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We believe : IBS are Unconventional Superconductors
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Common Phase diagram of unconventional SCs
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Popular belief of paradigm :
-- Strong correlation =2 QCP (?)

- NFL normal state

- Un-conventional SC (perhaps high-T.)
- Un-conventional pairing mechanism (non-BCS type ?)
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Thermodynamic Evidences for
Unconventional Superconductivity of IBS.



Two anomalous (non-BCS) scaling behaviors in IBS : ACvs. T, & AE vs. T,

9

indication of non-BCS pairing mechanism.
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AE ~ T35
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Bud’ko et al, PRB 79, 220516 (2009)

AC ~ T3




BNC scaling: AC ~ T
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BNC scaling

Does it mean new physics (or at least Non-BCS pairing mechanism) ?

PHYSICAL REVIEW B 79, 220516(R) (2009)

Jump in specific heat at the superconducting transition temperature in Ba(Fe;_,Co,),As,
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AC/T, ~ T2
or (AC ~ T3)

AC/T, ~ 1.43y




(1) Zaanen claimed (prb 80, 212502 (2009):
AC ~ T2 isareflection of C o ~ T°

QCP =» critical fluctuations is the main contribution

to C(T)
Hyperscaling (T"){‘Hjt[ . }
assumption -> F.;=—p.;.~?n__ fW :

[T \diz
C, :AI_,,(k ?{})

Can we understand evolution of correlations across 122 phase diagram?

from 29 derivative of F QCP

therefore, C~ T3 if z =1 for d = 3.

Z=1 means dim(w)=dim(q) : eg. AFM Spin wave

=> No experimental evidence for w ~ cq excitations over the whole doping range.
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Some deviation exist, too. e.g. (Ba,K)Fe,As,
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Contrast between two hole doped Ba(K,Na)Fe,As,
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our Theory of AC ¢ A hint from multi band theory

AC = Nu(0)(=g72) | +Ne(0)(=7%)

Te
A, [N,
A ~ v N as T = T,

+S-wave

Two band SC mediated by

V
@ Vinter—band >> Vintra—band

ia
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One band BCS theory

AC = N(0)(=227)

T

A%os(T) ~ (3.06)°T2(1 - T/T,).

i AC/T, ~ Ny

T. =wp eXp[V;,—%O)]

Two band (BCS) model

ac= Y N (T

i=h.e

Ap = —[VinNexn] A — [VieNexe] A, ],
fie — _[-L{?Eﬁ're){e]&e - :II,;&'hP""rh){h]&h-.

AC

—— ~ 4 x (3.06)2Nyos - (NLNL).

If V;lnter > ‘/z'ntrcu

j.h | J.'T\‘r
~ ||I —E 4
A, VN, T= L

T. ~ 1.14Ap; exp [ — 1/ (Vinter/ NeNp)].

. N7 Nh,e
Niot = Np + Ne ) Nh,e — Neot

AC/T, can strongly vary even with N;,; = const.
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Our Model

(1) Two band BCS SC +

(2) Doping assumption N, . = N, +N_ =const.
“N,; =const.” can be relaxed.

Some empirical measures of correlations

b 0.5 04 03 0.2 0.1 0 0.1 02 0.3
Ba, 5 K, Fe;As, <-eeeeeee X (doping/Fe) --> Ba(Fe,  Co, ),As,

(all data in high-T tetragonal phase)



(1) Minimal Two Band model => +£S gap solution

Pairing interaction

B
ra

K
(F—K)— QP+«

All repulsive V,, >0

V(kk)=Vy

Vinter-band > Vintra-band

Coupled Gap Eq.

Apk) = (5)

— 3 k) AR K Yo (B ) + Phe (kK ) Ao (K Yyte (R ),
Ao(k) =

— Sy [Wenlk . )AK Y (R ) + Veok. I A o).
(©6)
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(2) Modeling of Doping

Can we understand evolution of correlations across 122 phase diagram?
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undoped BaFe,As, : compensated metal
- hole carriers = electron carriers

(Nh ~ Ne)
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(2) Modeling of Doping: Rigid band model

Elec. doping No doping
Nh < Ne thNe

Cans)
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Results
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Calculations of T, with varying N,

0.50 | _ Pairing interaction
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Can we understand evolution of correlations across 122 phase diagram?

Ba(Fe, .Co,),As,
v T

Simple model captures the Dome -shape
T, phase diagram for whole doping range.
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Calculation of AC & T, with doping N,,

—dA?
ac= ¥ N0,
i=h,e 1. Increasmg V. better fit the BNC scaling.

2. Nearmax. T .. (N, = N_). best fit
the BNC scaling.

Results with V;,=0:

Some deviation. How to cure ? 2016 POSTECH Lectures



Calculation of AC including impurity:

Region most deviated from BNC scaling is
the region most sensitive to impurity scattering
due to a small gap (A, . < A_})

Imp. Effects: | TJA,

2
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We choose I'g >T'x  So, mainly g.p. damping
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Results of AC including impurity:

Strong deviation. (clean limit)

(BaK)Fe,As,

Continuous evolution of the slope with imp.
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Condensation E: AE ~ T3
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Condensation Energy : AE =E, - E,
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HH Wen et al, PRB 89, 140503 (2014)

Evidence of the Non-BCS pairing mechanism ?
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Condensation Energy: AE_ 4= E;orma - Esc
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BCS calculations of AE 4

AFE =< H >, — < H >,

H = KE+ PE
= Zé(k)c}i,ackﬂj + Z Vk,lCL,TCT_k,LC—l,LCl,T
k,o k,l
BCS theory
AKE =[5 — 3N(0)A% >0 :|. AE = —1N(0)A% <0
APE = - AV <0 Subtle balance btw KE & PE

IlSiIlg ABCS ~ TC.

