
●  Tc stopped rising in 1993 (more than 20 years 
‘silence’), but signatures of higher Tc’s have 
come out quite recently:  

   (1) Monolayer FeSe on SrTiO3 

   (2) Sulfur Hydride under 200 GPa pressure 

   (3) YBCO under THz laser pulse excitation 

- Overview of recent discoveries of higher-Tc signatures 
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History of Tc for three distinct families of high-Tc superconductors: (1) Copper oxides, cuprates, (in red), (2) iron-based superconductors (in blue), and (3) superconductors with phonon-mediated Cooper pairs (in green). Tc of the cuprates stopped rising for more than 20 years, and no new members of the other two families with higher Tc’s have been found since 2008.
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However, these three families point possible routes toward higher Tc superconductors as discussed in my book published in 2014. In fact,
signatures of higher Tc have recently come out from these three families.
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First, in the iron-based superconductors, a signature of ~ 65 K superconductivity was reported for one unit-cell or monolayer FeSe fabricated on a SrTiO3 substrate (!uc-FeSe on STO) in 2012.  



Se 
Fe 

Se 

SrTiO3 

FeSe Monolayer on a SrTiO3 Substrate 

Q.Y. Wang et al.,  Chin. Phys. Lett. 
29, 037402 (2012). 

S. He et al.,  Nature Mater. 12, 
605 (2013). 

J.F. Ge, Q.K. Xue, J.F. Jin et al., 
Nature Mater. 14, 285 (2015).  

Tc = 60 – 100 K (?) 

J.J. Lee, Z.-X. Shen et al., Nature 
515, 245 (2014). 

I. Bozovic & C. Ahn, Nature Phys. 
10, 892 (2014). 

Review 
Dung-Hai Lee, arXiv: 1508.02461 

(2015).  

Y. Miyata et al.,  Nature Mater. 
14, 775 (2015), 

and many others 

cf. Tc = 8 K for bulk FeSe Tc = 65±5 K 
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Monolayer FeSe consists of Se-FeSe trilayer which is deposited on a STO substrate with (100) surface using the molecular beam epitaxy. The first observation of higher Tc was made by the Tsinghua Univ. group lead by Prof. Q.-K. Xue in 2012, and subsequent researches have been done mainly by Chinese groups. Recent developments are reviewed by I. Bozovic and D.-H. Lee.
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A surprising announcement was made in the year-end of 2014 by a team lead by Dr. Eremets in MPI in Mainz. Sulphur hydride, H2S, compressed by extremely high pressures showed a remarkable drop in resistivity at temperature near 200 K.



A.P. Drozdov, M.I. Eremets, I.A. Troyan, V. Ksenofontv & 
S.I. Shylin, Nature 525, 73 (2015).  

A.P. Drozdov, M.I. Eremets, I.A. Troyan, arXiv:1412.0460. 

cf.   Ca @ 210 GPa     (Tc = 29 K), 

Crystal volume   V/V0 ~ 1/5 

(Max Planck, Mainz) 

“P-induced metallization of dense (H2S)2H2 with high-Tc superconductivity” 
D. Duan et al., Sci. Reports 4, 06968 (2014). (Jilin Univ., Changchun) 

Sulfur Hydride @200 GPa : Phonon-SC (?) 

Theoretical prediction: 

Tc = 203 K 
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Eremets and his colleagues sealed H2S gas within a diamond anvil and compressed it upto 200 GPa. They reported in the second paper published in 2015 that a possible superconducting Tc rose to 203 K. Another surprise is that 200 K class supercondductivity of pressurized H2S was theoretically predicted by Duan et al. based on the BCS-Eliashberg theory before the experimental announcement by Eremets. 
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The third is the well-known YBa2Cu3O6+x (YBCO). YBCO is a representative high-Tc cuprate superconductor which is the first material showing superconductivity at temperature exceeding the liquid nitrogen temperature. The maximum Tc of YBCO is known to 93 K. However, a signature of Tc above 300 K was reported in 2014 when an underdoped YBCO was excited by intense THz laser pulses.



