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High-Tc superconducting elements
under very high pressures 

Katsuya SHIMIZU
KYOKUGEN, Center for Quantum Science and 

Technology under Extreme Conditions

Osaka University

RTS Workshop
Loen, Norway,17-23 June 2007
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outline

Superconductivity on the table

How high can we push it up?

History

Tc at Mbar pressure

Sc from insulator

Halogen, Chalcogen

Sc from metal

Alkaline, Heavy alkaline

Summary and future challenge
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High-Tc superconductors under pressure

●MgB2 39 K

●HgBa2Ca2Cu3Oｙ ～138 K 
～164 K (WR) 

E. A. Ekimov al., Nature 428(2004)542.

●B-doped diamond ～11 K

courtesy；
Prof. H. Takahashi

J. Nagamatsu et al., Nature 410 (2001) 63.
F. S. Razavi et al., Physica C 366 (2002) 73.

●Li, Y, Ca ～20 K （30～50 GPa）

L. Gao et al., Phys. Rev. B 50, 4360 (1993).

K. S et al., Nature 419 (2002) 597.



R
T

S
2

0
0

7
W

o
rk

s
h

o
p

: 
T

h
e

 R
o

a
d

 t
o

 R
o

o
m

 T
e

m
p

e
ra

tu
re

 S
u

p
e

rc
o

n
d

u
c

ti
v
it

y
 (

R
T

S
)

RPS; room pressure superconductors

3Li

(30)
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Superconducting Elements 2007

3Li

(30)

(6)
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forgetting about “pressure” 

52 elements get Sc
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The history in elements…

Onnes 1911

C. Buzea & K. Robbie, Supercond. Sci. Technol. 18 (2005) R1–R8

S

K. J. Dunn and F. P. Bundy: Phys. Rev. B 25 (1982) 194. S. Okada et al., J. Phys. Soc. Jpn. 65 (1996) 1924.

Y

S

30GPa

150GPa

160GPa

50GPa
115GPa
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1mm

Diamond anvil

Experimental tools
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Halogen, Chalcogen, Nitrogen,…, Hydrogen,…

X2 molecule

H2、 O2、 N2、 F2、 Cl2、 Br2、 I2

Molecular insulator Molecular metal Monatomic metal

oxygen
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Iodine

Tc~1.5K

Bromine

Tc~1.5K

Oxygen

Tc~0.5K
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S. Kometani et al,. J. Phys. Soc. Jpn., 66 (1997) 2564.

Insulator

Semiconductor

Metal

Superconductor

Cool,

down

Press,

Dense

sulfurSuperconductor from insulator            

Tc = 15 K
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1 10 100

Pressure(GPa)

molecule atomic

ε8O

16S

34S

e
52Te

superconductivity

ζδβliquid

bco

bco

bco
monocli. β-Po

monocli. β-Po

β-Po

bcc

bcc

1 10 100

Pressure(GPa)

molecule atomic

liquid insulator metal

superconductivity

hex.

spiral-chain

hex.

spiral-chain

ortho. bco

bco

bco
monocli. β-Po

monocli. β-Po

β-Po

bcc

bcc

δβ ε ζ

amorphous

tetragonal

tetragonal

8O

16S

34S

e
52Te

16S 17 K at 200 GPa

34Se 8 K at 150 GPa

56Te 7.4 K at 35 GPa
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Lighter elements; higher Tc at higher P

monoclinic

ortho.

b-Po bcc
trends of Tc

↓ Molecular dissociation, (=metallization)

Oxygen may need 

much higher pressure

VIb
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8O

16S

34Se52Te

8O 1.6 K at 156 GPa

16S 17 K at 200 GPa

34Se 8 K at 150 GPa

56Te 7.4 K at 35 GPa

New data for metallic oxygen

Oxygen  156 GPaOxygen  14 GPa

Mizobata
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Li: metal-hydrogen-like metal?

Fine deposited electrodes 

enables true 4-probe method.

Li

I+

I-

V+

V-

φ200μm

electrodes (Cu)
electrodes (Pt)

LDA 2s charge density in Cmca structure

J.B.Neaton and Ashcroft, Nature 400, 141 (1999)

High chemical activity
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Lower symmetry, lower conductivity 

Density of states at the Fermi level for fcc-Li 

and cI16-Li

N. E. Christensen and D. L. Novikov,                       

Phys. Rev. Lett., 26, 1863 (2001).

