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Status of High Temperature Superconductivity

3(From I.V. Schuller et al.)



What are the Community best Achieved?
A i h f Ch i Ph i i d M i l S i iA triumph of Chemists, Physicists and Material Scientists

M BRb D d d C Na CO yH OMgB2Rb Dopded C60 NaxCO2‧yH2O



(Sc2O2)(SrO)2(Fe2P2)( 2 2)( )2( 2 2)
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1111(Sm, Pr, 2.84 107.4 8.3 ~56
Gd..)

122 2.77 108.9 6.5 ~38

111 2.67 112.7 6.3 ~18

11 2.65 112.18 5.5 ~10



Kli k t l Ph R B79 012505 (2009)

(Sc2O2)(SrO)2(Fe2P2)
Tc = 17 K

Klimczuk et al. Phys. Rev. B79, 012505 (2009) H. Ogino et al. 
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Order at ~ 130K
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FeSe systemFeSe system

• Structure type: B10, anti-PbO
• Pearson symbol: tP4Pearson symbol: tP4
• Space group: P4/nmm, No. 129
• a= 3.783, C= 5.534
• Fe 2a x=0 y=0 z=0Fe  2a  x=0    y=0       z=0
• Se  2c  x=0    y=1/2    z=0.26
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FeSe0.82
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0

Moment transfer (10/nm)

300K 3.783 3.783 5.534 90 90 90

6K 3.775 3.775 5.503 90 90 90.279
Moment transfer (10/nm)

Temperature dependence of the X-ray powder diffractions for FeSe by synchrotron source at 
BL12b2 in SPring 8 with incident beam wavelength of 0.995 Å. Observed (open black circle) 
and calculated (red solid line) powder diffraction intensities of FeSe at (a) 300K using spaceand calculated (red solid line) powder diffraction intensities of FeSe at (a) 300K using space 
group P4/nmm and  (b) 6K using space group P-1. The inset shows a single peak of the (2, 2, 
0) , (2, 0, 3) , (2, 2, 1) reflection at room temperature and splitting two peaks of (2, 2, 0), (2, 2, 
1) at 6K. Blue vertical lines show the Bragg peak positions. 



Detail structure parameterp
(Fe-Se)
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Te-doping (FeSe1-xTex)
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FeSeTe RT measurementFeSeTe RT measurement
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Fe0.5Se0.25Te0.25 diffraction at low 0 5 0 5 0 5
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K.W. Yeh, et al., EPL, 84, 37002 (2008 )



Transition-metal Doping (Fe1-xTmxSe)p g ( 1 x x )
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Cu (FeSe) bulk XRD & RTCu0.1(FeSe)0.9 bulk XRD & RT
5
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Phase Diagram

J. Lynn and P.C. Dai, Physica C, 2009 Kamihara et al., JACS, 2008



Single Crystal Growth
1. Stoichiometriy weights of Fe and Se powders were 

mixed with KCl to give a FeSe (x=0 0 15) to KCl ratio

g y

mixed with KCl to give a FeSex (x=0-0.15) to KCl ratio 
of 1.5:10. 

2 Th d fill d i t t ibl d th2. These powders were filled into quartz crucibles and the 
crucibles evacuated to <1x 10-4 mbar and sealed. 

3 Th ibl h t d t 800 820 C d h ld th3. The crucible was heated to 800-820 oC and held there 
for 25-30 hours to homogenize the solution. 

4. Then it was slowly cooled to 770 oC at 0.5-0.2 oC. 
During this cooling crystals could be seen collecting at 
the top of the solution and grow in size with timethe top of the solution and grow in size with time. 

5. Later the crucible was cooled to room temperature 
while annealing at 400 oC for 20 25 hours beforewhile annealing at 400 oC for 20-25 hours before 
cooling to room temperature. 



FeSe crystal growth (High Pressure)y g ( g )

• Sample weight: FeSe powders ~0.32 g.
• Total time: 3hTotal time: 3h. 



Cu(or Mn) Fe Se crystal (High Pressure)Cu(or Mn)0.1Fe0.9Se crystal (High Pressure)

C ( M ) t l + F S d• Cu (or Mn) metal + FeSe powders
• Sample weight: ~0.32 g.
• Total time: 3h.



FeSe0 88 crystal 
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Floating Zone Melt-growth  of g g
FeSexTe1-x Crystal

• All the crystals are grew in (001) direction and 

they show very well crystallization.

C t l l t l t t ff• Crystals are platelet, easy to peer off

• The properties of the crystal are similar to thoseThe  properties of the crystal are similar to those 

of the bulk.

• High temperature post-annealing makes the 

t l hcrystals more homogeneous



Effects of High Temperature Annealing on Crystals
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Thin Film by PLD
1. Use targets of roughly 1”×8mm 
2. Thin films were deposited in a vacuum chamber 

(~10-5 Torr) using a KrF (λ = 248 nm) excimer laser 
3. The power density of focused laser on the target is 

5~6 J/cm2, and the repetition rate is 2 Hz. 
4. The target-substrate distance is near 50 mm. 
5. The substrate temperature of deposition is varied 

from 250 ˚C to 500 ˚C. 
6. The deposition rate of thin film is about 0.5Å/shot. 
7. In addition, the surfaces of targets were polished 

before each deposition to improve reproducibility.p p p y



FeSe Thin Film
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FeSe (Low Temperature Deposition)  
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The STEM/EDX 
i f 1 (LT )mapping of 1 μm  (LT-) 

FeSe thin film grown at 
320 ˚C. The Fe and Se 
concentrations were 
found uniformly 
distributed along thedistributed along the 
growth direction. This 
indicates that the 
sample is relatively 
homogeneous, and 
rules out Se gradient asrules out Se gradient as 
the reason  to suppress 
superconductivity in 
the low temperature 
growth films.



