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and critical fluctuations
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Quantum phase transitions
in metals

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,...
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,, Sachdev, Chubukov, Schmalian, Lonzarich, Taillefer, and many others...



Quantum phase transitions
in metals

However, the phases are usually associated with
different broken symmetries and compete with each
other
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Quantum phase transitions

in metals
Competing phases: examples in real materials
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Quantum phase transitions
in metals

Competing phases: examples in real materials
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Quantum phase transitions
in metals

Competing phases: examples in real materials
heavy fermions

Flouquet, 2009



Quantum phase transitions
in metals

Ni et al, PRB (2008)
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Competing phases: examples in real materials
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Quantum phase transitions
in metals

Competing phases: examples in real materials

dichalcogenides 240
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Outline

Brief introduction to the iron pnictides
experimental evidence for competing phases

Competition between magnetism and superconductivity
symmetry of the Cooper pair wave function

Competition between nematicity and superconductivity
indirect competition mediated by magnetism



Outline

Brief introduction to the iron pnictides
experimental evidence for competing phases
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Iron pnictides

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

Layered materials: transition metal (Fe) plus pnictogen

(nitrogen group, such as As)
several families

also with chalcogen (oxygen group, such as Se).

Paglione & Greene, Nature Phys (2010)
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* Rise of the iron pnictides

JIAICIS

COMMUNICATIONS

Published on Web 02/23/2008

Iron-Based Layered Superconductor La[O,_F,]JFeAs (x = 0.05—-0.12)
with T. = 26 K

Yoichi Kamihara,*T Takumi Watanabe,¥ Masahiro Hirano,t$ and Hideo HosonoT+$§



Rise of the iron pnictides

JIAICIS
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nature Vol 453|15 April 2008 doi:10.1038/nature06972
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Superconductivity at 43 K in an iron-based layered
compound LaO,_,F,FeAs

Hiroki Takahashi', Kazumi lgawa', Kazunobu Arii’, Yoichi Kamihara?, Masahiro Hirano®* & Hideo Hosono*?
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Rise of the iron pnictides
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* Rise of the iron pnictides
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Thorium-doping—induced superconductivityup to 56 K
in Gd;_,Th,FeAsO
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Superconductivity reaches the iron
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Superconductivity reaches the iron
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Superconductivity reaches the iron age!
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Iron pnictides:
phase diagrams

Interplay between magnetic, superconducting and elastic degrees of freedom
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Iron pnictides:
phase diagrams

Interplay between magnetic, superconducting and elastic degrees of freedom
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Iron arsenides vs cuprates

Iron arsenides
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Iron arsenides vs cuprates

Iron arsenides
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Iron arsenides vs cuprates

Iron arsenides
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Iron pnictides:
typical phase diagram

magnetic, structural, and superconducting order
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How these different ordered states interact with each other?

Is there a primary degree of freedom?



Iron pnictides:
magnetic order

BaFe,As,
1.0F ' b
system remains metallic
3 o5 T two magnetic
& stripe states
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Iron pnictides:
structural order

tetragonal to orthorhombic transition
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Iron pnictides:
superconducting order
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Competing phases:
experimental observations

150

Neutron diffraction: suppression of the magnetic order

parameter below T,
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Competing phases:
experimental observations

150

X-ray diffraction: suppression of the orthorhombic
order parameter below T,

Ba(Fe, Co ),As,
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Competing phases:
experimental observations
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Ultrasound spectroscopy: hardening of the shear

modulus below T,
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Outline

Competition between magnetism and superconductivity
symmetry of the Cooper pair wave function
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Competition between SDW and SC:
coexistence or phase separation?

Local probe experiments:
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Competition between SDW and SC.:
coexistence or phase separation?

