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Abstract: In correlated electron systems, electrons can organize themselves in states that are analogous to classical liquid crystal phases. The search
for such phases in solid state systems, in particular for the quantum version of an anisotropic liquid crystal state, dubbed electronic nematic phase,
has been of great interest. For example, anisotropic metal bounded by two consecutive meta-magnetic transitions was reported in bilayer Ruthenates,
and anisotropic neutron scattering patterns were observed in high temperature Cuprates In this talk, | will review theoretical development of the
nematic phase and present relevant experimental issues. The interplay with other competing orders and avoided quantum criticality will be aso
discussed.
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® Review on | heoretical studies --
Pomeranchuk instabilities and Mean field

theories

® Relevant materials -- High temperature
Cuprates and Ruthenates

® Summary and Open questions
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Nematicity

under google; Did you mean: prneumaticity Top 2 results

Liquid crystals;

Fuid Nematic Smectic-A
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Nematicity

under google; Did vou mean: pneumaticity Top 2 results

Liquid crystals;

Fuid Nematic Smectic-A

Broken Symmetry (Order parameter) characterizes different phases
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Electronic Liquid Crystals

Solid Phase — Translational symmetry (X)
Rotational symmetry (X)

Smectic Phase — Translational symmetry (O/X)
Rotational symmetry (X)

Nematic Phase — Translational symmetry (O)
Rotational symmetry (X)

[sotropic Liquid Phase — Translation symmetry (O)

Rotational symmetry (O)

Possible examples for nematic phase
® 2D gas - FQH nu=9/2
® high temperature cuprates
B “new’ quantum phase near the
putative QCP in Sr;Ru,0,
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A doped Mott insulator

Crystal

Temperature

Crystal

Smechc 'C C-—-

Smectic

Kivelson et al., Nature 393,550(1998
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Isotropic (disordered)

Nemafic

SupSssConcuChing
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A doped Mott insulator

Isotropic (disordered)

Crystal

_ I
gy

lTemperature

Crystai
Smectic .
Kivelson et al., Nature 393,550(1998
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A doped Mott insulator

Isotropic (disordered)

2909
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Crystal .._E. Nemafic Nematc

Crystai S / S (
Smectic | o~ C. C e e—
. - Isotropsc
Smectic -

e
approach from Fermi liquid (weak coupling theory)

Kivelson et al., Nature 393.550(1998
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Broken rotational symmetry

Can we define an order parameter for nematic?

Nematic Order Parameter: quadruple density

= : 8 —9= 28,8
: = i xr y =Y
Q(z) = Wv'(r) ( 20,9, 52 _ f‘)ﬁ ) W(r) 4+ c.c.

Yy

Electron momentum
align/anti-align
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Broken rotational symmetry

Can we define an order parameter for nematic?

Nematic Order Parameter: quadruple density

. ” 8 — 92 28,8
— i JI Y L&Y
Q(zx) = Wvi(r) ( 20,8, 2 sz ) W(r) + c.c.

y

—

hi 6 N 3™
| , 1
Electron momentum | F ey e 2 =

align/anti-align

= 1-2¢ T 1. |
Qij = piPj — 5P 0i; | * Qij = X uiu; — 38

Consequences of nematic order
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Broken rotational symmetry

Can we define an order parameter for nematic?

Nematic Order Parameter: quadruple density

= ) T — 9y 0y ==
MEr=—4 ( 20,0y fa;y - e ) e =%

oo — 5 i P (jl - n ( — N\ Sk = =i
Q.:J — PiP; 2}9 L] Al o Qiy N T* = SN

Electron momentum

_ i § = (cos?6 — 1)
align/anti-align 3

=

Consequences of nematic order

- >
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> Fermi surface distortion

Pomeranchuk instability

ON THE STABILITY OF A FERMI LIQUID

I. i. POMERANCHUK
Submitted to JETP editor May 7, 1358

J. Exptl. Theoret. Phys. (U.S.S5.R.) 35, 524-525
(August, 1358)
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> Fermi surface distortion

Pomeranchuk instability

ON THE STABILITY OF A FERMI LIQUID

I. Ii. POMERANCHUK
Submitted to JETP editor May 7, 1358

J. Exptl. Theoret. Phys. (U.S.5.R.) 35, 524-525
(August, 1958)

(1)
+ {-lzg\hw'}&::p} in () T
s o =

(o is the excitation spin).