The significant increase of ρ.
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S. Deemyad and J. S. Schilling

K. Shimizu et al.

Resistance measurement

non-hydrostatic (no pressure medium)

Magnetization measurement

hydrostatic (Helium pressure medium)

Hydrostaticity, Structural effect, Further transition at high pressure

Lithium: Tc-P
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Deposited electrodes

(Cu)

Sample (Li) φ30 μm x 20 μm t

Beveled anvil 

(φ100 -300μm) 

SPring-8 BL10XU

x-ray diffraction + resistance measurement @ SP8  

x-ray

4K-pulse tube refrigerator

(small vibration < 5 mm)

Raman spectrometer

(pressure determination)

He-gas pressure driven DAC

15mmf

Matsuoka
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fcc hR1 cI16 ? ? ?

?

< 9K

?

< 9K

?

< 9K

structure

Tc

Tc vs. Pressure and structural sequences
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Boron,  b-boron

M. I. Eremets et al. Science 293 (2001) 272. 
0 50 100 150 200 250

100

1E7

b-boron

300 K

R
e
s
is

ta
n
c
e
, 
O

h
m

Pressure, GPa

160 180 200 220 240 260

4
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0.05 K/GPa

T
C
, 

K

Pressure, GPa
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Superconductivity in heavy alkaline (IIa) metals

trends of Tc in Ba

S. Okada et al., J. Phys. Soc. Jpn. 65 (1996) 1924.

bcc

hcp

Ba-IV
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 Max. Tc in Ba-IV type structure

Structural sequence in heavy alkaline (IIa) metals

 s-d electronic transfer

pressure

Sr-III Sr-IV

3.5 24 35 46 150 

Sr-V(Ba-IV)bccSr

Ba-IV

5.5 12.6 45 105 

hcpBa

sc

20 32

bccfccCa

bcc hcp

80 

M.Winzenick and W. B. Holzapfel, High Pressure 

Science & Technology, p384-p386 (1995).

fcc

Ba-IV

M. I. Mcmahon et al., Phys. Rev. B 61, 3135 (2000).

0 50 100 

trends of Tc

bcc

hcp ?

Ba-IV
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New structure in calcium at megabar pressure

pressure

Sr-III Sr-IV

3.5 24 35 46 150 

Sr-V(Ba-IV)bccSr

sc

20 32

bccfccCa

fcc

0 50 100 

100 100 Ca-IV

148

Ca-V

158GPa119

 Max. Tc in Ba-IV type structure

 s-d electronic transfer

Ba-IV

5.5 12.6 45 105 

hcpBa bcc hcp

M.Winzenick and W. B. Holzapfel, High Pressure 

Science & Technology, p384-p386 (1995).

M. I. Mcmahon et al., Phys. Rev. B 61, 3135 (2000).

100 Ca-IV , Ca-V Ba-IV≠

T. Yabuuchi et al., J. Phys. Soc. Jpn. 74 2391 (2005).

?
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Resistance at room temperature

Ba

Sr

R. A. Stager and H. G. Drickamer, Phys. Rev. 131, 2524 (1963). 
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Superconductivity in Ca

T. Yabuuchi et al., J. Phys. Soc. Jpn. 75 (2006).
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Pressure dependence of Tc
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heavy alkaline

Mizobata
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from insulator

[P] I. Shirotani et al., Phys. Rev. B 50 (1994) 16274.

[S] S. Kometani et al., J. Phys. Soc. Jpn. 66 (1997) 2564.

[B] M. I. Eremets et al., Science 293 (2001) 272.

[La] V. G. Tissen, Phys. Rev. B 53 (1996) 8238.

[Li] K. Shimizu et al., Nature 419 (2002) 597.

[V] M. Ishizuka et al., Phys. Rev. B 61 (2000) R3823.

[Ca] S. Okada et al., J. Phys. Soc. Jpn. 65 (1996) 1924.

High Tc elements (≡Tc > 10 K)   at  P > 100 GPa

from metal
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forgetting about “pressure” 

52 elements get Sc
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Observed the highest Tc

>20

15-20

10-15

5-10

1- 5 

< 1

Tc(K)

P >100 GPa



R
T

S
2

0
0

7
W

o
rk

s
h

o
p

: 
T

h
e

 R
o

a
d

 t
o

 R
o

o
m

 T
e

m
p

e
ra

tu
re

 S
u

p
e

rc
o

n
d

u
c

ti
v
it

y
 (

R
T

S
)

Tc (K)

>25

25~20

20~15

15~10
10~5

5~1

<1

Summary

Buzea (2005).

2006

Ca 

25.6 K

161 GPa

 Superconductivity: universal nature?

 Bad metals become good superconductors.
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 Challenging subjects 

 Hydrostaticity  uniaxial compression

 Higher P (>300 GPa)

 In situ & precise measurements ( SC , +X-ray , Heat 

Capacity , + Thermal expansion,  ・・・)

and future

http://www.ile.osaka-u.ac.jp/gijyutsu/shogen.htm

