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Abstract: | will discuss the interplay between the fermionic nodal quasiparticles of a d-wave superconductor and the various spin and charge orders
that have been observed in the cuprate superconductors. Fluctuations of a composite \'nematic\' order are identified as the dominant source of
inelastic scattering which broadens the quasiparticle spectral function.
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Gapless nodal quasiparticles in d-wave superconductors
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FIG. 46. Superconducting gap measured at 13 K on Bi2212
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(T.=87 K) plotted vs the angle along the normal-state Fernm
surface (see sketch of the Brnllouin zone). together with a
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d-wave fit. From Ding, Norman. er al.. 1996.
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Gapless nodal quasiparticles in d-wave superconductors
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Photoemission spectra of La;, SryCuOy4
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Photoemission spectra of La;, SryCuOy4
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Scanning tunneling microscopy of BSCCO
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Neutron scattering measurements of dynamic spin
correlations of the superconductor (SC) in a magnetic field
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at low temperatures in /=0 (red dots) and H#=7.5T (blue dots)
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at low temperatures in /=0 (red dots) and H=7.5T (blue dots)
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at low temperatures in /=0 (red dots) and H#=7.5T (blue dots)
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at low temperatures in =0 (red dots) and H/=7.5T (blue dots)
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Coupling between SDW order
and nodal quasiparticles
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a-h, The energy transfer was fixed o
60 meV (a,b), 47 meV (c.d), 37.5 meV
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and @ show scans along the a axis and
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error bars indicate the statistical error.
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at low temperatures in /=0 (red dots) and H#=7.5T (blue dots)
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SDWV field theory
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SDWV field theory
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SDWV field theory

Stable fixed point in a 6-loop RG analysis:

W] = U] — Us, Wy = W3 = Us, V] = Us

O(4)®20(3) invariant theory for ¢,;, with a =1...4 an O(4) index.
and : = 1...3 an O(3) index, and

DPy; = p1i +1p2i, P2 = w3 + 1P4i.

M. De Prato, A. Pelissetto. and E. Vican
Phys. Rev. B 74, 144507 (2006).
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SDWV field theory

Stable fixed point in a 6-loop RG analysis:
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i = Ty ey W Mg = egy 3y =14

O(4)®0(3) invariant theory for p,;. with a =1...4 an O(4) index.
and t=1...3 an O(3) index, and

P = p1i + 12, P2 = w3 + 14.

M. De Prato, A. Pelissetto. and E. Vican
Phys. Rev. B 74, 144507 (2006).
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SDWV field theory

SvmmetrieS'

1)®U(1)®Z4@0(3)

SpIn
x—translatlons rotations

y-translatlons lattice
rotations
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SDWV field theory

Symmetries:
0(4)®0(3)
_ / \ SpIn
x-translations I
i y-translatio_ns: lattice

rotations
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?roperties of O(4)®0O(3) fixed point:

['he following 9 order parameters have divergent Hluctuations at
'he spin-density wave ordering transition with the same exponent

LT

III" -

. 4 j ) >

e The real ‘nematic’ order parameter, o = > (|®1;|% — |®2;|?)
which measures breaking of Z; symmetry

. ) : 2 | 2

e Charge density waves at 2K, and 2K5: ) . ®7;, and ) . @5,
1 o . RN 4 % ! . - = .
e Charge density waves at K; +Ks: > . ®,,®P5; and ) |, 7. Do,

At the quantum critical point, the susceptibilities of these orders
all diverge as Yy ~ 1~ 7. with

-~y —

v —
[

0.90(36) MZML, 6 loops
0.30(54) d = 3 MS. 5 loops
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Outline

.. Theory of SC to SC+SDWV transition
Emergent O(4) symmetry

). Nodal quasiparticles at the O(4) critical point

Unique selection of quasiparticle coupling to
(composite) nematic order

}. Theory of the onset of nematic order in a d-wave
superconductor
Infinite anisotropy fixed point
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Coupling of quasiparticles to SDWV order

