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Strongly�correlated�materials
Recurring�characteristic: complex�phase�diagram�

many�competing/coexisting�types�of�order

Role�of
QCPs?



Outline

� The�IsingͲnematic QCP

� Metallic�quantum�criticality

� Lattice�model�
and�Numerical�QMC�results
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Ising nematic order
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Electronic�Ising nematic in�
Fe�pnictides



Electronic�Ising nematic in�
Fe�pnictides
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Evidence�for�nematic critical�point�
in�FeͲbased�SC
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Elastoresistive�coefficient:



At�putative�QCP�
(near�optimal�doping!), כ

“CurieͲWeiss”�behavior!
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IsingͲnematic quantum�criticality�
in�a�metal



IsingͲnematic quantum�criticality�
in�a�metal

Strong�coupling�between�nematic modes�and�
electrons�over�the�entire�FS except�at�possible�

“cold�spots”

“Cold�
spots”



Open�questions
� Critical�exponents?�
� Destruction�of�Fermi�Liquid�theory?�
� QCP�“masked”�by�enhanced�superconductivity/other�

order?�
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Outline

� The�IsingͲnematic QCP

� Metallic�quantum�criticality

� Lattice�model�
and�Numerical�QMC�results



Lattice�model�for�
nematic QCP�in�a�metal

ܿఙ െ spinful
electrons

߬ǡ௭ െ Ising�nematic
“pseudospins”



Lattice�model�for�
nematic QCP�in�a�metal

Nematic Phase:



Lattice�model�for�
nematic QCP�in�a�metal

ߙ ൌ Ͳǣ
WilsonͲFisher�d=2+1�QCP

+�free�fermions

ߙ ് Ͳǣ
Metallic�IsingͲnematic QCP?

Nematic Phase:



Determinant�Quantum�
Monte�Carlo�(QMC)

Formulate�problem�as�path�integral,�integrate�out�fermions.

Effective�bosonic action:� ିௌ ିௌబ ՛ ՝

If�coupling�of�bosonic modes�to� and� spins�the�same�and�the�
action�is�real:� ՛ ՝ ՛ ଶ

No�sign�problem!

Larger�class�of�fermionic problem�can�be�simulated
�Ǥ���������Ǧ�Ǥ������ǡ�����ȋʹͲͲͷȌ

In�particular,�SDW quantum�critical�points�in�metals
��ǡ����������ǡ��������ǡ���������ȋʹͲͳʹȌ



Determinant�Quantum�
Monte�Carlo�(QMC)

� Finite�systems�(here� )

� Unbiased,�numerically�exact
(sources�of�error:�statistical�sampling�errors,�Trotter�errors:�
both�controlled)

� Finite�temperatures�(here� ி )

� Thermodynamic�quantities,�imaginary�time/Matsubara�
frequency�correlations (real�frequency:�requires�analytic�
continuation)
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QMC�results:
Phase�diagram
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:�Decoupled�fermions�and�nematic modes
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QMC�results:
Phase�diagram
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QMC�results:
Phase�diagram
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Nematic susceptibility�at�
criticality
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Nematic susceptibility�at�
criticality
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Nematic susceptibility�at�
criticality:�data�collapse
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In�particular,�“CurieͲWeiss”�law�for� !

Dynamical�critical�exponent�



What�are�the�fermions�
doing?

Are�they�superconducting?
Not�above� ி/80.
(Superfluid�density�=�0)

sͲwave�superconducting�susceptibility�is�
enhanced�near�QCP:�

� �



What�are�the�fermions�
doing?

Are�they�a�Fermi�liquid?

Down�to� ி :�possible�
marginal/weak�nonͲFL…

Direct�information�about�fermion�
spectral�function� :�
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Fermi�surface

ordered� QCP disordered
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QuasiͲparticle�properties
Assume�FL�form�of� :
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ܼሺߠሻ
at QCP

“Cold 
spot”
ܼ ൎ ͳ

“Hot 
region”
ܼ ൎ ͲǤͷ

ܼሺߠ ൌ Ͳǡ ܶሻ
at QCP
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QuasiͲparticle�properties
Assume�FL�form�of� :

ி ಷܓ

� Also: strongly�angleͲdepedent effective�mass�
renormaliztion

� כ increases�towards�approaching�  but�
doesn’t�seem�to�diverge…�



Conclusions

� Ising�nematic QCP�in�a� metal:�
strong�deviations�from�WilsonͲFisher

� Nematic susceptibility�follows�CurieͲWeiss�law
over�wide�range�of�temperature�and�tuning�
parameter!

� No�superconductivity in�this�range�(although�
the�pairing�susceptibility�is�enhanced�at�QCP�–
probably�ground�state�is a�SC)

� Possible�marginal�FL/weak�nonͲFL at�low�
Still�under�investigation…



Preliminary�results,�future�
directions

� Larger� :�superconductivity�near�QCP�(detailed�
results�coming…)

� Frequency�dependence�of�the�nematic�
susceptibility�  ,�inconsistent�with�
HerzͲMillis�theory…� !
Needs�theoretical�understanding!

� Other�types�of�metallic�QCP�(AFM,�CDW,�…)

Thank�you.


