

 

μΩ

 

cm

Δρ

 

~ AT2, A = 0.25 μΩ

 

cm/K2

0 200 400 600 800
0

40

80

120 CaFe4As3

i || b
H || ac

 H = 0
 H = 9 T

 

 

Δρ
(μ

Ω
cm

)

T2(K2)
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CaFe4
 

As3 
 

– specific heat

0 20 40 60 80 100
0

10

20

30

40

0 200 400 600
0.0

0.2

0.4

0.6

C
p(J

/m
ol

Fe
 K

)

T(K)

TN = 87 K

CaFe4As3

γ ~ 0.02 J/mol K2 

 

 

C
p/T

(J
/m

ol
 K

2 )

T2(K2)

400 800 1200
0.08

0.12

0.16

0.20

0.24 CaFe4As3

C
p/T

(J
/m

ol
 K

2 )

T2(K2)

T2 = 26.4 K

γ
∗  ~ 0.08 J/mol K

2  

•

 

Peak at TN

 

but no visible feature around 

 
low‐T transition in Cp

•

 

γ

 

= 20 mJ/(molFe

 

K2)

•

 

Linear Cp

 

/T (T2) above T2

•

 

High temperature (26 K < T < 36 K) 

 
γ* = 20 mJ/(molFe

 

K2)
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CaFe4
 

As3 

0 20 40 60 80 100 120

H||ac
H = 0.1 T

H||b
H = 0.1 T

CaFe4As3
-d

ρ/
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ni
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CaFe4
 

As3 
 

– Kadowaki‐Woods ratio

0 < T < 15 K:

•Electronic specific heat coefficient

• γ

 

~ 20 mJ/(molFe

 

K2)

•Fermi liquid behavior:
• Δρ

 

~ AT2, A = 0.25 μΩ

 

cm/K2

⇓
KW = A/γ2

 

= 55 a0
(a0

 

= 10‐5

 

μΩ

 

cm mol2

 

K2/ mJ2)

Cu0.07

 

TiSe2

a0

 

= 10-5

 

μΩcmK2mol2mJ-2

0.04a0

a0

280a0

60a0

CaFe4

 

As3

Nax

 

CoO2

Sr2

 

RuO4

 

(Ac

 

)

Sr2

 

RuO4

 

(Aab

 

)

YbFe2

 

Zn20

YbCo2

 

Zn20



20

Tailoring the crystal structure towards optimal superconductors

CaFe4
 

As3 
 

‐
 

next steps

-
 

Doping and pressure studies
-

 
Can SC be induced in

 
this 3D “locally”

 
layered structure?

-
 

Is there FM coupling at low T?
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“Practical”
 

superconductors

•
 
What we know:
1.

 
Layered crystal structure

–
 
Reduced anisotropy: CaFe4

 

As3
2.

 
Competing interactions: charge density wave and 

 superconductivity – Cux
 

TiSe2

Se

Cu

Ti
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X = S, Se, TeM = transition metal

CDW‐to‐SC transition in Cux
 

TiSe2
•

 
Layered dichalcogenides (S, Se, Te based compounds)
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–
 
Often display spin density wave, charge density 

 wave transitions

–
 
Interesting physics, ground states can be tuned 

 between different ground states

magnetic field

chemical doping

pressure

CDW‐to‐SC transition in Cux
 

TiSe2
•

 
Layered dichalcogenides (S, Se, Te based compounds)
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CDW‐to‐SC transition in Cux
 

TiSe2
•

 
CDW 

 
and 

 
superconductivity: 

 
competing 

 
collective 

 electron states

•

 
Tuning 

 
parameters 

 
(pressure, 

 
doping) 

 
used 

 
to 

 
study 

 this 

 
competition 

 
in 

 
low‐dimensional 

 
systems 

 
where 

 
both 

 states existed

•

 
No 

 
known 

 
system 

 
where 

 
chemical 

 
doping 

 
results 

 
in 

 new superconducting state

•

 
Cux

 

TiSe2

 

: 

 
first 

 
example 

 
of 

 
doping 

 
induced 

 
CDW‐to‐

 superconductivity transition
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DiSalvo

 

et al.,

 

Phys. Rev. B

 

14

 

(1976)

Properties of TiSe2
Layered (2D) dichalcogenide

Charge density wave (CDW) transition: TCDW ≈ 200 K

No incommensurate CDW

Mechanism for the CDW formation – controversial

•

 

Not driven by Fermi surface nesting

•

 

Exciton

 

formation, indirect Jahn‐Teller 

 effect

Resistivity very sensitive to non‐
stoichiometry and impurities
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Normal state (T > TCDW

 

): Semimetal or semiconductor ?

