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Quantum phase transitions 
and critical fluctuations 

•  Tuning of a continuous phase transition down to T=0 
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•  Unusual behavior near the onset of putative QCPs: non-
Fermi liquid behavior, unconventional SC,…  
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•  Unusual behavior near the onset of putative QCPs: non-
Fermi liquid behavior, unconventional SC,…  

Quantum phase transitions  
in metals 
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putative QCP 

pairing mediated by quantum critical fluctuations? 
Sachdev, Chubukov, Schmalian, Lonzarich, Taillefer, and many others... 



•  However, the phases are usually associated with 
different broken symmetries and compete with each 
other 

Quantum phase transitions  
in metals 
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•  Competing phases: examples in real materials 
Ø  cuprates 

Quantum phase transitions  
in metals 

Taillefer, ARCMP (2010) 



•  Competing phases: examples in real materials 
Ø  organics 

Quantum phase transitions  
in metals 

Taillefer, ARCMP (2010) 



•  Competing phases: examples in real materials 
Ø heavy fermions 

Quantum phase transitions  
in metals 

Flouquet, 2009 



•  Competing phases: examples in real materials 
Ø  iron pnictides 

Quantum phase transitions  
in metals 

Ni et al, PRB (2008) 

RMF et al, PRB (2010) 

Nandi et al, PRL (2010) 



•  Competing phases: examples in real materials 
Ø  dichalcogenides 

Quantum phase transitions  
in metals 

Morosan et al, Nature Phys (2006) 



Outline 

•  Brief introduction to the iron pnictides 
Ø  experimental evidence for competing phases 
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Ø  symmetry of the Cooper pair wave function 

•  Competition between nematicity and superconductivity 
Ø  indirect competition mediated by magnetism 
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•  Brief introduction to the iron pnictides 
Ø  experimental evidence for competing phases 

 
 
•  Competition between magnetism and superconductivity 

Ø  symmetry of the Cooper pair wave function 
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Iron pnictides 

•  Layered materials: transition metal (Fe) plus pnictogen 
(nitrogen group, such as As) 

Fe 

BaFe2As2 

Ba 

As 

J. Schmalian, Physik Journal 



Iron pnictides 

•  Layered materials: transition metal (Fe) plus pnictogen 
(nitrogen group, such as As)  

Ø several families 
Ø also with chalcogen (oxygen group, such as Se). 

Paglione & Greene, Nature Phys (2010) 



•  Rise of the iron pnictides 
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•  Rise of the iron pnictides 



Superconductivity reaches the iron age! 

stone age 

Canfield et al, Sci. Am. (2005) 



Superconductivity reaches the iron age! 

stone age copper age 



Superconductivity reaches the iron age! 

Iron 
pnictides 

stone age copper age iron age 

first high-temperature  
superconductors  

since the cuprates! 



Iron pnictides:  
phase diagrams  

 
 

Interplay between magnetic, superconducting and elastic degrees of freedom 

Luetkens et al, Nature Mater. (2008) 
Avci et al, PRB (2011) 



Iron pnictides:  
phase diagrams  

 
 

Interplay between magnetic, superconducting and elastic degrees of freedom 

Ni et al, PRB (2008) RMF et al, PRB (2010) 
Nandi et al, PRL (2010) Pratt et al, PRL (2009) 

Kasahara et al, PRB (2010)  



Iron arsenides vs cuprates  
Iron arsenides Cuprates 

J Schmalian, Physik Journal 



Iron arsenides vs cuprates  

Ø  3d electrons 
Ø  layered materials 

Ø  high values of Tc 

Ø  unconventional SC (?) close 
to AFM transition 

Ø  3d electrons 
Ø  layered materials 

Ø  high values of Tc 

Ø  unconventional SC close to 
AFM transition 

Iron arsenides Cuprates 



Iron arsenides vs cuprates  

Ø  parent compound is a     
Mott insulator 

Ø  one copper band with n = 1 

Ø  localized magnetism  

Ø  parent compound is metallic 
Ø  five iron bands with n = 6 

Ø  itinerant magnetism  

 

Iron arsenides Cuprates 



Iron pnictides: 
typical phase diagram 

magnetic, structural, and superconducting order 

•  How these different ordered states interact with each other? 

•  Is there a primary degree of freedom? 



Iron pnictides: 
magnetic order 

system remains metallic 

two magnetic  
stripe states 

( )0,1 π=Q ( )π,02 =Q

Canfield et al, ARCMP (2010) 

De la Cruz et al, Nature (2008) 

magnetic transition 



Iron pnictides: 
structural order 

tetragonal to orthorhombic transition 

twin domains 

Canfield et al, ARCMP (2010) 

Nandi et al, PRL (2010) 
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Iron pnictides: 
superconducting order 

pairing: conventional (phonons) 
or unconventional (electronic)? 

