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Abstract: <p>The iron chalcogenide FeSe has attracted much recent interest due to a high superconducting transition in monolayer samples. In bulk
samples, nematic order is seen without the presence of magnetic order, hinting at the importance of nematic order in determining the monolayer
properties. More generally, there has been growing evidence of the importance of nematic fluctuations in a variety of strongly correlated
high-temperature superconductors. We study an effective two band model of the iron-pnictides with interactions that capture the nematic ordering
arising from spontaneous symmetry breaking between the two orbitals. These models are sign-problem free and can be simulated in an unbiased
fashion using Determinant Quantum Monte Carlo. We find a variety of unexpected orders and consider the effects of the nematic fluctuations on
superconductivity. </p>
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Iron based High-Temperature Superconductors

Nematic Quantum Ciriticality

Two Band Model for Nematic Order
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Iron Based Superconductors
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FeSe

Undoped Bulk Properties: FeSe / SrTiO; (Nb-doped)

Nematic order

No magnetic order without -
external pressure g 10

Superconducting T, ~ 8K
Highly Doped Bulk
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[Y. Miyata etal. Nature Materials 14,775 (2015)]
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Nematic Quantum Ciriticality
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Nematic Quantum Ciriticality
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Pairing vs. Quasiparticle Destruction

—

* Nematic Fluctuations: A

Enhance Pairing (SC) FL
in all channels

Destroy Fermion
Quasiparticles

* Open Questions
Does Incoherent
Critical Region
Survive!?

Universal exponents
above dome!

> N

[Metlitski, Mross, Sachdey, Senthil (2014); Schattner, Lederer, Kivelson, Berg (2015);...]
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Experimental Evidence of Nematicity
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Experimental Evidence of Nematicity

* Ba(Fe,_,Co,),As,
Nematic susceptibility
via resistance anisotropy
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Two Band Model
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Interactions favor Nematic Order

On site interactions:
H; = 2 Z(SN 0N,
(g <0)

* Nematicity: Orbital Symmetry Breaking
on; = Ni1t+ + Ni1y — Ni2t — N2

* Both attractive and repulsive Hubbard-like terms
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Numerical Simulations

* Challenges:
Quantum Fluctuations
Metallic: Many Energy Scales

Sign Problem for Fermions

* Determinant Quantum Monte Carlo
Unbiased Sampling of the Fermions

Engineer physics in sign problem free model
[cf. Schattner, Lederer, Kivelson, Berg; arXiv:1511.03282]
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Determinant Quantum Monte Carlo

* Sample Full Path Integral

Integrate out Fermions for
Hubbard—Stratonovich Fields
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Fermion Sign Problem R

* Latticesizes <2x 12x 12
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Code & Parallel Tempering

o New Code g 82 83 84

* Parallel Tempering G || by || by || b

No global updates
Improved ergodicity o, | o o || o
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* Some technical values
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Weak Coupling Expectations
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RPA Ordering Sensitive to Doping
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Proposed Phase Diagram
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Measured Quantities

* Nematic Correlation Function:
((571(5'1L> (q,7=0) /LZ
* Binder Ratio for Nematic Order

- 1 {p%)
& == 3 (p?)?

* Superconducting Correlation Function

Maximum Diagonal: (A;A) (R, 7 =0)

o

Fourier Q = 0: (A,A,)(¢=0,7 =0)/L*
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Measured Quantities

* Nematic Correlation Function:
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* No Uniform Nematic f < 8.0

‘Anti-Ferro Nematic’ Order

* Orbital Order at q = (m, 7):
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Binder Ratio Fingerprints Transition

* Binder Ratio for Nematic order at q = (m, 7). :
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System Pulled towards Half Filling

* Anti-Ferro Nematic arises only at Half Filling

Average orbital filling per site
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Evidence of Superconductivity

—

* Pair Correlation function in on-site s-wave (A))
channel saturates with system size: (A;A,)(R, 7 =0)
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Evidence of Superconductivity

* q=0 correlation function vs max. diagonal ( = 8)
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Evidence of Superconductivity

—

* q=0 correlation function vs max. diagonal ( = 2)

(AAN(q=0,7=0)/L* s (AA) (R, 7 =0)
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Uniform Nematic Fluctuations

* Signs of uniform Nematic fluctuations

Nematic Correlation Function per site (6ndn),—(0.0).70)/L?
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Bond Nematic Interactions

* Change Interactions to Bond Nematic

q' :
H; = é (Z; on; + (Yn.j]z (¢’ <0)
iJ

* Same model; Cross-term prefers q = 0 nematic

* Uniform Nematic, but no Superconductivity seen:
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Bond Nematic Interactions

Model to prefer uniform (q = 0) nematic order
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Bond Nematic Interactions

Model to prefer uniform (q = 0) nematic order

/
( . . ¢
Hyp = é E [0n; + (5’!’1,‘]']2 (¢’ <0)
(ig)

Binder Ratio for Nematic Order (q = 0, w = 0)

0.8r
0.7
r-n-ﬂ-u-u--u-b-huﬂ"rlx-_‘l
0.6 A
'Q:".
‘4 "q.
0.5 Y% P
L, $ 4 6x6, =10
\ A
*\‘ \ \ =
04 AN b 7x7,0=1.0
) t -+ Bx8, i=1.0
W Q\ 4 a 9x9, 3=1.0
0.3 R ¥+ 10x10, 3=1.0
0 ' 11x11, 9=1.0
0.2 ] :
'\‘.
Y B N
0.1 v, e .
.t g ,
@ -% “ g~ - S » - "l
0.0 » R s S e SR e RS 5
L & »
-0.1L " . i i i J ( ’
=0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0.0 U

Page 34/35



Conclusions & Open Questions

Enhance Superconductivity in two-orbital model

Different picture than RPA
No Uniform Nematic Order

Strongly enhanced Superconductivity

Is there an uniform nematic phase!?

Details of the Superconductivity for FeSe
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