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Torque magnetometry evidence for diamagnetism above Tc

A few details:

Used samples: La2−xSrxCuO4

Bi2Sr2−yLayCuO6

Bi2Sr2CayCu2O8+δ

Methodology: Torque magnetisation was measured using the samples

glued to the tip of a thin cantilever with ~H applied at

a tilt angle θ = 100 − 150 to the crystal c axis.

Who/where/when: L. Li, ... and N.P. Ong, Phys. Rev. B 81, 054510 (2010).

Princeton + Beijing + Tokyo + Ibaraki + Brookhaven
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Magnetisation of La 2−xSrxCuO4 sample with x = 0.09 content of Sr.

Md(H) = Meff − Mp

where

Mp = (A+BT ) H
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Magnetisation of La 2−xSrxCuO4 and Bi 2Sr2−yLayCuO6 samples,

showing the onset of doping dependent diamagnetism above Tc.
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T M
⇐= onset of the residual diamagnetism

Tc ⇐= transition to superconducting state

L. Li, ... and N.P. Ong, Phys. Rev. B 81, 054510 (2010).
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Issues to be addressed:

⋆ Why does T M differ from Tc ?

/ pairing vs coherence /

⋆ Meissner without Higgs mechanism ?

- Diamagnetism above Tc

- Enhanced conductivity above Tc

⋆ General remarks
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Superconducting state – principal features

⋆ ideal d.c. conductance

Normal conductors:

resistance R = ρ l
S

where ρ ≡ 1/σ

and σ = ne2τ
m

τ(T ) – relaxation time
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⋆ ideal d.c. conductance

a.c. conductance
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⋆ ideal d.c. conductance

a.c. conductance

This f-sum rule
∫

∞

−∞
Re σ(ω) = π ne2

m

must be obeyed also

below Tc, where

n = nn + ns ns – superfluid density
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Superconducting state – properties (continued)

⋆ ideal diamagnetism /perfect screening of d.c. magnetic field/

T > Tc T < Tc

x

B(x) = B0 e
−x/λ

Meissner effect is described

by the Londons’ equation

~j = − e2ns(T )
mc2

~A

where the coefficient
e2ns(T )

mc2 ≡ ρs(T ) = 1
λ2

ρs(T ) – superfluid stiffness

λ(T ) – penetration depth
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Superconducting state – basic concepts

⇒ ideal d.c. conductance

⇒ ideal diamagnetism (Meissner effect)

can be regarded as two sides of the same coin.

Both effects are caused by the superfluid fraction

ns(T )
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Formal issues

The order parameter

χ ≡ 〈ĉ↓(~ri)ĉ↑(~rj)〉

is a complex quantity

χ = |χ| eiθ

It has the following physical implications:

|χ| 6= 0 −→ amplitude causes the energy gap

∇θ 6= 0 −→ phase slippage induces supercurrents
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Critical temperature – amplitude vs phase transition

The complex order parameter

χ = |χ| eiθ

can vanish at T → Tc by:

1. closing the gap . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . [conventional BCS superconductors ]

limT→Tc
|χ| = 0

2. randomizing the phase . . . . . . . . . . . . . . . . . . [ HTSC & disordered thin superconductors ]

limT→Tc
〈θ〉 = 0
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⇒ amplitude transition / classical superconductors / kB Tc ≃ ∆(0)
1.76

Tc

∆(T)
∆(0)

0

Temperature

Electrons’ pairing

is responsible for

the energy gap

∆(T ) in a single

particle spectrum

∆(Tc) = 0

Appearance of the electron pairs is simultaneous with onset o f their coherence
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⇒ phase-driven transition / high Tc cuprate oxides / Tc ∼/ ∆(0)

Early experiments using

the muon-spin relaxation

indicated that in HTSC

Tc ∝ ρs(0)

/ Uemura scaling /

The superfluid stiffness
ρs(T ) is here defined by

ρs(T )≡ 1
λ2(T)

= 4πe2

m∗c2ns(T )

Y.J. Uemura et al, Phys. Rev. Lett. 62, 2317 (1989).
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Recently such scaling
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transport measurements

1
8
ρs = 4.4σdc Tc

/ Homes scaling /

This new relation is valid for

all samples ranging from the

underdoped to overdoped region.
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⇒ phase-driven transition / high Tc cuprate oxides / Tc ∼/ ∆(0)

Recently such scaling

has been updated from

transport measurements

1
8
ρs = 4.4σdc Tc

/ Homes scaling /

This new relation is valid for

all samples ranging from the

underdoped to overdoped region.

C.C. Homes, Phys. Rev. B 80, 180509(R) (2009). / c - axis /



Electron ’pre-pairing’

/experimental evidence/
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by the high precission torque magnetometry.

Van Vleck

background

(A + BT )H

is subracted

Tc = 30K

L. Li, ... and N.P. Ong, Phys. Rev. B 81, 054510 (2010). / Princeton University /



Incoherent pairs above Tc experimental fact # 3

G. Drachuck et al, Phys. Rev. B 85, 184518 (2012). / Technion Group /

Magnetization measurements for the needle

shape La 2−xSrxCuO4 single crystals.



Incoherent pairs above Tc experimental fact # 4

A. Kamiński, T. Kondo, T. Takeuchi, and G. Gu, Phil. Mag. B 95, 453 (2015).



Incoherent pairs above Tc experimental fact # 5

Josephson current in YBaCuO - LaSrCuO - YBaCuO junction

with LaSrCuO being in the pseudogap state well above Tc

T. Kirzhner and G. Koren, Scientific Reports 4, 6244 (2014).



Incoherent pairs above Tc experimental fact # 6
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O. Yuli et al, Phys. Rev. Lett. 103, 197003 (2009).

