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- What is the real phase diagram of cuprates?

- Why are phase and amplitude relevant?

- How is the pseudogap related to pairing and
phase fluctuations?

[ J [ J [ J [ J [ J [ J [ J [ J [ J
_ The separate role of pairing amplitude and phase in cuprates - aex — p.2/25



Pseudogap Fermi liquid

nderdoped overdoped

Doping or Charge Carrier Density

Temperature

T". Nernst effect, Hall effect, specific heat.

E,: specific heat, spin susceptibility, ARPES,...

[ J [ J [ J [ J [ J [ J [ J [ J [ J
The separate role of pairing amplitude and phase in cuprates - rx — p.3/25




—_ lgy
V= 16,TB

Bi Sr La CuO 1

—Hl— 0 6 t
—0—0.5 1
—A— 0.4 ]

60 80 100 120

ref: Wang et al, cond-mat/0108242
Wang et al, PRL 88, 257003 (2002)

[ J [ J [ J [ J
The separate role of pairing amplitude and phase in cuprates - aTex — p.4/25




Laz_xsrXCUO4 ] BiZSrz_yLayCuOG 1

10nV/KT -

o m— : o — — : :
0.00 0.05 0.10 0.15 0.20 0.25 0.30 : 08 06 04 02 0.0
Sr content x La content y

ref: Wang et al, cond-mat/0108242
Wang et al, PRL 88, 257003 (2002)

[ J [ J [ J [ J [ J [ J [ J [ J [ J
The separate role of pairing amplitude and phase in cuprates - aex — p.5/25




y
o
S

5
LL/,0L(0-("9)100)

¢« — 2 A
i_smn»%go»n ove .
<><><> A AL A AMAAAAAAAAAALA AL
%06 on | [ : Sap
T=96 K © - T=99K 2
s ‘ ‘ an ‘ ‘

an
o

T=489K

. .
. %“ﬁ% i
- 5
EDD |
[ ] . DD

[ ] O
o 4t _ Vg
N—— N R — © T YYVY VYWYV YYVYYYYY
v

. D;bD )

! T=108K by |3 JE10BK S
50 100 150 200 250 300 50 100 150 200 250 300
T(K) T (K)

(62
o

1/,01(0-("p)o0)

(R.)" (100K) (10”'em?)
ref: Matthey et al, PRB 64, 24513 (2001)

[ J [ J [ J [ J [ J [ J [ J [ J [ J
The separate role of pairing amplitude and phase in cuprates - aTex — p.6/25




Experiments show d-wave (s-wave) pairing
= attractive d-wave Hubbard model:
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Hubbard-Stratonovich transformation:

Uniam, I L G
e~ Unitnit — cgt /dwdlb*e o TYni YNy

Y — [ihlet?
* Universality class of superconductors is 2DXY or
3DXY =- phases are relevant!

* The amplitude || is the energy scale. (|¢|7—y = Ao).
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Integrate fermionic operators = standard action:

S[] = So(|]) + Se(Vep)

So = Fscog for a fixed |¢|
S, = [ dV|V|* is the phase part.
The free energy is

1
F(T) = —Blog/d¢1 o dipy e PSI)
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What is the influence of the pairing field ¢) on
thermodynamics?
Two methods

* variational: the free energy is minimal with respect to
14|. (amplitude correlations are neglected)

* average value: expand the energy around the average
amplitude (|1)]).
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Polar coordinates:

/dzwzfooodwuwrfo% 1

Fix the amplitude to a constant |¢|. The free energy is:

1 2T 5
F = —E log Do e_ﬁ(som +55)
0
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Minimize:
oF
||
=
0So(|¢]) _
n - -+ Cw S — (.
\8|¢|J \| |<¢>S<ﬂ

——

amplitl]ae part Jacobian term phase fluctuations
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Minimize:
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=
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amplitl]ae part Jacobian term phase fluctuations

(static) (|| = est)
BCS XY model
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The specific heat is C' = Cypiitude + Cphase

ol

experiments

150 200
Temperature [K]

YBasCus3Og.73 specift heat. (exp.: Loram et al, PRL 71, 1740 (1993))
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ol

experiments

T, is the temperature
above which phase
correlations are
negligible.

150 200
Temperature [K]

YBasCus3Og.73 specift heat. (exp.: Loram et al, PRL 71, 1740 (1993))
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* Expand the energy around the average amplitude:

U= (S)s = So((|$])) + (Ss)s + O({3|9])?)
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* Expand the energy around the average amplitude:

U = (S)s ~ So((|9])) + (Sg)s + O({8]4])?)

* Replace averages over S by averages over the
Ginzburg-Landau action Sgr, = Ugr(|¢]) + Sy

<>S — <"'>SGL

[ J [ J [ J [ J [ J [ J [ J [ J [ J
_ The separate role of pairing amplitude and phase in cuprates - ex — p.15/25



Z = [ Dip e~ T ZioWil i)t IVel®) yhere — 7/ _ 1, and

qu — Zz %|V¢z|2

Monte Carlo cluster simulations
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The specific heat is C = Cy ((|¥])) + Cpnase
where (|g[) = Z~1 [ Dy [¢| e PScrl¥] Vj (phase stiffness) and

TO (MF temperature) are
extracted from the best plots:
underdoped, overdoped

overdoped

experiments
x =0.87
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Oxygen doping x
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YBa2CusO¢,: underdoped: 2D d-wave, overdoped: 3D d-wave (s-wave)
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The average amplitude is (|¢|) = Z=' [ D% || e PocLl¥l
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xz | 0.08 | 0.1 | 0.125 | 0.135
Vo | 30 45 50 54
To | 490 | 359 | 224 192

100 150

Temperature [K] 100 200

Temperature [K]

Las_,Sr;CuO4 specift heat for different dopings. average amplitude.

2D d-wave (exp.: Loram et al)
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X» = xses ([1])) where ([u]) = 271 [ D) [y] e 5ol

100 Ty
Temperature [K]

YBa2>Cu30g.63 magnetic spin susceptibility: d-wave. (exp.: Takigawa et al)
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T, is the temperature
above which phase
does not influence

the amplitude (and x,)

100 Ty 200
Temperature [K]

YBa2>Cu30g.63 magnetic spin susceptibility: d-wave. (exp.: Takigawa et al)
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X IS the paramagnetic spin susceptibility and y, is the
diamagnetic susceptibility.

150
Temperature [K]

YBCO: magnetic spin susceptibility and diamagnetic susceptiblity.
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CPA (Coherent Phase Approximation):

(G(r, 7))y, G(0,2)
average local GF effective local GF

phase+amplitude
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energy/W

Average over amplitude and phase (thick line).
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Phase diagram of YBa,Cu3Og. .
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» Superconductivity and pseudogap have the
same origin.

» Two regimes in the pseudogap: correlated
(phase) and uncorrelated (amplitude).
(# phase scenario.)

o do: Nernst effect, transport, etc..
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