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Normal state properties of high duprates

Why study the normal state ?

Superconductivity competes with normal state
Need superconducting state to have lower energy for, T<T
So need to understand details of normal state

A Competing phases
A Anomalous scattering
A Quasiparticle / coherence / collective excitations
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Bulk transport and thermodynamic properties
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Phase diagram
Electronic structure
Resistivity

Hall Effect
Boltzmann theory
Quantum Oscillations
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Cuprates Materials

Hg-Family Abbrev. T.

HeBayCasCusOipe; Hg-1234 125K Hole doped
HgBa;Ca:CuzOss  He-1223 134K (164 K @ 30GPa) — highest T,
HeBa;CuOs.; Hg-1201 95 K
T1-Family \‘\\
TI-Ba;Ca;CusOqypey T1-2223 128 K \ T*
TI:-Ba:CaCu:0s;  T1-2212 118K 200 .
T1:Ba;CuOs-; T1-2201 95 K (can be highly overdoped) 3 i 09eP

(O]
TIBa>CazCusl2; T1-1234 112 K %
TIBa;CaCuzOey T1-1223 120 K o
TiBa;CaCu;Ows  T1-1212 103K €100

()] \
Bi-Family a \‘

1-I' s K — \
BisSr:CaCusOs  Bi-2223 110K R Peroonductor
Bi:5rCalCus0eg Bi-2212 01 K (photoemission/tunneling —cleaves) "\ ‘\\
Bi:SrCaCu0s;  Bi-2201 5K A

0 0.1 0.2 03
Y-Family Doped holes (p)
TBaluzOrs T-123 04K (clean —most highlv studied)
Y-BaCusOryg Y-124 22K
La-Family
Laz x5rxCuOy; LaSr-214 40 K (full doping range)
La:Ba,CuOap LaBa-214 30 K (1* cuprate superconductor)
Others
Cay 55, Cu0n 110 K
Ndy Co.CuOnc 10K Electron doped
= o A - - ernationa e 0
hla 3 U o 01(0 U e e 9 olKe ola Abrera019




Superconductors meditated by magnetic interactions ?

Cuprate
\\\ T*
200 \
< !
o 'y
2 Strange Metal
2 \
g 100
2 lc
Superconducting FL
1 1 1
0 0.1 0.2 0.3
Doped holes (p)
Heavy Fermion
CePd,Si,
10 Fe
e -
.
AF %
-tea
o A A i S A-
O 10 20 30 40
Pressure (kbar)
z ok N ANtO A 0

200
150 <
—~ °
3
5100 ©
g
£
o}
50 =
0 | +SDC_ SCI
0 0.2 QCP 04 0.6
X
Bechgaardsalts
8 6 T
a ® (TMTSF),PF,
g ’ r"w W i
~ 1
: ! |
5 :
ded 4 F SDW % ' i
g T+ 1% A
Q 1
s } .
. 7o “
0 ) S5C i T N
0 10 20 30
Pressure, P (kbar)
0 0 = ate o prate

Iron based (pnictide)

k- (BEDTTF),X

100

10

CulN(CN),CI

-
—

—

- /anomaly in R(T) and 1/(T,T)

metal

SC

—
~1 kbar

f

T pressure
T Cu(NCS),

Cu[N(CN),JBr

CsGo

Critical temperature (K)

|||||||||||||||||||||||||||||




Cuprates Basic structure

YBaCuO, 4 _ _ .
Two dimensional copperxides
T >
®0 draws electrons away from
.O. ¢ ; iﬂ CuQ, layer (hole dopes)
.._. O Ba 1
|
. \\Cu-D planes ‘ delng Iayer
f/’
IS A Cu0, layer
Ce ¢ doping layer
> Cu0, layer
Cu-O chains
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Electronic structure : Parent compound,CaQ

Tetragonal crystal field splitting
La2 CUO4

32 y2

(122
Formal valence counting

Lag3+)cu(2+)ofl2—) Cu2* is in 3d° configuration vdmy

dmz dyz

e Single unpaired electron on 3d orbitals.
e Cu is in tetragonal structure: leads to Crystal field splitting of d orbitals

e Highest energy orbital which contains a hole is d,2_,2 orbital

—Y

o Cu 3d,2_,2 level strongly hybridises with O 2p Copper 3d(x*-y?) orbital
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Density functional theory banstructure : DFLDA : LguQ

Single hole band

from Cu and O orbitals Fermi surface
50— 1aCuQ ~, DFTLDA predicts that
e LaCuQ is half filled
-————— .e., 1 electron per unit cell
2.0—%
’>'“‘ 1.0—;
PR Fermi surface almost 2D
2 ] Weak eaxis dispersion
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La,CuQ Mott Physics

DFTLDA is wrong ! UndopedLa,CuQ, is an antiferromagnetic insulator

N | Gap formed at the Fermi level because of
Lag 5t CuO4] electronic correlations (fluctuating U) not
| included in LDA banstructure

Hubbard Model
H=- Z fg(CLng + h.c.)+ UZ”H”N
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How does gap close ? E, U
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Transport properties
INn the metallic state
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Normal state properties: Linear resistivity

Resistivity linear with T
over an anomalously large

Bir2201

500
range of temperature
— 400 -
& C.f. Simple metals where
G 300
3 pxTforTZ6p/3
a 200 | _
Suggests that mechanism of
100 | scattering in cuprates has no
= energy scale
0 ; | ] 1 1 1 )1
0 200 400 600
T(K)

S. Martin et al, Phys. Rev. B 41, 846 (1990).
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Anomalous normal state : optimal anehderdoped

A. Carrington et al. PRB 1993

Resistivity Hall Coefficient (low field)
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Anomalous normal stateOverdoped

A. Tyler, PhD Thesis, Univ. Cambridge 1!

T12B320u06+m
Resistivity Hall Coefficient
400 I I ' I I 12 I T T T T
T =85K
‘ L '. T <4K oo
~ | [ ] ‘ ....
300 | . l..............oo
~ T =55K e 08T o T —55K |
g c g [} c
% 200 r i 9’106 i M
o g ¢ T =85K
041 "oM
100~ T <4K ]
c 0-2 - —
0 P | | | | 0 ] ] 1 ] 1
0 50 100 150 200 250 300 0 50 100 150 200 250 300
T X T (X)
Overdoped
r(m- T?

R, lessT dependent

Al

el B - = - c ola abrerda019




Resistivity exponent

n
¢ BaFg(As,P), 101214161820

La,SrCuq Why 2 Y It 2ndzé —

g 200
1.9
1.8
150
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1.6 o
1.5 \%100
N 1.4 ~
1.3 50
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0 — r— 1 0 :
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R. Cooper et al Science 2009 S. Kasahara et al., PRB (2010)
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Linear Component in resistivity

Two ways of viewing the same data

Two different current carriers
Anisotropic scattering

T linear component
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N. Hussey et al Journal of Physics:
Conference Series 449 (2013)
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