Stability will exist for small dn if E>0 lor
arbitrary 6n. The values of p actually involved
in the integrals of Eq. (1) are those ciose to Py
( the temperature is zerc). Therefore e(p) =
(de/dp)pglp —Py) = Vg(p—Dg). The variations
én a.ppaa.rﬁ:g in Eq. (1) are due tc deiormations
of the Fermi surface, and we shall find the crite-
Tiop for stability with respect to such defermations
(see diagram).
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Pomeranchuk instability

ON THE STABILITY OF A FERMI LIQUID

I. la. POMERANCHUK
Submitted to JETP editor May 7, 1358

J. Exptl. Theoret. Phys. (U.S.5.R.) 35, 524-525
(August, 1358)

(L)
e ‘S‘E?fﬁf[‘ 'yha(p) dn (p) SEEE
: T.:;.Lz_ g P P =3P

(o is the excitation spin).

Stahility will exist for small §a if E>0 Ior
arbitrary 6n. The values of p actually involved
in the integrals of Eq. {1) are thosse ciose to py
( the temperature is zero). Therefore e(p) =
(de/dp)pglp —Pg) = Vg(p—pg). The variations
én a.ppe.a.rinngq {1} are due tc deiormations
of the Fermi surface, and we shall find the crite-

rion for stability with respect to such deformatiens
(see diagramj}.

> Fermi surface distortion

@ &

{a) snperturbed distributien {all states inside cccupied).

(3} pertusbed distzibution; in regioas |, Sa = - 1, in egons
2, éa = [; inside the selid line ail siates sr= cocupied.

Let us expand the momentum p corresponding
to the sclid line of diagram b In a series of soher-
lcal suriace armonics:

P =5+ D PuYia o),

b

R g™ (O = |. i2)

b= (i + mY
o 31 (§ — m)!

IZﬂJ' 2

m s [ 4= . (fh £ + mp (6)
+'t?'i}'§r’-i-i+uf (F— a1 -

The conditions for stability are writien separ-
:ly for each I, m:

3 8= 1? - g2
+ a0 | [P e Bide >0,
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Hubbard model ; #-S Y tacler +0 S nins .
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d-wave superconductivity and Pomeranchuk instability
in the two-dimensional Hubbard model

C. Halboth and W. Mezner. PRL (2000)

forward scattering grows stronger under RG flow
consider Pomeranchuk instability (P1)

| 2 T
= \
U 1 e = | 0 L fiee b |
. deformed _m‘ 2
_I ¥ " ._;I &
(a) - 0 K (b)—= 0 x
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Hubbard model ; #-Y Y el + 0T nins: .
ij o 1

d=wave superconductivity and Pomeranchuk instability
in the two-dimensional Hubbard model

E sdw (xX) — 3
: s t C. Halboth and W. Mezner; PRL (2000)
| odwr (I :
0 . 4 .
- & wdy - ] forward sqttenng grows stmfiger under RG flow
i 2 3 1 consider Pomeranchuk instability (P1)
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a : : = f;h‘ hk“'EF )
SN : e P,
IS b c:mﬂn:rﬁangéa o -
= ,.-;\ : | : - .
= 1 S xqi / | measure of the size of Fermi surface shifts
CCOCEEDT o = e & &
; i~ for small momentum dependent chemical potential shift
05t ‘o e : FS is stabile if all eigenvalues are positive
sd2 ©
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Hubbard model ; -3 Y tcloe + 03 nims: .
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d=wave superconductivity and Pomeranchuk instability
in the two-dimensional Hubbard model

C. Halboth and W. Meaner. PRL (2000)

forward scattering grows stronger under RG flow
consider Pomeranchuk instability (P1)

K 2
0+ e OF fTee i
—n’ i L —-I i
(a) —& 0 K (b)—=, 0 x

to analyze the stability of FS shape, introduce

measure of the size of Fermi surface shifts

for small momentum dependent chemical potential shift

FS is stabile if all eigenvalues are positive

Pl competes with SC and magnetic ordese s
: needs further study to find their interplay