(Max Planck, Hamburg) 

Optically Induced SC (?) at T≥ 300K in YBCO 
S. Kaiser, A.Cavalleri et al.; PRB 89, 184516 (2014). 

W. Hu, A. Cavalleri et al.; Nat. Phys. 13, 705 (2014). 
Tc ~ 350 K 
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A group lead by A. Cavalleri performed a THz pump-probe experiment on YBCO with various dopant oxygen concentrations. The pumping pulse laser  was polarized along the crystalline c-axis, perpendicular to the CuO2 planes, and reflected light was probed as functions of frequency and time. A signature of superconductivity was found to be persistent for several picoseconds (ps) even at  room temperature above 300 K.
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Let us see the reported higher temperature superconductivity in more details starting from the monolayer FeSe deposited on a SrTiO3 substrate.



S. He, Q-K. Xue, X.J. Zhou 
et al., Nature Mater. 12, 605 

(2013). 

FeSe Monolayer on a SrTiO3 Substrate 

Z. Zhang, D.-L. Feng, 
Yayu Wang  et al., arXiv: 

1507.00129 

J.F. Ge, Q.K. Xue et al., 
Nature Mater. 14, 285 (2015).  

Tc = 108 K ? 

Tc 

Science Bulletin 60 (14), 1301-1304 (2015)  
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Superconductivity in monolayer FeSe has in most cases been identified by measuring a superconducting gap using angle-resolved photoemission spectroscopy (ARPES) which is a surface-sensitive probe. A typical ARPES data is shown in the left-bottom panel, and Tc is determined at a temperature where the gap feature disappears. A research team of Tsinghua and Fudan University in China elaborated to detect a Meissner signal (middle panels), and observed an onset at T = 65 K. Resistivity measurement is very difficult, but one group reported a resistivity drop at 108 K. They used 4 tips as current and voltage leads (shown in the right-bottom panel). However, the result should be checked by more reliable resistivity measurements.



Thickness dependence of Tc for FeSe films on STO 

Thinner 
thickness 

@P 

C. Tang, Q.-K. Xue  et al., Phys. Rev. B 92, 180507 (2015). 
Y. Miyata, T. Takahashi  et al., Nature Mater. 14, 

775 (2015).  
C.H.P. Wen, D.-L. Feng  et al., arXiv: 1508.05848. 

D.B. Haviland, Y. Liu  & 
A.M. Goldman, Phys. Rev. 

Lett. 62, 2180 (1989).  

Bi FILMS FeSe FILMS on STO 

(updated as of Nov.13, 2015) 

74.27 Å 

4.36 Å 

●  from ∆s (T) 
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As I have been staying in China since October 2015, I have had previledge to access the latest and unpublished data. The maximum values of Tc achieved to November 2015 are plotted as a function of the film thickness or the number of FeSe unit cells accumulated in the film. The maximum Tc turns out to be about 44 K almost independent of film thickness for relatively thick films.with more than 4 unit cells thick. Even Tc of bulk FeSe which is 8 K at ambient pressure has now risen up to near 40 K under pressure. A significant enhancement of Tc is observed for thinner films, and the highest Tc of about 65 K is achieved for monolayer FeSe. Note that most of superconducting thin films so far studied show a decrease in Tc as the film thickness is reduced in which disorder effect is dominant (shown in the right pannel). The opposite trend strongly suggests that interface effects are playing a crucial role in FeSe.



Se 
Fe 

Se 

SrTiO3 

Interface Effects in FeSe Monolayer on STO 

Review Dung-Hai Lee, arXiv: 1508.02461; 
Chin. Phys. B24, 117405 (2015).  

Interface effects : 

1) An additional pairing 
channel from a coupling 
with the bond-stretching 
O vibrations (Ω0 ~ 100 
meV) in SrTiO3. 

 

2) Electron transfer (doping) 
from O vacancies in STO 

Ov 
Ti 

Se 

O 

O O 

Tc = 65±5 K   
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Two interface effects described in this panel are currently considered to be important for the observed Tc enhancement.
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The material that shows a signature of 200 K class superconductivity at ~ 200 GPa is thought to be H3S. The theoretically proposed crystal structure of H3S is shown in the viewgraph. Strong chemical bond between S and H and extremely high phonon frequency of H atoms are presumably responsible for high Tc.



