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Para Electric state 

Ti4+ O2- O2- 

T   >  TC 

Ferro Electric state 

Ti4+ O2- O2- 

T  <  TC 



Undoped SrTiO3 
Insulator 

Electron Doped  
T > Tc : Fermi Liquid 

Electron Doped  
T < Tc : Cooper-Pairs 
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Free Carrier Spectral Weight:


Specific Heat:
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Free Carrier Mass Enhancement:  m*/m~2
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Y. Toyozawa, in "Polarons in ionic 
crystals...", North Holland (1972)
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The doped electrons in STO from large polarons (m*/m ~ 2.5) due to EPI 
 
These polarons form bands  
 
These bands satisfy the Luttinger theorem   
 
The polaron liquid in doped SrTiO3 is this respect a normal Fermi liquid 
 
Snags vis à vis the adiabicity condition, e.g. Migdal-Eliashberg 
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Superconductivity	and	ferro-electricity	in	SrTi18Oy
16O3-y 	

JM Edge et al,  PRL 115, 247002 (2015)                                    Y Kedem et al, PRB 93, 184507 (2016)


		ωq = Γ y ,ne( )− cosq



Superconducting	pairing	mediated	by	the	ferro-electric	softmode	
	

JM Edge et al,  PRL 115, 247002 (2015)                                    Y Kedem et al, PRB 93, 184507 (2016)


		
Tc 	is	solved	from				

ρ ε( )
ε

tanh ε
2Tc

⎛

⎝⎜
⎞

⎠⎟
dε = 1

1/ωq
∫

ωq = Γ ' Γ '−cosq
Γ =1+ A fQCP

18 − f 18( )
Γ '= Γ +BTF +CTF

2



Prediction: very strong isotope effect:  −10  × BCS

	

JM Edge et al,  PRL 115, 247002 (2015)                                    Y Kedem et al, PRB 93, 184507 (2016)




Preparation	of	SrTi(O16
1-yO18

y)3-δ	samples		

Annealing	in	18O	atmosphere	
à	SrTi(O16

1-yO18
y)3		

Insulator	&	
Ferroelectric	for	y>0.33	

Annealing	in	vacuum	
à	SrTi(O16

1-yO18
y)3-δ	(10-5<δ<10-2)	

Metal	&	Superconductor	

SrTiO3	single	crystals	
Insulator	&	Quantum	

Paraelectric	



SrTi(16O1-y
18Oy)3-δ 

y=0 Stucky
(2016) 

Stucky, Scheerer, Ren, 
Jaccard, Poumirol, 
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QCP 



The predicted anomalous isotope effect on Tc has been verified experimentally, 

but…..








Problem:  
Electrons with 

k�0 don’t have the 
required coupling 

to TO phonons


The quantum 
critical phonons 
are transverse 

optical (TO)


Pairing in doped STO mediated by soft ferro-electric phonons  
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The conundrum of the pairing mechanism in doped SrTiO3   

Proposal: Intravalley and intervalley phonons - ML Cohen, PR 134 (1964)  
Problem: Single valley bandstructure � LF Mattheiss, PRB 6 (1972) 
 
Proposal: Folded zone boundary phonons - J Appel, PR 180 (1969) 
Proposal: Accoustic phonons -Th Jarlborg PR B61 (2000) 
Problem: Small Fermi surface => ω(2kF) <<  ωD  
 
Proposal: Ferro electric soft modes - JM Edge et al.,  PRL 115 (2015) 
Problem: Vanishing e-ph coupling - J. Ruhman and P. A. Lee, arXiv:1901.11065 
 
Proposal: Longitudinal optical phonons - LP Gorkov, PNAS 113 (2016) 
Problem: Anti-adiabatic limit => Screening of the Coulomb repulsion but no overscreening  
 
Proposal: Bi-phonons ��KL Ngai, PRL 32 (1974) 
Problem: Paper did not draw much attention 
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Se ≡8

σ 1 ω( )
ω 2

3eV

7eV

∫ dω !2.2

E<6 eV:  M Cardona  

PR 40,  A651 (1968)


E>6 eV: TC Asmara et al

Nat. Comm. 5, 3663 (2014)


Eletronic Polarizability:   O2p & Ti3d


		O	2p→Ti	3d t2g( )



		
Displacement	operator:			 x̂e = ae d̂

†p̂+ p̂†d̂( )
ae 	 ≡ 		length	scale	of	the	p→d 	transition

⎧
⎨
⎪

⎩⎪

 Oscillator strength of  the O2p – Ti3d transition


 			
Linear	response	theory : 			Se =

8πe2
!