Ginzburg- Landau Analysis
model Hamiltonian; H

= /;izrlb%(r)f(—iv")\i’(l‘)
+ [ drd B — TR

) = witey [ 2 - 9% 20:9
Qz) = W(F}( 20,3y, 92 — 2 W(F) +c.c

A=@en=(a Z)

e Landau-Ginzburg Free Energy
FiAy= -r*Tr[ﬁE] + 'L*Tr[ﬂﬂ s TS

o 0 (I' - U) If ftg - -—E/.FVU — A0
where r =

F> + 1/(2Ng) and v = 3aNp|F2|?/(8E%); a
is from e(k) = vpq(l + a(q/kg)?)
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On a two-dimensional lattice

' £ E ¥ cosk, —cosk, sink,sink,
Qla) = s A S IR o
A a4\ sink.sink, cosk,—cosk,
k - 3

H=Y (k- pefex 4 Y Fala) Tt [Q‘"
k q

where o2} i

Ola) 1 Z + cosk, —cosk, sink; sk, ;
(q) == c S : P |
a N k~aq \ sink.sink, cosk, —ecosk, k e
- Vo T 1
a1 :
Mean Field Analysis :
- ’ - 305 ¢ dl
I ] ¥ G
A= F{0.:(0)) and A = F5{Q:,(0))
= . 4 % o5 o8 o7 o a3 ¢
x = —2t(cosky +cosk,) — 4t cosk,cosk, -
: . SR P_= oo : FG. L. The nemenie order & s s fiiehios of chemics] posrarsl
+ Alcos ky —cosk,) — A sin ke sinky,. p for |Flig2e) =055 and 1’ = —0dr (2r=1) st T=0. u=—04
cormeeponds 1o the hulf plline, =10
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On a two-dimensional lattice

- l 3 q ‘)a., — (s ;.' th ﬁ-.r ‘*iﬂ ﬁq-ﬁ-
i o %tk 4 ( amﬁ- sink, cosk, —cosk, i

= Z{ k—,u?fkfk' ZF QJTI'[
q

425
where 0zt e
I fcosk, — cosk, sink.sink, _
Qq) = N E k-q ( sink.sink, cosk, —cos ﬁ:u) S a5t
k ' ' = A
ot
Mean Field Analysis
. - 2405
A= F5{0).(0)) and A= F, (Qzy(0);
o ’ ‘as a5 s o7 =B
i = —2t(cosky +cosk,) — 4t coskrcos k,, )
+ A(cos ky — cos k) — Alsin k. sin &y, e e e et
corrceponds 1o the half Alline. =10
I st order transition - Mean field study
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Free energy analysis
Khavkine, Chung, Oganesyan. HYK. PRB (2004}.

@ Lifshitz transition in non-interacting systems ; Fermi surface topology change
-- van Hove singularity

F =x ,u,zlnlg.l

a singularity at © — 0

@ /7 N\ 7 \\ € A

L 24 .x'"—_,_ - e ‘k\

= 5 < 5 <)
.\\“ J - — '\\ /,r - ] .Jl’_..-

|. M. Lifshitz, JETP 38. 1569 (1960)

® forsmall u < 2t and A < 2¢

B = AE-V‘42=; /221 |
— jiFJ:_“; )] 'T'{ +f-[|r--] n

A+ )2 A —pf2

+~( A — ,uf’_l']zln

—_

Non-analyticity moved to pt = +2A
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Does nematicity hinder Lifshitz transition?
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(6)

shaded area; negative curvature near zero-order

Free energy analysis (continued)

a/2t=0 u/2t = 0.089 pl2e = 00109
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w/2t = 0.118 p/2t =0.125 n/2t = 0.148
! () | ! (e} - i (£3
{ [ | ! \
1 | ‘, f \ |
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\ ) \ ; '\\ -’j
\ [ / \ /
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Free energy analysis (continued)

L § T
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shaded area; negative curvature near zero-order

e Landau-Ginzburg Free Energy
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Density of states

1 A (ef2)
IX=) = NeR Kll-—
i) : E{¢1—(s/2)2 ( 1—(5/2)2)}

where Ny = 1/(#°t) and set t' = 0.

Lin/at — supression of Liftshitz transition
(van Hove singulairty is avoided)

<

2 15 4 45 @ 05 1t 15 2
(Edu )2t
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Density of states

1 | N CESN
Pf(s) = NgR K|l1-—
( ) 0 'E{ \/1 — {5/2)2 ( = (5/2)2

where Ny = 1/(7%t) and set t' = 0.