Pseudogap induced

well above Tc

in ultrathin metallic

slab deposited on

La2−xSrxCuO4.



Incoherent pairs above Tc experimental fact # 7

A. Dubroka et al, Phys. Rev. Lett. 106, 047006 (2011).

Onset of the superfulid fraction observed in

the c-axis optical measurements Re σc(ω).



Incoherent pairs above Tc ... continued

⇒
Bogoliubov quasiparticles detected above Tc in ARPES

measurements for YBaCuO and LaSrCuO compounds

Argonne (2008), Villigen (2009).

⇒

Bogoliubov-type interference patterns in pseudogap

state as the fingerprint of phase incoherent d-wave

superconductivity preserved up to 1.5 Tc

J. Lee, ... and J.C. Davis, Science 325, 1099 (2009).



Diamagnetism

and its origin above Tc
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ĉ
(†)
kσ itinerant fermions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . (e.g. holes near the Mott insulator)

b̂(†)
q preformed local pairs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . (RVB defines them on the bonds)



Phenomenological model
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Phenomenological model

Ĥ =
∑

k,σ

ξkĉ
†
kσĉkσ +

∑

q

Eqb̂
†
qb̂q

+
∑

k,p

gk,p

(

b̂†
k+pĉk↓ĉp↑ + b̂k+pĉ†

k↑ ĉ†
p↓

)

This Hamiltonian describes a two-component system consist ing of:

ĉ
(†)
kσ itinerant fermions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . (e.g. holes near the Mott insulator)

b̂(†)
q preformed local pairs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . (RVB defines them on the bonds)

interacting via:

b̂†
q ĉq−k,↓ĉk,↑ + h.c. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . (the Andreev-type scattering)



Response to the external fields

Within the Kubo formalism a response to the electromagnetic field

is characterized by the current-current correlation function

− T̂τ〈ĵq(τ ) ĵ−q(0)〉

where

〈...〉 = Tr
{

e−βĤ ...
}

/Tr
{

e−βĤ
}

and β = 1/kBT .

We have diagonalized Hamiltonian by the continuous unitary transformation

Tr
{

e−βĤÔ
}

= Tr
{

eŜ(l)e−βĤÔe−Ŝ(l)
}

= Tr
{

eŜ(l)e−βĤe−Ŝ(l)eŜ(l)Ôe−Ŝ(l)
}

= Tr
{

e−βĤ(l)Ô(l)
}

where

Ĥ(l) = eŜ(l)Ĥe−Ŝ(l) Ô(l) = eŜ(l)Ôe−Ŝ(l)



Technicalities

The initial current operator

ĵq,σ =
∑

k vk+ q

2
ĉ†
k,σĉk+q,σ

has been found (from the flow equation) as

ĵq,↑ (l) =
∑

k

vk+
q

2

(

Ak,q(l)ĉ
†

k,↑ ĉk+q,↑ + Bk,q(l)ĉ−k,↓ ĉ†

−(k+q),↓

+
∑

p

(

Dk,p,q(l)b̂k+pĉ†

k,↑ ĉ†

p−q,↓ + Fk,p,q(l)b̂
†

k+pĉp,↓ ĉk+q,↑

)

)

with the boundary conditions

Ak,q(0)=1 and Bk,q(0)=Dk,p,q(0)=Fk,p,q(0)=0

We next determined the asymptotic values liml→∞ Ak,q(l) ≡ Ãk,q

from the coupled set of flow equations

∂
∂l

Ak,q(l) , ∂
∂l

Bk,q(l) , ∂
∂l

Dk,p,q(l) , ∂
∂l

Fk,p,q(l) .



Technicalities

The current-current response function

− T̂τ 〈ĵq(τ ) ĵ−q〉 ≡ Π(q, τ )

consists the following contributions

⇐= the usual bubble diagram

k + q

k
k + q

q1

q1- k

k - q

q1

q1+ k

⇐= anomalous diagrams

where each vertex must be determined from the flow equations.



Diamagnetic response above Tc

The anomalous contributions

k - q

q1

q1+ k

k + q

q1

q1- k

resemble the Aslamasov-Larkin diagram

They substantially enhance the conductance/diamagnetism above Tc.
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Onset of the diamagnetism is driven by the low-momentum pref ormed pairs.
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Onset of diamagnetism above Tc

Onset of the diamagnetism is driven by the low-momentum pref ormed pairs.
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Onset of diamagnetism above Tc

Onset of the diamagnetism is driven by the low-momentum pref ormed pairs.
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Distribution of the low-momentum preformed pairs
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Dynamic conductivity above Tc

-4 -2 0 2 ω / ∆pg

σ(
ω

)

low momentum
preformed pairs

depleted
fermion
states

T / D = 0.02
0.10
0.15

Qualitative effects: optical gap + Drude peak

caused by: gaped spectrum + accumulation of low-momentum bosons

T. Domański et al (2016) submitted.



Dynamic conductivity above Tc

The d.c. resistivity of Bi2223 cuprate superconductors.

The fluctuation conductivity appears already at T ∗
≈ 2.2Tc.



Dynamic conductivity above Tc

S.J. Moon et al, Phys. Rev. B 90, 014503 (2014).
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• These superconducting-like features are due to:

⇒ the short-range correlations between the pairs