T
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Coupling of quasiparticles to SDWV order
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T
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Coupling of quasiparticles to SDWV order

Higher - order couplings allowed by symmetry:

T:\Pg)

Energy-energy coupling

El — /\1 (“1)1‘2 s o ‘(I)QH) ( iT;lIJI + W.

b =}
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Coupling of quasiparticles to SDWV order

Higher - order couplings allowed by symmetry:

L2 = 2o (|21 — @) (W]r™W; + Wir™ ¥, )

Nematic coupling
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Coupling of quasiparticles to SDWV order

Higher - order couplings allowed by symmetry:

ﬁg — /\2 U‘I’llz — ‘(I)zlz) (\If?l'f_;r\lfl -+ IPETI”\IJ_;)

Nematic coupling
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Coupling of quasiparticles to SDWV order

Higher - order couplings allowed by symmetry:

L :Eéjﬁc[
(@7, @11 + D3,®2x) (— A Whr o'Wy + MW [0 0, )

D) — B Do) (/\ o, /\;;\y;rzainyg)].

Spiral spin order coupling
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Coupling of quasiparticles to SDWV order

Scaling dimensions of these couplings:

: 1
dim{\,] = ——-—2=-0.9(2)
v
il = (¥ —1) [ —0.05(18) MZM., 6 loops
el = 2 ) —0.10(27) d = 3 MBS, 5 loops
o M —0.84(3) MZM. 6 loops
dHilogeng] = { —0.76(8) d =3 MS.5 loops

A. Pelissetto. S. Sachdev and E. Vicari, arXiv:0802.0199












Coupling of quasiparticles to SDWV order

Scaling dimensions of these couplings:

1
dim{\,|] = ——2=-0.9(2)
vV
: ~ (3—-1) [ —0.05(18) MZM. 6 loops
dimfda] = 5= 1 _o.10(27) d = 3 MS, 5 loops
% e —0.34(8) MZM. 6 loops
dimfAz. A5] = { —0.76(8) d = 3 MS, 5 loops

A. Pelissetto. S. Sachdev and E. Vicari, arXiv:0802.0199



Coupling of quasiparticles to SDWV order

Scaling dimensions of these couplings:

. 1 ,
dimiAi]] = —=2=—092)
v
. S (-1 | —0.05(18) MZM, 6 loops
el = 2 ‘{ —0.10(27) d = 3 MS. 5 loops
% 5 —0.84(3) MZM. 6 loops
gl = { —0.76(8) d =3 MS,5 loops

A. Pelissetto. S. Sachdev and E. Vicari, arXiv:0802.0199



Coupling of quasiparticles to SDWV order

Coupling of nematic order is nearly
' marginal: '

: Quantum-critical features appear :
in fermion spectrum via coupling to
:nematic fluctuations of spin density:
: wave order. :
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Coupling of quasiparticles to SDWV order

Coupling of nematic order is nearly
: marginal: '

: Quantum-critical features appear :
: in fermion spectrum via coupling to :
‘nematic fluctuations of spin density:
: wave order. :
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Outline

. Theory of SC to SC+SDWV transition
Emergent O(4) symmetry

). Nodal quasiparticles at the O(4) critical point

Unique selection of quasiparticle coupling to
(composite) nematic order

}. Theory of the onset of nematic order in a d-wave
superconductor
Infinite anisotropy fixed point

Pirsa: 08040031 Page 101/120



QOutline

|. Theory of SC to SC+SDWV transition
Emergent O(4) symmetry

). Nodal quasiparticles at the O(4) critical point

Unique selection of quasiparticle coupling to
(composite) nematic order

}. Theory of the onset of nematic order in a d-wave
superconductor
Infinite anisotropy fixed point