A.P. Drozdov, M.I. Eremets, I.A. Troyan, 
V. Ksenofontv & S.I. Shylin, Nature 525, 
73 (2015).  

Tc = 203 K Superconductivity in Sulfur 
Hydride (H3S) @ P=200 GPa 

Resistance Magnetization/ Meissner 
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Eremets’ group mainly measured resistivity under very high pressures. They also performed the measurement of magnetization and investigated an effect of hydrogen-isotoped substitution. Both seem to give support for 200 K superconductivity with phonon-mediated pairing.



Tc bound (ceiling) of “phonon” SC 

kBTc 
ħ<ω> 

(McMillan-Allen-Dynes) 

For large λ;        Tc ~ λ1/2 

Strong el-ph coupling: 

No Tc ceiling as long as a lattice 
instability can be avoided. 

kBTc ~ ħΩ0 e-1/λ Weak to moderate  el-ph coupling: 

For very large Ω0 and moderate λ, 
no Tc  ceiling as long as ħΩ0 ≪ EF  

“Hydrogen Dominant Metallic Alloys: HTS?”     
     N.W. Ashcroft, Phys. Rev. Lett. 92, 187002 (2004). 
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Some may wonder if there is an upper bound of Tc for BCS phonon superconductivity. This is not correct. The widely used McMillan-Allen-Dynes formula for Tc basically has no Tc bound. Even in the case of not strong electron-phonon coupling Tc can be high when relevant phonon frequency is very high. This is the case with MgB2 and probably with hydrogen dominant metallic alloys including H3S. For large electron-phonon coupling Tc in the McMillan-Allen-Dynes formula asymptotically increases as proportional to square root of the electron-phonon coupling constant. However, in this case the crystalline lattice tends to be unstable and suppresses superconductivity.



No Tc bound for “phonon” SC (?) 
McMillan-Allen-Dynes  (assuming   µ∗= 0.10−0.15) 

4. H @ 2000 GPa,        Tc ~ 750 K   

Ω0 = (K/ M)1/2 ~ 400 meV, <ω> ∼ 2300 Κ, λ ∼ 3 

 3. H3S @ 200 GPa,       Tc ~ 200 K  

Ω0 = (K/ M)1/2 ~ 200 meV, <ω> ∼ 1300 Κ, λ ∼ 2.2 

 2. MgB2 @ 0 Pa,            Tc ~ 40 K          
Ω0 = (K/ M)1/2 ~ 80 meV, <ω> ∼ 600 Κ, λ ∼ 1 

1. doped BaBiO3 ,      Tc ~ 30 K  
Unstable against CDW 

J.M. McMahon & D.M. Ceperley, 
Phys. Rev. B 84, 144515 (2011). 
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Potassium (K)-doped BaBiO3 is considered to be the first phonon-superconductor with Tc higher than 30 K discovered in 1988. Due to its very strong electron-phonon coupling it is unstable against a formation of charge-density-waves which may limit Tc. MgB2 is, in some sense, a superconductor in which phonon-mediated pairing is optimized with high-frequency boron vibrations, strong B-B bond, and moderately strong electron-phonon coupling. In this regard, the high-pressure H3S may be a superconductor with further optimized phonon-mediated pairing due to extremely high phonon frequency and stronger electron-phonon coupling. However, this is not the end of the story. Recent first principle calculation predicts Tc ~ 750 K for metallic hydrogen to be realized at pressure of 2000 GPa which cannot be achieved by current high-pressure technology.



(3) Resonant excitation of 20THz 
apical-O phonon in underdoped YBCO 

S. Kaiser, A.Cavalleri et al.; PRB 89, 184516 (2014). 

20 THz ~ 80 meV pulses 
of ~300 fs duration 

apical-O 

apical-O 
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Photo-induced higher Tc in YBCO was realized by strong excitation of the apical oxygen vibration along the c-axis. Pumping laser frequency is tuned to 20 THz in the form of short pulses. At this frequency the c-axis apical-O phonon is resonantly excited, and the probed reflectivity change at low frequencies is maximal.