Julien et al, EPL (2009) 



Competing phases: 
experimental observations  

•  Neutron diffraction: suppression of the magnetic order 
parameter below Tc 

 

 

RMF et al, PRB (2010) 

Pratt et al, PRL (2009) Christianson et al, PRL (2009) 



Competing phases: 
experimental observations  

•  X-ray diffraction: suppression of the orthorhombic 
order parameter below Tc 

 

 

Nandi,..., RMF et al, PRL (2010) 



Competing phases: 
experimental observations  

•  Ultrasound spectroscopy: hardening of the shear 
modulus below Tc 

 

 

RMF et al, PRL (2010) 

sC∝



magnetic phase 

superconducting phase nematic phase 

competing 
order 

emergent 
order 

In this talk: 

fluctuations 

•  structural 
transition 

•  orbital order 



Outline 

•  Brief introduction to the iron pnictides 
Ø  experimental evidence for competing phases 

 
 
•  Competition between magnetism and superconductivity 

Ø  symmetry of the Cooper pair wave function 

•  Competition between nematicity and superconductivity 
Ø  indirect competition mediated by magnetism 

 



•  structural 
transition 

•  orbital order 

antiferromagnetic phase 

superconducting phase nematic phase 

competing 
order 

emergent 
order 



 
 

microscopic coexistence 

phase separation 

Competition between SDW and SC: 
coexistence or phase separation? 

Local probe experiments: 



Microscopic coexistence: Ba(Fe1-xCox)2As2; BaFe2(As1-xPx)2;      
(Ba1-xKx)Fe2As2; SmFeAs(O1-xFx) 
 

 

  

•  Bulk measurements and local probes: in some FeAs 
compounds there is microscopic coexistence and in 
others, mutual exclusion.  

Phase separation: LaFeAs(O1-xFx);  PrFeAs(O1-xFx); (Sr1-xNax)Fe2As2; 
CaFe2As2 (pressure) 

unsettled 

Competition between SDW and SC: 
coexistence or phase separation? 



•  In some conventional superconductors, magnetism can 
only coexist with superconductivity when the two 
phenomena involve different electrons 

conduction electrons  
(3d band) 

localized spins  
(4f band) 

Competition between SDW and SC: 
coexistence or phase separation? 



•  In some conventional superconductors, magnetism can 
only coexist with superconductivity when the two 
phenomena involve different electrons 
Ø here, the electrons that cause magnetism are the same that 

cause superconductivity 

J Schmalian, Physik Journal 

Competition between SDW and SC: 
coexistence or phase separation? 



Competition between SDW and SC: 
phenomenological model 
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Competition between SDW and SC: 
phenomenological model 

[ ] 224242  
24242

, MuaMuMaMF ssmm Δ+Δ+Δ++=Δ
γ

Ø Minimization with respect to M leads to 

and we obtain the effective free energy 
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Competition between SDW and SC: 
phenomenological model 

0<g 0>g

1−=
smuu

g γ

coexistence phase separation 
Kosterlitz et al, 
 PRB (1976) 
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Competition between SDW and SC: 
phenomenological model 

0>g0<g



Competition between SDW and SC: 
phenomenological model 

0>g0<g

How to describe this competition from a microscopic model? 



Magnetic state: 
itinerant approach 

•  Experiments reveal that these systems are better 
described as metallic itinerant magnets 

Ø  conduction electrons are responsible for the magnetism 

Canfield et al, ARCMP (2010) Nakajima et al, PRB (2010) 

magnetic transition 



Iron pnictides: 
band structure 

•  DFT calculations: Fermi surface has multiple sheets 
Ø  3d6 configuration: several orbitals cross the Fermi level 

hole pocket 

electron pockets 

Paglione and Greene, Nature Phys (2010) Zhang and Singh, PRB (2009) 



Iron pnictides: 
band structure 

•  Fermi surface of the iron pnictides (theorist view): 

hole pocket 

Brillouin zone 
(1 Fe atom)  

hole pockets 

electron pockets 

( )kε

k



Iron pnictides: 
itinerant magnetism 

•  Bands have good nesting features: Stoner magnetism 

hole pocket 

( )0,1 π=Q

( )π,02 =Q

( )
T
E log F

0 ≈Qχ

Liu, Kondo, RMF et al, Nature Phys. 6, 419 (2010) 

ARPES data 



Iron pnictides: 
itinerant magnetism 

•  Bands have good nesting features: Stoner magnetism 

hole pocket 

( )0,1 π=Q

( )π,02 =Q

(Q)  U-1
(Q)   (Q) 

0

0

χ
χ

χ =

small electronic interaction can lead to a magnetically  
ordered state (SDW) with ordering vector Qi 

( )
T
E log F

0 ≈Qχ

include interaction: 