Questions
• Why Cu-doping destroys superconductivtiy y p g y p y

but not Mn-doping?
• Why FeSe thin films deposit at relatively low• Why FeSe thin films deposit at relatively low 

temperature (with 00l preferred orientation on 
O b ) h hi kMgO substrate) show strong thickness 

dependence, but not in those high temperature 
deposited films (l0l orientation)? 

Strongly Correlated with the Structural 
Distortion at low temperature!!Distortion at low temperature!!



FeSe0 88 crystal 
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FeTe
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The fitting results shows the different shrinking behavior 
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cause from the occupancy of Te is 80% and the larger 
atom size. 
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Neutron diffraction for Fe0.9Mn0.1Se
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Fe1-xCuxSe
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Fe SeCuFe1-xSeCux
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Neutron diffraction for Fe Cu SeNeutron diffraction for Fe0.9Cu0.1Se
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Table X. The critical temperature of 
superconducting, phase transition temperature and p g, p p

gamma angle for iron selenide

``` Tc Phase transition 

temperature

**Gamma angle (o )

at 6 K

FeSe0.88 8.? K ~105K 90.279

FeTe none ~80K * 90

F (S T ) 15 2 K 100K 90 122Fe(Se0.5Te0.5) 15.2 K ~100K 90.122

(FeMn0 1)Se 11.2 K ~85K 90.166(FeMn0.1)Se 11.2 K 85K 90.166

(FeCu0.1)Se none none 90
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The Structural Phase Transition in Fe1+xSe

T. M. McQueen et al., arXiv0905.1065 



Structural and magnetic phase transitions in Na 1−xFeAs

Shiliang Li, et al., arXiv0905.0525



J. Lynn and P.C. Dai, Physica C, 2009



FeSe0.85 Crystal

Temperature dependence of (Cp-Cph)/T in a magnetic field of 0 G. The phononTemperature dependence of (Cp Cph)/T in a magnetic field of 0 G. The phonon 
contribution Cph is 0.586T3-1.39E-4T5. A dotted line represents constant 
electronic specific heat 7.45 mJ/mol-K2 for comparison.



According to the extrapolation fitting curve, the Debye temperature 192~198K 
seems similar to each other, but there is no systematic change in 
electronic specific heat in these three samples

80
 

electronic specific heat in these three samples. 
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The magnetic field dependence of electronic specific heat of the g p p
FeSe0.88 sample. The left figure shows the plot of γ(H)-H1/2 and the 
right one shows the plot of γ(H)-H.



Muon-spin-rotation study
(a) Temperature dependence of 

the ZF muon depolarization 
rate  of FeSe0.85. The inset 
shows ZF (T =1.5 and 10 K) 
and LF (T=10 K and μ0H=0.01 
T) μSR time spectra of 
FeSe0.85. 

(b) Temperature dependence of 
the Gaussian depolarization 

Srate  obtained in TF μSR 
experiment at μ0H=0.01. The 
inset shows the TF muon-time 

t b T 10 K dspectra above T =10 K and 
below T=1.5 K; the  transition 
temperature Tc=8.26 K.

Khasanov et al., PRB 78, 
220510R 2008220510R 2008



Khasanov et al., PRB 78, 220510R 2008



1. FeSe show no evidence for 
canonical Fermi liquid 
b e T i e the K iabove Tc, i.e. the Korringa 

relation 1/T1TK2 = const. 
is not satisfied. 

2. Large enhancement of 
1/T1T below 100K 
indicates thatindicates that  
antiferromagnetic spin 
fluctuations are strongly 
enhanced toward Tc . 

3. Application of pressure 
further enhances both spinfurther enhances both spin 
fluctuations and Tc, 
pointing toward a link 
between antiferromagnetic 
spin fluctuations and the 
superconducting

Imai et al., arXiv:0902.3832v 

superconducting 
mechanism.  



Summary
• Single crystal and oriented thin films can be prepared, but quality 

still need further improvement
• Anisotropic magnetic susceptibility in normal state  is observed
• A low temperature distortion from tetragonal (P4/mmm) toA low temperature distortion from tetragonal  (P4/mmm) to 

monoclinic (or orthorhombic )  is essential for superconductivity
– FeSe –γ-angle increases from 90o to about 90.3o at ~ 105K; Tc correlates 

well with inverse of c-lattice parameter (1/c)

– Te-doping  has highest Tc with largest γ; Te-doping enhances Hc2 and Tc 
due to more 2D characteristics; pressures effect on Tc of Te-doped sampledue to more 2D characteristics; pressures  effect on Tc of Te-doped sample 
is much larger than that of Fe-Se

– 3d-metal doping only Mn sustains superconductivity; the other dopings  
i h l l di i (C d i ) d feither suppress low-T structural distortion (Cu-doping) or do not form 

alpha-phase …..

• Thin film and works from other groups further support theThin film and works from other groups further support the 
importance of LT structural distortion to superconductivity



Issues
• What is the role of the low temperature 

phase transition to superconductivity ?phase transition to superconductivity ? 
• Does magnetic order coexists with g

superconductivity at low temperature?
• Is this low temperature distortion “universal”• Is this low temperature distortion universal  

to all high Tc systems?
F th l ifi ti f th d t• Further  clarification of the order parameter 
symmetry !!

• Can we intercalate something between 
layers to make it more 2-D and raise Tc?layers to make it more 2 D and raise Tc?
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