S. Kaiser, A.Cavalleri et al.; PRB 89, 184516 (2014). 
Emergence of Josephson plasma in several picosec. duration 

Transient “RTS” (‘Tc’ > 300 K) in YBCO 

Josephson Plasma  

0 

ρa 

ρc 

YBa2Cu3O6.45  Tc = 35 K YBa2Cu3O6.45  Tc = 35 K 
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Just after pumping the low-frequency reflectivity is enhanced which shows up as a reflectivity edge, the same as the plasma edge emerging in the equilibrium c-axis reflectivity spectrum below Tc. This plasma edge corresponds to so-called Josephson plasma mode, a collective mode associated with an establishment of phase coherece between layers, specifically between bilayers in YBCO via interlayer Josephson pair tunneling. The left pannel shows the probed reflectivity spectrum just after pumping for a heavily underdoped YBCO with equilibrium Tc = 35 K. Because the c-axis charge dynamics is highly incoherent in the normal state (see a semiconducting c-axis resistivity shown in the right-upper panel), normal-state charge carriers cannot make such a sharp plasma edge. The plasma edge survives for several picoseconds after the pump light is turned off (right-lower panel), and surprisingly it persists up to temperatures above 300 K.



Yoichiro Nambu 

Emergence：  

1. “Stiffness”: Zero resistance & Meissner effect 

2. Topological defects: Vortex 

3. Collective mode: Anderson-Higgs  

Consequences of Broken Gauge Symmetry: SC  
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From a more fundamental point of view, the emergent plasma mode, so called Josephson plasma mode, is a fingerprint of superconducting state with global phase coherence associated with broken gauge symmetry. Like solids with broken translational and rotational symmetries,  superconductors are characterized by “stiffness”, topological defects, and collective mode as consequences of the broken gauge symmetry. “Stiffness” of superconductors shows up as Meissner effect and zero-resistance, and a collective mode does as an Anderson-Higgs mode.



P.W. Anderson: Phys. Rev. 130, 439 (1963)  
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Reflectivity spectrum of a 
conventional superconductor 

ωp
 

Nambu-Goldstone 

Anderson-Higgs mechanism: 
Long-range Coulomb 

Plasma mode  

ωp
2  = ne2/m* ε 

Broken Gauge Symmetry：”Collective mode”    

Indistiguishable from the spectrum 
in the normal state (T > Tc) 

E2 = (mc2)2 + p2c2 

m = 0 

P.W. Higgs: Phys. Rev. Lett. 13, 508 (1964)  
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Collective modes in solids are phonons with linear E ~q dispersion or massless Nambu-Goldstone bosons. However, a Nambu-Goldstone boson in a superconductor becomes massive due to long range Coulomb interaction between charged carriers, referred to as Anderson-Higgs mechanism. The mass term corresponds to the plasma frequency, normally in the range of a few eV and indistinguishable from the plasma frequency of the normal-state carriers. 



Josephson Plasma Mode: c-axis high-Tc cuprates 
Interlayer phase coherence is established at Tc: 
Forming a Josephson-junction array along the c-axis 

K. Tamasaku, Y. Nakamura & S. Uchida, Phys. Rev. Lett. 69, 1455 (1992). 
O.K.S. Tsui, N.P. Ong et al., Phys. Rev. Lett. 73, 724 (1994). 

ωpJ: Josephson plasma 
frequency 

ωpJ
 < 2∆0 

ωpJ
2  = ne2/m* ε 

m* → ∞ 

CuO2 

CuO2 

CuO2 

c 
c 
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However, in the case of the cuprates in which Cooper pairs are predominantly formed within the CuO2 plane, global phase coherence is achieved when the interlayer phase coherence is established below Tc via Josephson coupling between planes. Due to this strong two-dimensionality the plasma mode along the c-axis gets pushed to very low frequency well inside the superconducting gap region. As a result, a sharp plasma edge appears in the c-axis reflectivity spectrum below Tc, whereas the spectrum is featureless above Tc reflecting the strongly incoherent charge dynamics along the c-axis. This makes an Anderson-Higgs mode.observable in the cuprates.