•  Quantitative agreement with experimental data 

Iron pnictides: 
itinerant magnetism 

RMF et al, Phys. Rev. B 81, 140501(R) (2010) 
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•  ARPES: amplitude of the gaps, but not their relative sign 

Kondo et al, PRL (2008) 

Ding et al, EPL (2008) 

Iron pnictides: 
superconducting state 



Iron pnictides: 
candidates for the SC state 

•  Pairing problem in a simplified two-band model 
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Iron pnictides: 
candidates for the SC state 

•  Pairing due to conventional attractive electron-phonon 
interaction (enhanced by charge/orbital fluctuations) 

Kontani & Onari, PRL (2010) 

 state ++s

0<V
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Iron pnictides: 
candidates for the SC state 

•  Pairing due to purely repulsive electronic interaction 
(enhanced by spin fluctuations) 

 state −+s

0>V
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1

Mazin et al, PRL (2008) 

Kuroki et al, PRL (2008) 

Chubukov et al, PRB (2008) 

Wang et al, PRL (2009) 

Sknepnek et al, PRB (2009) 

Graser et al, NJP (2009) 

Cvetkovic et al, EPL (2009) 



Iron pnictides: 
candidates for the SC state 

•  In the         state, the position of the gap function zeros 
is not enforced by symmetry 

+ −−

−

−

−+s



•  Hertz-Millis approach to the two-band model   
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•  We can then derive the Ginzburg-Landau coefficients 
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Competition between SDW and SC: 
microscopic model 
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•  We can then derive the Ginzburg-Landau coefficients 

  

  
 

 
 

 
 

 

Competition between SDW and SC: 
microscopic model 

( )
k

k
i,n

ni i
G

ξω
ω

−
=≡

1,



•  Strength of the competition term depends on the 
symmetry of the superconducting state 

RMF and Schmalian, PRB (2010) 
Vorontsov, Vavilov, and Chubukov, PRB (2010) 

θγ cos22
12 Δ∝M

Δ θieΔ

Competition between SDW and SC: 
microscopic model 
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Coexistence between SDW and SC: 
perfect nesting 

•  For perfect nesting: 
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Coexistence between SDW and SC: 
perfect nesting 

•  For perfect nesting: 

 

( ) ( ) 2222222  
42

MugMuMaF Δ++Δ++Δ=

borderline
0  :state =−+ gs

separation phase
1  :state =++ gs

symmetry  )5(SOemergent     0 that Note ⇒=g

Podolsky et al, EPL (2009) 

Chubukov, Physica C (2008) 
( )MN ,Im,Re ΔΔ=





Competition between SDW and SC: 
coexistence 

2
cos1 θ+

=gperfect nesting: 



Competition between SDW and SC: 
coexistence 

RMF et al, PRB (2010) 
RMF & Schmalian, PRB (2010) 

•      cannot coexist with magnetism 

•      may or may not coexist 
−+s
++s



Phase sensitive STM measurements  
confirm that the SC state is  

Hanaguri et al, Science (2010) 

Observation of microscopic coexistence in some iron  
arsenides rules out the possibility of an      state 

++s

−+s



Outline 

•  Brief introduction to the iron pnictides 
Ø  experimental evidence for competing phases 

 
 
•  Competition between magnetism and superconductivity 

Ø  symmetry of the Cooper pair wave function 

•  Competition between nematicity and superconductivity 
Ø  indirect competition mediated by magnetism 

 



antiferromagnetic phase 

superconducting phase nematic phase 

competing 
order 

emergent 
order 

•  structural 
transition 

•  orbital order 



 
 

Why nematics??? 



Iron pnictides: 
normal state properties 

magnetic and structural transition 
lines follow closely each other 

correlated phases! 



Iron pnictides: 
normal state properties 

orthorhombic state displays 
strong anisotropies that 

cannot be attributed to the 
lattice distortion only  

Chu et al, Science (2010) 
Tanatar et al, PRB (2010) 

•  resistivity 

b 

a 



resistivity anisotropy cannot be attributed 
only to the orthorhombic distortion 

maximum 

orthorhombic 
distortion 

maximum 

resistivity  
anisotropy 

Chu et al, Science (2010) 
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Iron pnictides: 
normal state properties 

underlying electronic order that spontaneously  
breaks tetragonal symmetry: nematic phase 

•  resistivity 

•  optical spectrum 

•  orbital polarization 

•  density of states... 

orthorhombic state displays 
strong anisotropies that 

cannot be attributed to the 
lattice distortion only  

cf. Kivelson, Fradkin & Emery, Nature (1998) 



Iron pnictides: 
nematic order 

•  Symmetry breaking in a regular antiferromagnet: 

O(3)  
(spin-rotational) 

symmetry 

 breaking 

magnetic 

state 
disordered 

state 



Iron pnictides: 
nematic order 

•  Symmetry breaking in the striped magnetic state of the 
iron pnictides: 