np ,eae
2

ω e

 		Se !2.2		;		ω e !5	eV => ae ��1 Å 

		ε 0( ) =1+ Sph + Se



		

σ 1 ω '( )
0

∞

∫ dω '= Zeff2
πNjqj

2

2mjVuj
∑

SrTiO3:		1	Ti4+ +1	Sr2+ +3	O2−

Ionic	crystal:		Zeff2 =1

Transverse optical  phonons




Electron coupling to transverse phonons


		

Zeff
2 ω( ) =

σ 1 ω '( )
0

ω

∫ dω '

πNjqj
2

2mjVuj
∑

Electron coupling to transverse phonons
Transverse optical  phonons




Transverse effective charge:    Zeff
2   = 3.1 ≠ 1




Organic metals:  ”Charged Phonon”


MJ Rice, NO Lipari & S Strässler, PRL 39, 1359  (1977) (organic metals)




SrTiO3 :

W Zhong, RD King-Smith & D Vanderbilt, PRL 72, 3618 (1994)





Physics:  Coupling of  a vibrational oscillator to a 
collective charge mode





Transverse optical  phonons




 			

Classical	solution	for	the	vibrational	conductivity 		 ω <<ω e( )
σ n ω( ) = ω p ,n
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=> γ � 6 eV / Å2 

Coupling to transverse optical  phonons


 		

Quantum	formulation	of	the	same	system:	
Ĥ = εp p̂

†p̂	+ εp + !ω e( )d̂†d̂ + 	!ωnâ
†â	− 	g d̂†p̂+ p̂†d̂( ) â† + â( ) 	

g= γ ae
!

2mn
"ωn

=> g � 0.5 eV ;    ae ��1 Å 
DvdM, F Barantani, CW Rischau, Physical Review Research 1, 013003 (2019)                   
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g 

g d-electron 

p-hole 
d-electron 

 		
Γ = g2

!ω e

=

=> Γ � 70 meV 

Coupling to transverse optical  phonons


ωe� 5 eV  ;  g � 0.5 eV 

DvdM, F Barantani, CW Rischau, Physical Review Research 1, 013003 (2019)                   
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d-electron 
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Electron pairing mediated by TO bi-phonons


DvdM et al, PRB 84, 205111 (2011): 
Experimental Tc’s:  0.1 < λ < 0.2

Transport data:       0.1 < λ < 0.4      


 		Γ ≈70		meV 		;		! "ωn ≈12		meV 		;		D* εF( )≤0.8		eV −1 		⇒ 				λ2ph ≤ 	0.28

 		
λ2ph =

Γ2D* εF( )
! "ωn

DvdM, F Barantani, CW Rischau, Physical Review Research 1, 013003 (2019)                   



SrTi(16O1-y
18Oy)3-δ 

y=0 Stucky

Stucky, Scheerer, Ren, 
Jaccard, Poumirol, 
Barretau, Giannini, DvdM, 
Sci Rep 6, 37582 (2016) 

(2016) 



2-phonon pairing: ( k,-k)à( k+q+q’,-k-q-q’) 


Pairing in doped STO mediated by 2 soft ferro-electric phonons  

	

 k and k+q are (almost) at the Fermi surface. 




Small doping => q+q’≈0 

=> ωq≈ωq’  


2ω
q





q≈-q’


The phonons are the same ones as in  JM Edge et al,  PRL 115, 247002 (2015). 

Instead of  ωq : (ωq  ; ω-q ) pairs. Relaxed cinematic constraints on q. 




’tlk Fr Tm Dmn Spctrscp ’nd Nn ’qlbrm Sprcndctvt  



1)  Coupling of  O2p-Ti3d & TO1



a) Pump TO1, probe  O2p-Ti3d 



b) Pump O2p-Ti3d, probe  TO1










2) Superconductors of  the Second Kind



a) Whack TO1, probe ε(ω) at low frequencies 



b) Whack O2p-Ti3d, probe ε(ω) at low frequencies 






Conclusions



Pairing by transverse optical phonons requires  

exchange of  bi-phonons instead of  single phonons

 








The coupling constant can be calculated from the 

charged phonon effect in undoped STO.  



Since the charged phonon effect is anomalously  
strong in STO, the corresponding e-ph coupling  
constant is very large.  Back to Ngai, PRL 32 (1974).


The bi-phonons that mediate the pairing are 
transverse polarized soft ferro-electric modes: 

Prone to anomalous isotope effects, as in 

Edge et al, PRL 115, 247002 (2015).


DvdM, F Barantani, CW Rischau, Physical Review Research 1, 013003 (2019) 


