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Motivation:

What is Homes’ law?

Why is Homes’ law interesting?



Homes law

[Homes, et al.
2004 Nature]

A universal scaling relation in high-

temperature superconductors

C. C. Homes', S. V. Dordevic', M. Strongin', D. A. Bonn?, Ruixing Liang?,
W. N. Hardy’, Seiki Komiya’, Yoichi Ando’, G. Yu®, N. Kaneko’*, X. Zhao’,

M. Greven’®, D. N. Basov’ & T. Timusk®
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Superconducting

transition temperature |
F

Electric DC conductivity )

Superfluid density

Homes’ law: ps(T =0) = Copc(T)T.

C is constant regardless of doping level, nature of dopant,
crystal structure and type of disorder. /

C=4.4: a-b plane high-Tc superconductor,
clean BCS superconductor

C=8.1: c-axis high-Tc superconductor,
dirty BCS superconductor

[Erdmenger, Herwerth, Klug, Meyer, Schalm: 1501.0761 5]

(e Understanding high Tc superconductivity? )

Universal property of the hairy black holes?




History for finding universality: Uemura’s law

1986: Discovery of cuprate, Bednorz, et al. (Z. Phys. B)

* 3years

1989: Uemura et al (PRL) 2004: Homes et al (Nature)
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Universal properties in cuprates

Cuprate phase diagram

A DC resistivity |[p ~ T
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Homes’ law in Holographic context

arXiv.org > hep-th > arXiv:1002.1722

High Energy Physics - Theory

Introduction to Holographic Superconductors

Gary T. Horowitz
8.1 Open problems

We close with a list of open problems'>. They are roughly ordered in difficulty with
the easier problems listed first. (Of course, this 1s my subjective impression. With
the right approach, an apparently difficult problem may become easy!)

1. In the probe limit below the critical temperature, there is an infinite discrete set

10. The high temperature cuprate superconductors satisfy a simple scaling law re-
lating the superfluid density, the normal state (DC) conductivity and the critical
temperature [36]. Can this be given a dual gravitational interpretation?




Homes’ law in Holographic context

Homes’ relation for g =6 & k =0

© Homes' law: ps(T'=0) = Copc(1)T.

2 |
arXiv.org > hep-th > arXiv:1206.5305 P
11 1240 , 440
High Energy Physics - Theory 3.8
Homes’ constant @ xk =0
Towards a Holographic Realization of Homes' Law < 51
Johanna Erdmenger, Patrick Kerner, Steffen Muller TR VYT f ------
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arXiv.org > hep-th > arXiv:1501.07615
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S-Wave Superconductivity in Anisotropic Holographic
Insulators
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Homes’ law in Holographic context

© Homes’ law: ps(T

0) = CO‘DC (TC)TC

arXiv.org > hep-th > arXiv:1206.5305

High Energy Physics - Theory

Towards a Holographic Realization of Homes' Law

Ps
()]

Johanna Erdmenger, Patrick Kerner, Steffen Muller

arXiv.org > hep-th > arXiv:1501.07615

0.2}

High Energy Physics - Theory

0.1L

S-Wave Superconductivity in Anisotropic Holographic

Insulators

Homes’ relation for g =6 & k =0
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Johanna Erdmenger, Benedikt Herwerth, Steffen Klug, Rene Meyer, Koenraad Schalm

This talk © Physical understanding?

~ How much model dependent?

~

~

arXiv.org > hep-th > arXiv:1604.06205

High Energy Physics - Theory

arXiv.org > hep-th > arXiv:1409.8346

Ward Identity and Homes' Law in a Holographic
Superconductor with Momentum Relaxation

Keun-Young Kim, Kyung Kiu Kim, Miok Park

High Energy Physics - Theory

Coherent/incoherent metal transition in a holographic
model

Keun-Young Kim, Kyung Kiu Kim, Yunseok Seo, Sang-Jin Sin

arXiv:1607 .XXXXX

Homes’ law in Holographic Superconductor with arXiv.org > hep-th > arXiv:1501.00446

Q-lattices

High Energy Physics - Theory

Keun-Young Kim and Chao Niu

A Simple Holographic Superconductor with Momentum
Relaxation

\ Keun-Young Kim, Kyung Kiu Kim, Miok Park
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' Goals and method I

Goals

o Homes’ law  ps(T'=0) = Copc (1)1
o Uemura’s law p (T = 0) = BT,

Holographer’s tool box

1. Need a holographic superconductor ~ hairy black hole (0803.3295: Hartnoll, Herzog, Horowitz)
2. Conductivity?

Linear response theory Holography
B G?(] (Cd) R Son and Starinets, hep-th/0205051
U(W) — : G Herzog and Son, hep-th/0212072
(e Skenderis and van Rees, 0805.0150

The model and method are well established.
Why is the progress slow?