Pirsa: 08040031 Page 102/120



Ignore SDW orders @, 5; and focus directly on
nematic order ¢ = Y. (|®1;|* — |P2i|?)
0 __ g [L:s 52 1 & o, UYo 4
S@/d xd1 [2(0To) 2(Vo) s o o +2JIO}
Ising theory for nematic ordering

d?k + " ,
Seg = /(OT)zTZ V), (—tw, +vpk,7° +vak, ™) ¥y,

d2k
x / 27r)> TZ W) (—iwn + vrk, 77 + vak, %) Wa,.
Free nodal quasiparticles
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Ignore SDW orders @, 5; and focus directly on
nematic order ¢ = > . (|®1;[* — |P2i|)

Siis = /(F;rd?* [)\U(D ( i{ITl'lllla — \PEQTI\I@H) ]f

Yukawa coupling is now permitted
and is strongly relevant

RG analysis close to 3 dimensions
yields runaway flow to strong coupling

Pirsa: 08040031 Page 104/120
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'xpansion in number of fermion spin components /Vy

The nematic action is dominated by the
non-analytic fermion loop contribution

> . : F 5 oD
/ { / 5 f.’)(k.w!}‘_Gr_-_;l(L.'.u;' K k= /A7)

where (G, 1s given by a fermion loop integral. A is a smooth ul-

W
G
| |

traviolet cutoff function. which suppresses Huctuations above the
momentum scale A.

> 9 2 79
AQ w* + vpks

+ (r — y)

G, (k,w) =71+ =
B SUFUA

i \W— + vek2 + r_XA 3

Similar results apply to terms to all
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Renormalization group analysis

The 1/N; expansion has only one coupling constant
at criticality: va /vF.

The RG has the structure:

: - 1 |
dynamic critical exponent : z = 1+ N Fi(va/vF)
i f
— & . | 1
fermion anomalous dimension: nf = ——UFs(va/vF)
4 J‘
, d(va /vF) 1 |
RG flow equation : — T, - = —F3(va/vF)

where we have computed the functions F; > 3(va/vE).
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Renormalization group analysis

['he RG flow is to va/vp — 0 with

d(va/vF) 4 (A )2 | 0.46987
_ = — UA /U n
d¢ m2 Ny i (va/vF)
I'his implies that at the critical point. as T — 0 we have the
isymptotic result
UA >Ny 1
e 4 A 0.1904 AV
e In (£)In | 24204 1n ()]

and a more precise result 1s obtained by numerically integrating
‘he RG equation.
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Fermion spectral functions

I

kel a)

(a)lA(F. —9mel’)

pisa:csclsiN—AN Kim, Michael J. Lawler, Paul Oreto, Subir Sachdev, Eduardo kgadkdin,
Steven A. Kivelson, arXiv:0705.4099



Conclusions

UA/UF

UA/UF
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Conclusions

|.Theories for damping of nodal quasiparticles in LSCO

3y e

i e

fir.tion UA/VF
UA/VF

{'-_\/FF
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Conclusions

| . Theories for damping of nodal quasiparticles in LSCO

2.SDWV theory yields (nearly) quantum critical spectral
functions with arbitrary values of va /v p

UA/VF

UA/UF
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Conclusions

|.Theories for damping of nodal quasiparticles in LSCO

2.SDWV theory yields (nearly) quantum critical spectral
functions with arbitrary values of va /v p

3. Nematic theory has a fixed point with va/vF =0

UA/VF
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Conclusions

|.Theories for damping of nodal quasiparticles in LSCO

2.SDWV theory yields (nearly) quantum critical spectral
functions with arbitrary values of va /vp

3. Nematic theory has a fixed point with va/vFr =0

which is approached logarithmically. The theory is
expressed as an expansion in va/vg
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| . Theories for damping of nodal quasiparticles in LSCO

2.SDW theory yields (nearly) quantum critical spectral
functions with arbitrary values of vA /v fp

3. Nematic theory has a fixed point with vA /v =0
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4. Theories yield “Fermi arc” spectra.
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