AEgcs ~T?

2010 POSTECH Lectures HH Wen et al, PRB 89, 140503 (2014)



AFE =

AKE =

APE =

Vhe
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Calculation with V, ...=0

Experimental results

o Ba(FeCo)2As2

A FeSeTe
Ba(FeNi)2As2
BaFe2As2(P)
LiFeAs
BaNaFe2As2

o o4 o8 H

i éaKlFe:‘éﬂ:sﬁ o

Calculations
: 10
0.1 5 —‘_a .
2 10
i "_J‘- ;
0.01 - E 10
] =l 10?
1E-3 < 101
. 10° k
1E-4 — ,
0.01 0.1 1
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Genuine two band model (V;,,=0) follows AE ~ T2, but not ~ T2-°
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Effect of V;, #0

1 - 1
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1. Attractive V., (<0) makes AE more BCS-like (~T.?)
2. Repulsive V., (>0) makes AE steeper (~T2)
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General Trend of the Scaling relations of AE vs T,

1. Ising or Heinsenberg magnet (MFT): AE ~ T, ~ 0(J)
- AKE=0 and AE= APE

2.BCSSC: AE ~ T .? AKE = [&2 — LN(0)A?] > 0
> AKE >0, APE <0 and AE= AKE + APE APE— &%

\%

Speculation: AE ~ TP (g >2)
if AKE loss >> APE gain

Indeed, this is the case for the multiband superconductor
- APE gain Is not fully exploited.
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(a) (b

®
- Single band BCS :
p=2 ‘@ AKE,> 0

APE, <0

() AKE = AKE,,
IAPE| < |APE, |
(d) AKE = AKE,,

IAPE| << |APE,|

"@ (e) Reduces to a single band
' N channels of V.

inter
@ eee

(c) (d)

@)

N(N-1) channels of Vi,
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Conclusions:

1. BCS theory of two band model straightforwardly reproduces the
anomalous power laws of AC vs. T, and AE vs. T, .

2. Itis almost impossible to invent any other theories to explain these two scaling
behaviors simultaneously.

2. Strong Correlation Effects in Normal state do exist in Fe-based SC compounds.
And it renormalizes : pairing interactions (Viterr Vingra): 4-p- M*, N, €tC

3. However, the SC transition itself seems to follow the conventional BCS pairing
mechanism.

4. Shall we call them BCS SC ?
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(1) Zaanen claimed (prb 80, 212502 (2009):
AC ~ T2 isareflection of C o ~ T°

QCP =» critical fluctuations is the main contribution

to C(T)
Hyperscaling (T"){‘Hjt[ . }
assumption -> F.;=—p.;.~?n__ fW :

[T \diz
C, :AI_,,(k ?{})

Can we understand evolution of correlations across 122 phase diagram?

from 29 derivative of F QCP

therefore, C~ T3 if z =1 for d = 3.

Z=1 means dim(w)=dim(q) : eg. AFM Spin wave

=> No experimental evidence for w ~ cq excitations over the whole doping range.
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(2) Kogan Prs 81, 184528 (2010)
: AC ~ T3 is a general behavior of very dirt limit superconductors

if I' > T,

AC=

'l' i _]
47k N(0) 7, .3

-

However, we believe that this claim is based on the

In BCS, if I << T,
Ages(T)

Kogan's app, if I' >> T,

AF o« —N(0) 7z
~ 121 T/T),

AF o« —N(0) %,

4

C

Apos(T) ~

Tc2(1 R T/Tc)

Correct app, for I' >> T,
2
Adzrty( )

AF oc —N(0) &r
(1 -T/T.).
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Inconsistent approximation.

—_

AC/T, x ZoE ~

N(0)

'I' i _!
— .4?-1',:‘!;,' (0) "m T}'

3Ai°
AC/T. x ZAE ~ N(0) L,




(3) Chubukov+coworkers (PR 84, 140502 (2011)) focused only on SDW+SC region.

Simply showed that when SDW order M develops, AC steeply decreases.

Ba(Fe Co ) As,

a L
000 Q02 004 006 008 010 042
X

F(A, My) _ Fa

Ng Ng

+ aa(My, THA? + n(M,. T)A®,

Solved coupled gap Eq with Mgy & A,

Probably, not very wrong, but not much information
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-—

P

)

Fluctuations

o3

LA,

2016 POSTECH Lect 1.45 and 8,/27T.5 = 0.174.

FIG. 4. (Color online) A comparison between the calculated
AC/T. and the experimental data from Ref. 4 for BaiFepgs
Cop g7s )2 A, for dopings below the optimal one. We used T, 0/ T =



One band BCS theory

AC = N(0) (%)

T

N es(T) ~ (306)°T2(1 T/ T5).

. AC/T. ~ N,

T. =wp exp[w:,—%o)]

Two band (BCS) model

ac= Y N (T

i=h.e

Ap = —[VinNexn] A — [VieNexe] A, ],

-'ie — _I:-LI:?E'*WTEXE]&E - [-L{E.hh'rh):h]ﬂh._

AC
T,

~ 4 % (3.06)>Nyor - (Na V).

If V;Lnter > ‘/z'ntraa

N\f'fﬁ as T'—= T,

Ap
A,

Te ~ 1.14Apiexp [ — 1/ (Vinterv/ NeN3)|.

. N7 Nh,e
Niot = Np + Ne ; Nh,e ~ Nios

AC/T., T, can strongly vary even with Ny,; = const.
2016 PUSTEUH LeClures