Momentum relaxation matters



[Hartnoll, Herzog, Horowitz:

Original holographic superconductor: HHH 0803.3295]

The first holographic superconductor > Homes’ law
ps(I'=0) = Copc(Te)T.

4

O =0
AdS-RN-black brane \/

1
Sign = /d4:c\/—g [R+ 6— -~ F*—|(0—iqA)®|* — m?bm*]

Charged
condensate

=+

+ 4
1106.4324: Hartnoll

O +£ 0

Holographic superconductor




Optical conductivity I

Conductivity: normal phase = [Hartnoll: 0903.3234]

o Homes’ law
ps(T =0)=Copc(T,)T.

Imo ~1/w < Reo(w)~dw)

Kramers-Kronig relation

x(w) = xr(w) +ixr(w)

Xr(w) = l7’/ Xf(w/)dw’, xr(w) = _173/ Xi%(w,)dw’

i w —w T

Translation invariance + finite density




[Horowitz and Santos:

Holographic superconductor with momentum relaxation 1302.6586]

The first holographic superconductor + momentum relaxation ,
© Homes’ law

ps(T'=0)=Copc(T.)T:

1
Sign = /d4:c\/—g [R+ 6 — ZF2 — (0 — iqA)®|* — m% PP

O =0
AdS-RN-black brane

Ap ~ 14 Agcos(kox)

Charged
condensate

O +£ 0

Holographic superconductor

1106.4324: Hartnoll



Optical conductivity
Conductivity: normal phase

momentum relaxation

d \

[Horowitz, Santos, Tong:
1204.0512, 1209.1098]

© Homes’ law
ps(T =0)=Copc(T,)T.




Horowitz and Santos

Optical conductivity (1302.6586)

Conductivity: normal and superconducting phase ~ Homes’ law

ps(T =0) = Cope(T.)Ts

normal phase




Holographic superconductor with momentum relaxation

1
SHuHE = /d4x\/—g [R +6 — ZF2 — (0 — iqA)®|* — m?qup*]

[Andrade, Gentle: 1412.6521]

Massless scalar [Andrade, Withers: 1311.5157] —» [KYK, Kim, Park: 1501.00446]

Sars — / day=g |~ Y@ | gy = (Br, gy

I=1,2

[Ling, Liu, Niu, Wu, Xian: 1410.6761]

Q-lattice :
[Donos, Gauntlett: 1311.3292] [Andrade, Gentle: 1412.6521]

So = /d4aﬁ\/—g [—\8\11\2 — m%l,\\If|2]

WOy =X
ps(T =0)

¢= UDC(TC)TC
ps(T — )

R

We want to check if C or B is universal
(independent of momentum relaxation parameters)



[Erdmenger, Herwerth, Klug,

Holographic superconductor with momentum relaxation Meyer, Schalm: 1501.07615]

Helical lattice model

Stotal — Shelix+/d4+lx vV —g [ o |(9p - lqu|2 o m[2)|p|2]

1 1
Shelix = / d*tlz /=g [R +12 = S FWE, = JWHW,, - mQBMB““]

Homes’ relation for g =6 & k =0

B = w(r)ws, w(oo) = A,
. 2t
we = cos(pr)dy — sin(pr) dz
1 1249 Y e
3.8
wo-one form field Holmes’ clonstath @ k= 0
in yz-plane S ]
o2 e & oW U [T T
x . .
011 bfu

50 500
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[KYK, Kim, Park: 1501.00446]

' = 1 1 © Homes’ law
e ps(T'=0) = CODC(Tc@
— @ — @ —_— x)
Ansatz A= Ay(r)dt (r) Yr = (B, By)
ds? = —U(?“)e_X(T)dt2 + d_r2 4+ T2(dx2 4 dy2)
Ul(r)
Solutions
___ normal, =0 xtrl
___ super, B=0 2!
.--- nhormal, B*0 i
super, B+0
80 1odH
0.2
20 40 60 80 100"