O(3) X Z2  

symmetry 
 breaking 

doubly-degenerate 
ground states 

( )0,π

( )π,0



•  A state that breaks Z2 symmetry but remains paramagnetic 
 

disordered state nematic state 

Z2  
 

symmetry 

 breaking 

O(3)  
 

symmetry 

 breaking 

magnetic state 

0≠iS

spontaneous tetragonal symmetry breaking 

yiixii ++ ⋅−=⋅ SSSS

Iron pnictides: 
nematic order 

Chandra et al (1990) 
Fang et al (2008) 
Xu et al (2008) 



Itinerant approach to the  
nematic state 

hole pocket 

( )0,1 π=Q

( )π,02 =Q

RMF, Chubukov, Knolle, Eremin, and Schmalian, Phys. Rev. B 85, 024534 (2012) 

Microscopic calculation of the  

free energy (Hertz-Millis approach) 
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instabilities driven by nesting: 



For perfect nesting:  ( ) ( )22
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Itinerant approach to the  
nematic state 



For perfect nesting:  

( )0,1 π=Q

( )π,02 =Q
0  0 21 & ≠= MM

21 MM ⊥ 21 M||M

0  0 21 & =≠ MM

Itinerant approach to the  
nematic state 



Away from 
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Itinerant approach to the  
nematic state 
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Itinerant approach to the  
nematic state 

To consider the possibility of a nematic state,  
we need to include fluctuations 
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Itinerant approach to the  
nematic state 

To consider the possibility of a nematic state,  
we need to include fluctuations 
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nematic 

order parameter 

•  By integrating out the magnetic fluctuations, we obtain  

the free energy for the nematic degrees of freedom 

Fnem =
an
2
ϕ 2 +

un
4
ϕ 4



Itinerant approach to the  
nematic state 

Equation of state for the  

nematic order parameter: ( )[ ]12
mag

3 −= ∫ qχϕϕ g

         solution already in the paramagnetic phase,  
when the magnetic susceptibility is large enough 
0≠ϕ

magnetic 
fluctuations 

nematic order 

2
2

2
1 MM ≠



Itinerant approach to the  
nematic state 

•  Magnetic fluctuations become stronger around one of the 
ordering vectors in the paramagnetic phase 

x and y directions become inequivalent:  

tetragonal symmetry breaking 

nematic 
 

transition 

RMF, Chubukov, Eremin, Knolle, Schmalian, PRB (2012) 

( )0,1 π=Q

( )π,02 =Q



Nematic transition triggers  
structural transition 

nematic 
transition 

OR 

ϕδ ∝ ⇒

Structural transition driven by magnetic fluctuations 

magneto-elastic coupling: 

 
ba
ba

+

−
=δ

( )∑ ++
− −=

k
kkkk  ,,,,elmag ααααδλ YYXX ccccH

0=ϕ 0>ϕ 0<ϕ



magnetic phase 

superconducting phase nematic phase 

competing 
order 

emergent 
order 

indirect 
competition •  structural 

transition 

•  orbital order 



Competition between 
superconductivity and nematicity 

•  Nematicity is a consequence of magnetic fluctuations 

( )0,1 π=Q
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Competition between 
superconductivity and nematicity 

•  But magnetism competes with SC 

( )0,1 π=Q

( )π,02 =Q

Free energy (with SC) 

F = am
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2 +M2

2( )+ um4 M1
2 +M2

2( )
2
−
gm
4

M1
2 −M2

2( )
2

+
as
2
Δ
2
+
us
4
Δ
4
+
γms
2

M1
2 +M2

2( ) Δ 2
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Competition between 
superconductivity and nematicity 

•  By integrating out the magnetic fluctuations, we obtain 
an indirect competition between nematicity and SC 

( )0,1 π=Q

( )π,02 =Q

F = an
2
ϕ 2 +
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ϕ 4 +
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+
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2

competition between  
nematicity and SC 

γns ∝γms

RMF, Maiti,Wolfle & Chubukov (2013) 



•  Due to its magnetic origin, nematicity also competes 
with superconductivity 

Competition between 
superconductivity and nematicity 

•  even in the absence of long-range magnetic order 

RMF & Schmalian, SUST (2012) 



•  X-ray diffraction: experimental observation of the 
suppression of the orthorhombic distortion below Tc 

Competition between 
superconductivity and nematicity 

Nandi,..., RMF et al, PRL (2010) 
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•  The same model explains the hardening of the shear 
modulus below the SC transition temperature. 

RMF et al, PRL (2010) 
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•  Nematicity and superconductivity compete, but can 
coexist! 

Competition between 
superconductivity and nematicity 

RMF, Maiti,Wolfle & Chubukov (2013) 
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