Properties of pure TiSe2

0

Γ L 

E
ne

rg
y 

(e
V)

T > TCDW

0

T < TCDW

E
ne

rg
y 

(e
V

)

Γ

T > TCDW 

• small indirect gap

T < TCDW

•

 

Folding of L point at Γ

•

 

Larger indirect gap at different 

 location in the Brillouin zone
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Normal state:

 
Semimetal

 
or

 
semiconductor

 
?

DiSalvo

 

et al.,

 

Phys. Rev. B

 

14 (1976)

Bachrach

 

and Skibowski, Phys. Rev. Lett. 37 (1976)

Friend et al.,

 

J. Phys C: Solid State Phys. 10 (1977)

Wilson, Solid State Commun.

 

22 (1977)

Zunger,A. and A.J. Freeman, Phys. Rev. B

 

17 (1978)

Chen et al.,

 

Phys. Rev. B

 

21 (1980)

Margaritondo

 

et al.,

 

Phys. Rev. B

 

23 (1981)

H. Myron and A. Freeman, Phys. Rev. B

 

9 (1974)

Stoffel

 

et al.,

 

Phys. Rev. B

 

31 (1985)

Anderson et al.,

 

Phys. Rev. Lett.

 

55 (1985)

Starnberg

 

et al.,

 

J. Phys C: Solid State Phys. 20 

 
(1987)

R. Coleman et al., Surface Properties of Layered 

 
Structures (1992)

Kidd et al.,

 

Phys. Rev. Lett.

 

88 (2002)

Properties of pure TiSe2

Li et al. PRL

 

99

 

27404 (2007) – “Semimetal to semimetal CDW transition in 1T‐TiSe2

 

”



28

Tailoring the crystal structure towards optimal superconductors

Cu doping of TiSe2
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x  in CuxTiSe2

a

 

CuxTiSe2

Se

Cu

Ti

E. Morosan et al., Nature Physics

 

2 (2006)
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Magnetic susceptibility drops on cooling through CDW transition

As x increases:

•

 

TCDW

 

decreases for x ≤

 

0.05

•

 

ΔχCDW

 

decreases for x ≤

 

0.05

•

 

χ0

 

increases
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-1x10-5

0
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m

u/
m
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i)

Temperature (K)

CuxTiSe2

Cux
 

TiSe2
 

(0 ≤ x ≤ 0.10)
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Cux
 

TiSe2 
 

(0 ≤ x ≤ 0.10)
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CuxTiSe2

x = 0.10

0.08R
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tiv
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 (m

Ω
 c

m
)

Temperature (K)

x = 0

0.02

As x increases:

•

 

smaller ρ(T) values – more metallic

•

 

ρ(300K)/ρ(5K) increases

•

 

decreasing Δρpeak

•

 

TCDW

 

decreases for x ≤

 

0.06

•

 

superconductivity occurs for x ≥

 

0.04

•

 

S < 0 (x > 0): electron doping 
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The superconducting state in Cux
 

TiSe2

0 1 2 3 4 5 6
0.00
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H = 0

•

 

Superconductivity exists for 0.04 ≤

 

x ≤

 

0.10

•

 

Tc

 

maximum for x = 0.08: Tc

 

= 4.15 K
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heat capacity

•

 
Normal state (T > Tc

 

):

Cp

 

(T) = γT + B T3 

γ

 
= 4.3 mJ/(mol K2)

•

 
The SC phase transition:

Tc

 

= 4.15 K

Heat capacity jump: 

 ΔCe

 

(Tc

 

)/(γTc

 

) = 1.68
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Cux
 

TiSe2
 

(single crystals)

•

 

Thin hexagonal plates

•

 

Grown via I2 

 

or excess Se vapor transport

E. Morosan et al., Phys. Rev B 75

 

(2007) 104505

TiSe2
Thot Tcold

Cu0.07
 

TiSe2
• Vapor transport using CuCl2
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Cu0.07
 

TiSe2 
 

(single crystals): type II superconductor
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Cu0.07
 

TiSe2     
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Cu0.07
 

TiS2
 

Hc

 

– T phase diagram
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J. R. Clem, Physica

 

C 162-164

 

(1989)
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(μΩ cm)

RRR Hc2

 

(0)

(T)

ξ(0)
(nm)

H*
c1

 

(0)

(Oe)

γanis

 

(0) κ(0) λ(0)
(nm)

H||ab 1.238 21.3 32 25 285

H||c 0.729 12.5 53 13.4 584

3.9 80 6.5 ξab

 

/ ξc 

 

≈

 

1.7 1.7 λc

 

/λab

 

≈

 

2

Anisotropic Ginzburg –
 

Landau theory

Hc2
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/ (2π ξab

 

ξc
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Hc2
c
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•

 

How does SC arise?