Conductivities [KYK, Kim, Park: 1501.00446]

| | ~ Homes’ law
Action S = /d4:m/_—g R+6— —F> — (0 —igA)®|* - mg®d* — = ) (9¢r)?
4 2 |
“ =12 T = 0) — Cc
Background A= Ay(r)dt ¢ = o(r) vr = (B, By) opc = o(w=0)
ds? = —U(r)e XM de? + ar + r?(da? + dy?) o(w) ~ i
§° = T)e 0(r) r-(dz Y W
+
[ * dw A 1 1
Fluctuations 5 AL (t,r) = /_OO %e—zwtax(w7r) hiw = B0 + T_th) 4 T—ghg) TR
_ [T AW i 2 _ o Ly
0gtz(t, 1) = /_oo 27r€ r“hg(w, ) Ay = ay’ + Tax + ,
1 1
o g () BRI C) B PV C N
o1 (t, ) :/ %e_mé(w,r) S A
. - J

=2 792 (a2 - U + a0l - N + 3600

remn 2 27_‘_ X
i O\ 7N (o
ey -4 hgi) —|. . . hgg) ’
1 dw roa b 5(3) SR 5(0)
2 /0 o T2 Gab )

R® = MjJ°



[Kaminski, Landsteiner, Mas, Shock, Tarrio: 2009]

Numerical method for multi fields T

How to compute M

4 oo, 1o
C.L te — gj—|__h/a’; —'__hx—i_...?
() 5 S A s
e o —a® 4 Lam
a a ) a i it ’ v ro 7
P4 (r) = d¢(r)c* — Sict + - + rga + - 1

@ 4 Le@ .
r3 ’

[Hartnoll: 0903.3234]

o ol _iGn i(G11p—G12)
al rT - i(Gllﬂme) _’i(G22—|—,u(—Gf2—G21+G11,u))

w w




Optical electric conductivities: superconducting phase [KYK, Kim, Park: 1501.0044¢]

B/ =1 ~ Homes’ law

(pJr =0 = CC

opc = o(w=0)
. Ps
o(w) ~ 1 »

Im[o] - delta function

/J pOIe s0[ |

wlu —

4 ) 000 002 004 006 008 010
w/fi




[KYK, Kim,

Digression: Thermoelectric conductivities and DC limits Sin. Seo: 1409.8346]

Electric conductivity pu/T =6

DC result: Im[o]
Andrade, Withers 4r
1311.5157 *
2
. H
O — 1 —|— @
L w/T
2 4 6 8 10
Thermoelectric conductivity DC results: Thermal conductivity
Donos and Gauntlett
1406.4742
Re[a] Re[x/T]
41 _
o= —2“7“0 E o (4m)? 5] 400
— = r i
5 T 32 0 :
300 ¢
2004
100%
—~ w/T
P




[KYK, Kim, Park: 1501.00446]

Digression: FGT sum rule , Kim, Park: 1501,

B/n=1

o delta function

/J pole

Ferrell-Glover-Tinkham(FGT) Sum rule works:
conservation of charged degrees of freedom

/ dwRe|op(w) — os(w) = pPs = ng
0

+ B

K
Imo(w) = — +
w
wly Kramers-Kronig relation
Reo (@
Imo(w 77/ dw 7 w2
Imo (w) = < Reo(w) = psd(w)
\

w/
5IJ



Homes’ law and Uemura’s law [KYK, Kim, Park: 1604.06205]

Ps 7“-C UF)C
i ’ 3.0 ’ 400¢ .
. 25 . 300!
10+ 2.0 [ )
¢ 1.5 e 200
5 . 1.0 o
.° 05 - 100’ . .
- /B @t [ .
5 10 15 20“[3 5 10 15 2Ou/ﬁ s 0 @ T '2'0“/5
S1IT'=0
N CZp(TT) g p="I=0
o O'DC( c) c 12: (Tc)Tc
10} o
I 10
8_‘0 :0
L 8__0
. )
6r | ®
: 6 ° 2 o — & ® — o—
4t ® Al
2t of
L o o i
R R R S R I

o Homes' law  ps(I'=0) = Copc (1)1,

Homes’ law
o Uemura’s law  p (T




[Erdmenger, Herwerth, Klug,

Helical lattice case Meyer, Schalm: 1501.07615]