S. Kaiser, A.Cavalleri et al.; PRB 89, 184516 (2014). 

Excitation of large amplitude c-axis apical-O phonon 
Transient “RTS” (‘Tc’ > 300 K) in YBCO 

Josephson Plasma  

YBa2Cu3O6.45  Tc = 35 K 

Tc* 

Tc 
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The onset temperature Tc* of the Josephson plasma mode under strong excitation is shown in the right panel as a function of hole concentration (oxygen content). Tc’ shows a rapid decrease with increasing hole doping, an opposite trend of the equilibrium Tc in the underdoped regime. Tc* is highest, ~ 350 K, for the most underdoped YBCO.
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In equilibrium various signatures of preformed pairs or formation of pairs without interlayer phase coherence are observed at temperature Tp well above Tc as indicated in the phase diagram. Non-equilibrium Tc* is much higher than Tp in the heavily underdoped region and decreases with increasing hole doping in sharp contrast to the doping dependence of Tp and Tc. Tc* rather tracks the doping dependence of the pseudogap temperature T*. As Tc* is an onset of interlayer coherence under photo-excitation, non-equilibrium or dynamical pair formation might have taken place either simultaneously at Tc* or at temperature significantly higher than Tc*. A question that arises is what is the mechanism driving pair formation and enhancing interlayer coherence at such high temperatures.



Dynamically stabilized SC state ? 

What is the mechanism of driving pair formation 
and enhancing the interlayer coherence ? 

N. Peter Armitage, Nature Mater. 13, 665 (2014). 

● Excitation of large amplitude apical-O displacement: 
Transiently creates a displaced crystal structure with 
atomic positions more favorable for higher Tc  
 ...
● Reduction of the interbilayer fluctuations by a  LASER 
(parametric) cooling 

A Kapitza pendulum 
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No definite answer has so far been presented to this question. One possible explanation would be, as proposed by Armitage, that pumping light drives a system to achieve a non-equilibrium state that cannot be accessed in equilibrium or not stabilized without a time-dependent driving field like a Kapitza pendulum. Specifically, non-equilibrium state may have a displace crystal structure more favorable for higher Tc or be parametrically cooled to suppress the interlayer phase fluctuations. 



CuO2 

apical- O 

Non-Equilibrium Lattice Distortions 

R. Först  et al.; PRB 90, 184514 (2014). 

CuO2 
Y 

Resonant excitation of apical-O vibrations by c-axis polarized 
20THZ light pulse →  transient lattice distortions 

CuO2 

CuO2 

R. Mankowsky et al.; Nature 516, 71(2014). 

enhanced buckling 

shorter apical-O 
distance 

IEEE/CSC & ESAS SUPERCONDUCTIVITY NEWS FORUM (global edition), April 2016. 
Special plenary presentation SPL-2-INV given at ISS 2015 in Funabori, Tokyo, Japan, November 16 to 18th, 2015.

26

Presenter
Presentation Notes
Time-resolved x-ray structural analysis has been done under the same resonant excitation. In the observed transient structure, the apical oxygen atoms get closer to the nearby CuO2 plane and buckling of the CuO2 plane is enhanced. Both lattice distortions are opposite to the empirical trends that longer apical oxygen distance and flatter CuO2 plane are favorable for higher Tc. 
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The pseudogap phase is supposed to be parent to various orders including superconducting order. In view of the observation that the temperature Tc* of the photo-induced superconductivity scale with the pseudogap temperature T: an alternative scenario would be that the THz photo-excitation stimulates a dynamical formation of Cooper pairs within a plane and simultaneously establishes interlayer phase coherence in the pseudogap phase. 
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Break of Tc “Silence” in 2014 ? 

IEEE/CSC & ESAS SUPERCONDUCTIVITY NEWS FORUM (global edition), April 2016. 
Special plenary presentation SPL-2-INV given at ISS 2015 in Funabori, Tokyo, Japan, November 16 to 18th, 2015.
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Presentation Notes
Although these higher Tc signatures were observed under extreme conditions and do not lead to immediate applications, they are encouraging  the search of higher Tc superconducting materials and suggestive of a break of the long ‘Tc silence’. 
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