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

Microscopic coexistence: Ba(Fe, ,Co,),As,; BaFe,(As; . P,),;
(Ba, K )Fe As,; SmFeAs(O,F,) — > ynsettled

Phase separation: LaFeAs(O,_F,); PrFeAs(O,F,); (Sr, Na,)Fe,As,;
CaFe,As, (pressure)



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
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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

here, the electrons that cause magnetism are the same that
cause superconductivity

J Schmalian, Physik Journal



Competition between SDW and SC.:
phenomenological model

F[M,A]-= %”Mz " %”M“ " %
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Competition between SDW and SC.:
phenomenological model

F[M,A]-= %”Mz " ”ijM“ " %

AP+ 2 (Al + LA M
4 2

Minimization with respect to M leads to
2
a +u M>=-y ‘A‘

and we obtain the effective free energy
<0 : first-order
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Competition between SDW and SC.:
phenomenological model

Fla,A]- %’"Mz +%"M4 +% Al +”74S Al +§\A\2M2
g=——-1
umus

%Y

Kosterlitz et al,
PRB (1976) coexistence phase separation



Competition between SDW and SC:
phenomenological model

F[M,A]= %mMZ ¥

g<0
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Competition between SDW and SC:
phenomenological model

How to describe this competition from a microscopic model?
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Magnetic state:
itinerant approach

Pab/Pap (300 K)

0.0

Experiments reveal that these systems are better
described as metallic itinerant magnets
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conduction electrons are responsible for the magnetism



Iron pnictides:
band structure

DFT calculations: Fermi surface has multiple sheets

3d° configuration: several orbitals cross the Fermi level

electron pockets
«—

hole pocket

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



Iron pnictides:
band structure

Fermi surface of the iron pnictides (theorist view):

Brillouin zone

(1 Fe atom) <—— electron pockets
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Iron pnictides:
itinerant magnetism

Bands have good nesting features: Stoner magnetism
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Iron pnictides:
itinerant magnetism

Bands have good nesting features: Stoner magnetism

include interaction:

X, (Q)
1-U x, (Q)

x(Q)=

E
%,(0)~log =

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



Iron pnictides:
itinerant magnetism

Quantitative agreement with experimental data
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Iron pnictides:
superconducting state

ARPES: amplitude of the gaps, but not their relative sign
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Kondo et al, PRL (2008)
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Iron pnictides:
candidates for the SC state

Pairing problem in a simplified two-band model

Hsc = _E AI(CI:TC-Jrki +C-k¢ck¢)_2 Az(dETd.h +d-k¢dkT)




Iron pnictides:
candidates for the SC state

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

V < O Kontani & Onari, PRL (2010)
WT
S++ state ‘ = .._i\ AI >0
A, >0



Iron pnictides:
candidates for the SC state

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

>0

s state

A >0

A, <O
Mazin et al, PRL (2008)
Kuroki et al, PRL (2008)
Chubukov et al, PRB (2008)
Cvetkovic et al, EPL (2009)
Wang et al, PRL (2009)

Sknepnek et al, PRB (2009)
Graser et al, NJP (2009)




Iron pnictides:
candidates for the SC state

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




Competition between SDW and SC.:
microscopic model

Hertz-Millis approach to the two-band model

H=H,+Hgy+H

[ H, = E (51,k+Q — ﬂ)cl:+QaCk+Qa + E (‘92,k ~ /u)dl:adka
k.o k.o

< HSDW = E OM(C;+qodka +dl:0'ck+q0')

%A(H kJ,+C CkT) EA(dl:TdJ;(J,+ko,dkT)



Competition between SDW and SC.:
microscopic model

We can then derive the Ginzburg-Landau coefficients

F[M,A]= %"MZ +”ijM4 +% Al +’“‘ZS Al +%\A\2M2
g=——-1



Competition between SDW and SC.:
microscopic model

We can then derive the Ginzburg-Landau coefficients
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Competition between SDW and SC.:
microscopic model

We can then derive the Ginzburg-Landau coefficients

G, (k) G, (k+Q) _rr’




Competition between SDW and SC.:
microscopic model

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

M a 6 =0
,* 4 s state
| |

\ Q /l> Vi % M7[A[ cos <
. K| H =JU
— 5 G —
S state

A Ae' x

M

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



Coexistence between SDW and SC:
perfect nesting

For perfect nesting:

F=%QA‘2+M2)+%QA‘2+M2)2+gu‘A‘2M2
_1+cosd
s 2
s' state: g =0 s state: g =1

borderline phase separation




Coexistence between SDW and SC:
perfect nesting

For perfect nesting:

F =%QA‘2 +M2)+%QA‘2 +M2)2 +gu‘A‘2M2
s' state: g =0 s"" state: g =1
borderline phase separation

Note that g =0 = emergent SO(5) symmetry

N = (Re A, ImA, M) Podolsky et al, EPL (2009)