Homes’ law  ps(T' =0) = Cope (1)1,

Homes’ relation for ¢ =6 & k =0 p/w: 1~2
A p:4.5~57
“| | Phase diagram (& = 0)
fisssss:
4.2
11 42 49 44| ;
3.8
Homes’ constant @ k = 0
“ - - - - st Insulator
Q |
o1 1.8 oY
I e o ¢ | ’<\ 3
24 £ gl s RN i Metal
02| o A et e — * 2
] 1
15 20 25 3.0 35 4.0 / Insulator
0.1] . ol. | . . . . .
50 500 0 1 7 3 4 5 6
p/u
undetermined

4.8, 5.1, 5.4, 5.7
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Q-lattice model [KYK, Niu: 1607.XXXXX]

[Donos, Gauntlett: 1311.3292]

1
Action S = /d4x\/—_g [R +6— —F?—|(0 —iqA)®|? — m3PD* — |0V|? — m%I,\xIJP]

4 [Ling, Liu, Niu, Wu, Xian: 1410.6761]

[Andrade, Gentle: 1412.6521]
dz?
(1—-2)U(z
A=pu(l—2)a(z)dt O = z¢(z2) U = e 20h(2) (¥(0) = A)

Ansatz  ds* = 1 [—(1 — 2)U(2)dt* +

Z2

+ Vi(z)da? + Vz(z)dy2]

Two parameters &, \

with m2% =m2 = -2. ¢ =06
Phase diagram (@ = 0)
Helical lattice Q lattice
6 e N o e e T L A
80
5 Insulator
1t Insulator 1 60
3
>~ 3 Al
40
Metal
2
20
1 |
/ f Insulator
0] , , , , . 0 0
0 1 7 3 4 5 6 0 5 10 15 20
P/ k/u

undetermined . _ . rs
There may be metal regime near k=0: numerical issue



Transition temperature and DC conductivity [KYK, Niu: 1607.XXXXX]

T/Te=1

k — o0
AdS RN limit

kiu k — oo k < /
AdS RN limit No momentum relaxation

- Ap=50 & TIT;=0.1

L

80|

Insulator

60|

Alu
40t

k/p=2,4,6,10.1,12, 15, 20.

k/u



Superfluid density [KYK, Niu: 1607.XXXXX]

H JZ ) — _KsAz ,
London equation (@, p) (w,p)

bUIk gauge field a/i(zj w’p) — CL,EO) (w’p) + ZCL(l) (w)p) SRR

1

In the limit p =0 and w — 0 B. In the limit w=0and p — 0

(1)
K. — _az(co) (w,0)
ay’ (w,0) s0
K
Ji(w,0) = =2 Ei(w,0) = o(w)Ei(w, 0)
K
I _ s
m|o(w)] —

Infinite DC conductivity Meissner effect:
Magnetic penetration depth



Superfluid density [KYK, Niu: 1607.XXXXX]

perfect conductor

Alu=0, k/u=0 AMu=5, k/u=0

20 ————] 20— —
weT—— —e_ I ]
1.5 1.5 B
1 L L ]
a/g:, )(w’ 0) I : 0Wovo0—o
K, = | |
a(o) (w 0) 10 10
X ’ w—0
L —o— K; L —o— K;
(1) 00l 4 0ol 4
nf _ a’ZL' (0) p) 0.0 T 012 T 014 T 016 T 018 T 110 T 112 ‘ 0.0 T O.‘2 T 014 T 016 T 018 T 110 T 112 ‘
s — (0) TIT, TIT,
p (a) no momentum relaxation (b) no momentum relaxation
Nu=5, Kiy=2 Nu=5, kip=20
20—t —— ———————— —— : 20—t —— ——— - :
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L 4 L ‘U\‘)\ 4
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101 ° . 1 10F 1
9 Q
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! K . ] °sr k ]
]
% ] [ p
0'0; 1 1 1 1 ‘?Tr’ @ ? 9 007 1 1 1 1 Jf’ > “J) 9
0.0 T 0.2 T 0.4 T 0.6 T 0.8 T 1.0 T 1.2 ‘ 0.0 T 0.2 T 0.4 T 0.6 T 0.8 T 1.0 T 1.2 ‘
= (c) large momentum relaxation (d) small momentum relaxation
1.57 P -
: ‘o"' ’__¢-"’- : A/u
S T e — 1.
1 .O N "' Rl 7
. 5.
I — 10.
— 30.
— 50.
— 70.
— 90.
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Homes’ |C|W? [KYK, Niu: 1607.XXXXX]

