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Hertz theory

* |Integrate out the fermions
* Analyze resulting action using perturbative RG

S~ @g|*(r' + (g — Q)* +|wy|) + ugp* + ugep® ...
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Hertz theory

* |Integrate out the fermions
* Analyze resulting action using perturbative RG

S~ @g|*(r' + (g — Q)* +|wy|) + ugp* + ugep® ...

* Dynamic critical exponent z=2

e D=2: ¢* term is marginal: mean-field exponents + log
corrections.



Hertz theory

* |Integrate out the fermions
* Analyze resulting action using perturbative RG

S~ @g|*(r' + (g — Q)* +|wy|) + ugp* + ugep® ...

* Dynamic critical exponent z=2

e D=2: ¢* term is marginal: mean-field exponents + log
corrections.

 Dangerous procedure - integrating out gapless DOF.



Determinant Quantum Monte Carlo

Setf = S, +108(de'(6))
The sign problem: det(G) is complex
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Determinant Quantum Monte Carlo

Setf = S, +108(de'(6))
The sign problem: det(G) is complex

Solution: deform
the FS away from
the hot spots

Effective “time reversal symmetry” of the action:
no signh problem

Berg, Metlitski, Sachdev, Science (2012)
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Phase diagram

YS, Gerlach, Trebst, and Berg, PRL (2016)



0.2_ H TSDW
T
. C
b T,
&~ 0.15 1
2
3 1 SDW |
= superconducting
5 0.14 fluctuations
e #
= | gt P
9 # . )
H? el
0.05 - ol i i i,
“  d-wave superconductor ]
L | awe P ductor.
0 [ | | I I [ I
8 10 11 12 13 14 15

tuning parameter r




Superconductivity

Nodeless d-wave

Y =Y — ¥y




Superconductivity
0.120
0.105

!0.090

[lH0.075
0.060
0.045
0.030
0.015

Nodeless d-wave

Y =Y — ¥y

No sharp feature at the hotspots




Superconducting fluctuations

0.2—3:3 ‘ TSDW
B . T
c
R T.
~o154 dia
3 1 SDW ! _
< : : , superconducting
q")‘ 0.1 e fluctuations
g . N
5  Fa.
= e e
0054 » w0 . e, N
: il fof oo SEE HE e
1ot M z‘:";“;’?“’;“? s:gp:e:rqqnqu;;qr: i
0 | | | | | | | [
8 9 10 11 12 13 14 15

tuning parameter r

Diamagnetism onsets at
T~2T,



Superconducting fluctuations
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Charge-density waves

n_(%) = e' ¥ (ny (%) — np ()
Weak enhancement of short-range CDW fluctuations with a d-wave
form factor.

The optimal CDW wavevector is not an inter-hotspot wavevector, but is
determined by band structure.

Always much weaker than SC correlations



Charge-density waves

n_(¥) = et (ny(F) — ny ()

Weak enhancement of short-range CDW fluctuations with a d-wave

form factor.

The optimal CDW wavevector is not an inter-hotspot wavevector, but is

determined by band structure.
Always much weaker than SC correlations
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Summary of part |

* High Tc, d-wave SC phase peaked close to AFM
QCP.

* Loss of tunneling density of states and
diamagnetism above Tc, track Tc.

* No tendency towards charge order.
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Quantum critical properties

Gerlach, YS, Berg, and Trebst, PRB (2017)
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Magnetic fluctuations
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Magnetic fluctuations
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Magnetic fluctuations

%7 (@r=07

0.20 -

-

—

n

1

- AT Y
\

- ALY

fany
E
I=y
(D]
§ 0.0
- ~1
1
Eow -
7o) +L=l S;rl
2 ° L=1 L=8
200546 L1 b L=10
>
= L=12
B ¢ CL—14
O-OO 1 1 I | 1 I
0.00 005 0.10 0.15 020 025 030 035

temperature T

X_l = a,(r —1,) + aylwy| + aq(q — Q)Z-I-f(?‘, T)



Single-fermion properties

T

Gk(r=§)=fdw

A lot like ARPES MDC: A integrated over a
window of size ~T




Single-fermion properties
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Quasiparticle weight
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Velocity renormalization
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Perturbation theory
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Summary of part Il

Above Tc, the magnetic fluctuations mostly agree with
Hertz-Millis theory:

Xt =A(r —10) + Bq® + Clog| + f(r,T).
The temperature dependence is less clear, y “1~T?2.

Loss of single-fermion spectral weight at the hotspots.

Non Fermi liquid behavior: finite quasiparticle lifetime,
nearly independent of T, w.



The number of spin components

* So far we considered easy-plane magnetism, Ny = 2.

* In Eliashberg theory, the number of spin components
doesn’t matter.

* But vertex corrections are very different:

« (2 — Ng)



Heisenberg spins

* We find very similar results. High T,, peaked close to
the AFM QCP.

* We now focus on a moderate value A = 1 so that T,
is low.
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Comparison with Eliashberg theory

Wang, Schattner, Berg, and Fernandes, arXiv (2016)



Hot-spots Eliashberg approximation

* Bosonic propagator is computed within one-loop using the bare
Green’s functions (no self-consistency).

x ="+ (q - Q) +lwyl)



Hot-spots Eliashberg approximation

* Bosonic propagator is computed within one-loop using the bare
Green’s functions (no self-consistency).

x ="+ (q - Q) +lwyl)

* Fermionic self-energies (normal and anomalous) are then
computed self-consistently. No vertex corrections.

A A




Hot-spots Eliashberg approximation

* Bosonic propagator is computed within one-loop using the bare
Green’s functions (no self-consistency).

x ="+ (q - Q) +lwyl)

* Fermionic self-energies (normal and anomalous) are then
computed self-consistently. No vertex corrections.

A A

* Linearized dispersion. Self energy evaluated at the hotspots only.




Hot-spots Eliashberg approximation
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Conclusions

DQMC can be used to study this type of
problems!

The phase diagram is a lot like many high-Tc
superconductors.

Unlike hole-doped cuprates
— No pseudogap
— No charge order

Non-Fermi liquid above Tc

— constant lifetime at the hotspots. Not a power
law.

Unjustified 1-loop works for most things



fermionic SDW susceptibility S;Cl

Magnetic fluctuations
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Competition of magnetism and superconductivity
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fermionic SDW susceptibility S;Cl

Magnetic fluctuations

Consistency check
compare with a susceptibility of fermion bilinear of the
same symmetry, S, = Yoy, + H.c.
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Hertz theory

S~ @q1°(r" + (g — @Q)*+lwy]) + usp®* + ugp® + .

@“™ terms are non-local and marginal. Infinitely many
margmal terms! Abanov and Chubukov, PRL (2004)

Large N (fermion flavors)?
Naive counting in 1/N doesn’t work

S.S Lee, PRB (2009)
Metlitski and Sachdev, PRB (2010)



Magnetic fluctuations
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