Chubukov, Physica C (2008)



Competition between SDW and SC.:
coexistence

coexistence phase separation

sT~ (nested bands) s**

-1 0 1 9/u

l1+cosé
2

perfect nesting: g=



Competition between SDW and SC.:
coexistence

coexistence phase separation

§sT~ (nested bands) s**

-1 OT 1 9/u

++ B - -
§ cannot coexist with magnetism

+-— .
S  may or may not coexist RMF et al, PRB (2010)
RMF & Schmalian, PRB (2010)
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Observation of microscopic coexistence in some iron
] (] (] ] ++
arsenides rules out the possibility of an § state

Phase sensitive STM measurements
confirm that the SC state is s~

De

c. E— Inc.

Hanaguri et al, Science (2010)



Outline

Competition between nematicity and superconductivity
indirect competition mediated by magnetism
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Why nematics???



Iron pnictides:
normal state properties

T A
100K
magnetic and structural transition
\ > .
50K ort. lines follow closely each other
SDW \ correlated phases!
/SC
' >

doping



Iron pnictides

L]
L]

normal state properties

T A

orthorhombic state displays
strong anisotropies that
. cannot be attributed to the
100K .~ lattice distortion only =
\ E
50K ort.
SDW . c
/SC
’ >
b O ® doping
L> a O O

resistivity

0.4{ A=

0.6

0.2

x=1.6%
100 200 300

0.0
0

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



0 2 4 6 8 10

ping x (%)
Chu et al, Science (2010)
a—b maximum maximum

~ (.01 orthorhombic resistivity |— = 2
distortion anisotropy Pa

a+b

resistivity anisotropy cannot be attributed
only to the orthorhombic distortion



Iron pnictides:
normal state properties

T A
orthorhombic state displays
| strong anisotropies that resistivit
. cannot be attributed to the Y/
100K . lattice distortion only optical spectrum
\\\ / orbital polarization
>0K Ort. density of states...
SDW \
/ SC
' >
doping

underlying electronic order that spontaneously
breaks tetragonal symmetry: nematic phase
cf. Kivelson, Fradkin & Emery, Nature (1998)



Iron pnictides:
nematic order

Symmetry breaking in a regular antiferromagnet:

/’ﬂ N D& X
0(3)
5l (spin-rotational)

gi] 4 \// symmetry
— } 7 5 breaking

Z s Zf b

disordered magnetic
state

state



Iron pnictides:
nematic order

Symmetry breaking in the striped magne}\ic st

iron pnictides:

i

2/
Z
s |
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doubly-degenerate I
ground states
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Iron pnictides:
nematic order

A state that breaks Z, symmetry but remains paramagnetic

spontaneous tetragonal symmetry breaking

¥~ N ¥~ N
ﬁ 57 [\E 4} [\X N\ /\ N\
“ |
Z, o;3) | ' '
P /4
i Qy I symmetry symmetry
breaking breaking
) > 9 Ay Zf X
== i |
disordered state nematic state magnetic state
Chandra et al (1990) <S, ) S,-+x> = _<Si ’ S,-+y> <Sl> = ()

Fang et al (2008)
Xu et al (2008)



Itinerant approach to the
nematic state

Two spin-density wave
instabilities driven by nesting:

S=M, e "+ M, %"

Microscopic calculation of the

free energy (Hertz-Millis approach)

_ (h) g+ (e) .+
H = E €x dkadka + E 8_] kC_] kaC] ka
k

1,k

+ ] E ( Jkaaaﬂdk+q/3’ Xdk'y }/56_] k'- qé)
Jk.k',q

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



Itinerant approach to the
nematic state

a u
For perfect nesting: Fmag = — (M12 + M22 )+ — (M12 + M22)2

2 4
o @ field solution: ™ =0
i i mean-iield solution: aMl. =
| Qz = (09”) E
‘ : M+ M/ = constant
: Ql = (‘7[’0 :



Itinerant approach to the
nematic state

For perfect nesting:

AN

|

/\ /\ /\ I /\
vy b

] I VAN ' /\
\V4

X % Al

I \V/ !