Homes’ law

T/Ts=1
5 ! ! T ! T
4! :
3t y
dpc |
20 i
Alu
— 1.
5.
— 10.
30 At fixed k, plateau for large )\
— 50. Small variation of C
— 70. /
— 90.

80 Insulator /

_Ks
I ogpc Te

60
7 — 245
AMu | 195

40
. 14.5
I 95
20 45

ODC (TC)TC

kiu



Homes’ law: Insulating phase near transition ¢ [KYK, Niv: 1607.XXXXX]

Homes’ law

——— Insulator Insulator

====  Metal

)

Alu
— 1.

5.
— 10.
— 30.
— 50.
— 70.

(qu’requ for large \ > 50 )

ogpc Te

— 24.5

19.5

14.5

9.5

4.5

k/pw: 7~9 kiu
A s 49 ~ 51




Comparison: Helical lattice and Q-lattice [KYK, Niv: 1607.XXXXX]

klp: 7T~9
0.5
T=0)=Co T.)T,
oal ( s ) po(le)Te Ap:49~51 | _
w ]
215 | - e 60
, .
Ks 0.27 i
° 21.0' Ak N
K : —o— 49. H 10
ooc T, 20.5; 49.5
20.0§%% ~ 50. .
—— 50.5
‘ ‘ ‘ ‘ 190 - < 0
0.005 0.010 0.015 0.0200.025 60 65 70 75 80 85 90 95 0 5 10 15 20
opoc e k/lJ kiu
Helical lattice Homes’ relation for ¢ =6 & kK =0 =0
6}
2| - p/p: 1 ~2
Mp:ds~57 | Sl
11 12 40 b 440 4l
3.8
Homes’ constant @ x = 0 2
= 5] 1.8 | <
, o [Ty e T e 2t
0.2} oo ety e e 1
. 1
1.0 115 2.0 2.5 3.0 3.5 4.0 /
0.1 | ofu | . 0 ,
50 500 0 1 2 3 4 5 6
P/

S=F



Comparison: Helical lattice and Q-lattice [KYK, Niu: 1607.XXXXX]

Homes’ law

15 20

Helical lattice 6

o

Preliminary data

[Erdmenger, Meyer,
Schalm, Shock: in progress]

o>
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Summary and outlook

® YBa,Cuz0,, ) /
00 @ Pr-¥Ba,040, P2 © Homes' law  ps(T'=0) = Copc(Te)Te
T 4 YBa,Cu,Og //," 7
[ = Bi,Sr,CaCu,0, L ] ~ Uemurd’s IGW ps (T — O) — BTC
| ®Y/Pb - Bi,Sr,CaCu,0p ; L a i
-« | #Lla,,Sr,Cul, /
E @ TI,Ba,CuOgq,

L q08l— ¥ NdgsCep15CU0O, } (2. —
i = . -
& C ’ T ]

/ a-b plane
«'/ )'

107_,'}%1 _
=/l 7
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Summary and outlook I

[J Homes' law ps(1T'=0) = CODC(TC)TCJ

> Uemurd’s law  p (T = 0) = BT,

Massless scalar model
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(a) C(= p,/(opcTe)), ¢ =3 (b) B(= p,/Te) for ¢ =2,3,6



Summary and outlook

Q-lattice model

Insulator R Insulator
- o me=e Metdl
. — . / ‘\ 1 — =
ooc To * “; Ny
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15 20
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ki
(A’r given k , plateau for large A\ ) (P|GT€0IU for large \ > 50 )
o Similar to helical lattice model: o Superfluid density cross-checked by
wider range of parameters analysed two methods: missing spectral weight
© Metal/insulator property without condensate transferred to higher frequencies
seems to affect the properties of ~ Other models with linear T resistivity
superconductor and Homes’ law will be more interesting

o Uemura’s law does not hold:
DC conductivity plays a role
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