‐

 

2D to 3D transition

‐

 

change in electron count

‐

 

melting of the CDW by disorder

•

 

What happens below Tc

 

and 0.04 

 < x < 0.07?

Cux
 

TiSe2
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Cux
 

TiSe2 
 

–
 

Raman spectroscopy

open:

 

p = T/TCDW

x = 0       TCDW

 

= 218 K
x = 0.02  TCDW

 

= 180 K
x = 0.03  TCDW

 

= 140 K

closed: p = x/xc
T = 60 K     xc

 

= 0.06

•

 

Identical

 

composition

 

and 

 thermal mode

 

softening

ω0

 

/ ω0

 

(0) = (1 ‐

 

p)β

p =

 

x/xc

 

or

 

T/TCDW
β

 

~ 0.15

ω0 

 

‐

 

CDW amplitude mode frequency

0.00 0.02 0.04 0.06 0.08 0.10
0

20

40

60

80

100

CDW

 SC

METAL
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)
•

 

CDW 

 

phase 

 

boundary 

 

xc

 

(T) 

 

extends 

 below SC dome

H. Barath

 

et al., PRL

 

2008
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CDW transition driven 
down with Cu doping

SC emerges for x ≥ 0.04

CDW and SC coexist for 
0.04 < x < 0.06

TC = 4.15 K maximum for x = 
0.08

E. Morosan et al., Nature Physics

 

2 (2006)

Cux
 

TiSe2
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Cu doping of TaS2

Cu

•

 
many known polytypes

•

 
2H

 
– TaS2

 

: superconductivity Tc

 

~ 

 0.8 K

•

 
commensurate CDW state below 

 TCDW

 

~ 75 K

•

 
some differences with Cux

 

TiSe2

K. Wagner et al., PRB

 

(2008)
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Cux
 

TaS2

K. Wagner et al., PRB

 

(2008)
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• ρ(T) values decrease with Cu‐doping

• non

 
‐monotonic x‐dependence of Tc

• optimal

 
 composition for SC: x ≈

 
0.04
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• Tc

 

vs. x – max at x = 0.04

• non

 
‐monotonic x‐dependence of γ
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Cux
 

TaS2
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Comparison between
 

Cux
 

TiSe2
 

and Cux
 

TaS2
1T ‐TiSe2

 

: 
•

 

commensurate CDW
–TCDW

 

= 220 K

– no FS nesting

•

 

no superconductivity (SC)

Cux

 

TiSe2
•

 

increasing x: monotonous increase in
‐

 

lattice parameters
‐

 

electronic specific heat coefficient γ
‐

 

M(300K)

•

 

SC occurs for x ≥ 0.04
•

 

xoptimum

 

= 0.08: 
–Tc

 

= 4.15 K 
– Hc2

 

= 1.28 T

2H ‐TaS2

 

: 
•

 

more conventional CDW:
–

 

incommensurate

–

 

TCDW

 

= 75 K

–

 

FS nesting

•

 

superconductivity: Tc

 

= 0.8 K

Cux

 

TaS2
•

 

increasing x:
‐

 

lattice parameters increase

‐

 

γ

 

= max around xoptimum

 

= 0.04

•

 

Tc

 

almost triples for x = 0.01
•

 

xoptimum

 

= 0.04: 
–

 

Tc

 

= 4.45 K
–

 

Hc2

 

= 4.9 T
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Conclusions and outlook

•
 

Numerous possibilities to try and design of new, 
 practical superconductors:

–

 
use “Fe‐As”

 
and blocking B layers to build new crystal 

 structures

–

 
reduce anisotropy by pressure, doping, coupled “Fe‐As”

 layers, “locally layered”

 
structures (CaFe4

 

As3

 

‐

 
type)

•
 

Doping as tuning parameter between competing 
 ground states in known layered materials

–

 
CDW‐to‐SC induced transition in layered 

 dichalcogenides: Cux

 

TiSe2

 

, Cux

 

TaS2
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