M,=0&M,=0 M, =0&M, =0

DI
. N O
\ K(& 1‘}
M, LM,



Itinerant approach to the
nematic state

Away from

perfect nesting: Fmag =%(M12 +M22)+%(M12 "']\422)2 _%(]\412 _M22)2

-a 9)
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Itinerant approach to the
nematic state

OF e

22 42
mean-field solution: o 0 +g M M,
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Itinerant approach to the
nematic state

oF
mean-field solution: p An;g =0 +g M 12M 22
i A
( \
Fg =5 M+ M3 ) 207+ 003 F -2 a7 - 0 ]
VAN 0 VAN VAN VAN VAN
V4 -
/\ | VAN OR ' '
\V4
A X %@ X %
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M, =0 M, =0
M, =0 M, =0



Itinerant approach to the
nematic state

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

Fmag =Xr-riag(q)(M12 +M22)+%(M12+M22)2 _i(Mlz_Ms)z
\ y ) \ v )
YoM+ M, @M -M,;

nemadtic

order parameter



Itinerant approach to the
nematic state

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

Fmag =Xr-riag(q)(M12 +M22)+%(M12 +M22)2 _i(]\ll2 _j\422)2
\ ) \ )
Y Y
YoM+ M, @M -M,;
nematic
order parameter

By integrating out the magnetic fluctuations, we obtain
the free energy for the nematic degrees of freedom

a » U 4
nem 2 (p 4 (p



Itinerant approach to the
nematic state

Equation of state for the 3 [ ) ( ) 1]
nematic order parameter: ¢ =98 f Xmag q)-

@ = ( solution already in the paramagnetic phase,
when the magnetic susceptibility is large enough

(M) = (M3)

magnetic
fluctuations

nematic order



Itinerant approach to the
nematic state

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

nematic

MJ transition J

Q.- (04)/
J Q, =(7.0) q,
-

x and y directions become inequivalent:

X

tetragonal symmetry breaking

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



Nematic transition triggers
structural transition

L] L] + +
magneto-elastic coupling: /1 mag—el = /12 ) (C ¥ kaCxka ~ €y xaCy ka )
K

5=a—b
a+b
¥~ N

—>

¥~ N
N nematic
transition :

=0 @>0 @p<0

Structural transition driven by magnetic fluctuations
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Competition between
superconductivity and nematicity

Nematicity is a consequence of magnetic fluctuations

Free energy (without SC)

P ) @

=
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Competition between
superconductivity and nematicity

But magnetism competes with SC

Free energy (with SC)

F=%’”(M12+M22)+%’”(M12+M22)2—‘%””‘(Mlz—Mzz)2 . AT
P Sefa S faf e Lo (017 4 03 )

4 2

competition between \
magnetism and SC

e
Il

X
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Competition between
superconductivity and nematicity

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

F=&q02+ﬂq04+&A

2 4 2

A+ Lo

|2

)
4

competition between

nematicity and SC

)/I’IS x )/ms

RMF, Maiti,Wolfle & Chubukov (2013)



Competition between
superconductivity and nematicity

Due to its magnetic origin, nematicity also competes

with superconductivity

even in the absence of long-range magnetic order

T/Tq

/P,
1.0~
\\\\\\ TC
~
0.5
0 0.5

RMF & Schmalian, SUST (2012)
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Competition between
superconductivity and nematicity

X-ray diffraction: experimental observation of the
suppression of the orthorhombic distortion below T,

15 Ba(Fe, Co)As,  ®x=0.0471
i TP v 0.054 -
‘ee, = 0.057
I * 0.059
competition ~ | : 8-823
] 9 10 - - -
& coexistence g * 0.066
Q i m
+ h Af— v'v
8 w" . "\.. Yy °.
= " L v .
\c-l'; | ..
Losh ;’”‘{ .
**0 A/ %
* 4 %
** ' * * L ]
ot +++ﬁ++ . *5, .
iy W %
oF Woosesesss 84 o Mhoors o b
| 1 [ | ] N |

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



Competition between

superconductivity and nematicity

The same model explains the hardening of the shear
modulus below the SC transition temperature.

C. A
=1+|— Xnem
CS,O Cs,O
Y He (K)

RMF et al, PRL (2010)
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Competition between
superconductivity and nematicity

Nematicity and superconductivity compete, but can
coexist!

band ellipticity
(pressure)

0O 01 02 03 04 05
5,/(2nT )

RMF, Maiti,Wolfle & Chubukov (2013) ~ CA/Ter concentration (doping)



Conclusions
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