14 /4t supression of Liftshitz transition
(van Hove singulairty is avoided)

]
- D] -4/ E

7O

—1

2 -t5 4 05 8 5% 1T 18 2
(Bt W2t
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Phase diagram at T=0 Phase diagram at finite T

0.6 r [
04 for finite " = —0.4¢ and | F5| Ny = 0.2
0.2 02
g o i
T 02 = aisl f=—— |
é —
04 é
06 ] | ] | £ g1 L \
0 0.1 0.2 ‘0.3 04 05 E ._ \
FENB 2 | \
2 005 l- \ 1
| Coexrdtng
The isotropic state becomes unstable for p < u.
%66 Y] 058 054 95

p. x exp[—1/(FaNy)]

The transition becomes second order at finite temperature
; it preempts the sus. divergence (2nd order)

— a nematic transition occurs for " arbitary small” interaction at
i - Page 38/53
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In the presence of a magnetic field

| . . . . : Al
Hyr = Z (e — €. — B+ A lcosk, — cos fa‘y]}f.‘igf}d—hz ((.?er.'k; —_ f'kLr.'k_)-Fz __—);
> 4>

ke L
M T T T
Ay T T ! ! T
012 el ~ 025 F
— — Al — []
nematic ! i
o (u in FS) |
L n Sp = 0.15
0.04 | 0.1 -
) ] ] | I L 005 -
a 0.1 0.2 ﬁ | 1

o 00s o1 IS 062 o025 h

magnetization jumps at isotropic-nematic transitions
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In the presence of a magnetic field

Hyep = Z (ex —€p —p+ A (cosk, —cosk,)) c{,#rk,,—hz (‘-'j.-f‘-'ﬂ — E‘I.!_r.';.-.)+z };
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E . 5 F
0.04 + - ] 4
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A
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0

magnetization jumps at isotropic-nematic transitions
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In the presence of a magnetic field
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0

magnetization jumps at isotropic-nematic transitions
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In the presence of a magnetic field

. | e A2
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magnetization jumps at isotropic-nematic transitions
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In the presence of a magnetic field

Hyp = Z \Ek — £L —p+ A, (cosk, — {_‘L)fl‘.'r.{{y:l}{.‘;d[_‘kd —h Z ("'I.-T‘:'M s (.Ht.k-)_{_z 1F
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| 1 0.1
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magnetization jumps at isotropic-nematic transitions

Nematic phase is bounded by
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Experimental evidence of nematicity

The Ruddlesden-Popper Series: Sr1+nRunO1+3n

n=1

quasi-2d
Paramagnetic Fermi liquid
Tnpiet superconductor

irsa: 10040081

n=ac

3d
Ferromagnetic,
T-=160K
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Experimental evidence of nematicity

The Ruddlesden-Popper Series: Sr1+nRunO1+3n

quasi-2d
Paramagnetic Fermi liquid
Triplet superconductor

irsa: 10040081

n=ax

3d
Ferromagnetic,
T=160K
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Experimental evidence of nematicity
The Ruddlesden-Popper Series: Sr1+nRunO1+3n

quasi-2d
Paramagnetic Fermi liquid
Tripilet superconductor n=2

Magnetisation (p/Ru)

irsa: 10040081
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ultra-clean

increase sample purity by order of magnitude

' ' : Disorder-Sensitive Phase
Formation Linked to Metamagnetic
Quantum Criticality

S. A. Grigera, ™ P. Gegenwart, '~ R. A. Borzi,” F. Weickert.”
A. ). Schofield,” R. 5. Perry, """ T. Tayama,” T. Sakakibara,”
Y. Maeno.* " A. G. Green,” A. P. Mackenzie *

SCIENCE VOL 306 12 NOVEMBER 2004
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Anisotropic metal
Ruthenates (Sr3Ru207)

Y B8

- ———— = - — - —_——— -
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r f
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1.5 1.5 .

70 75 80 85 90 70 75 80 85
u H (T) u H (T)

Field-current anisatropy in the presence of an in-
plane magnelic field companent

Borz et al.. Science 315. 214 (2007)
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Anisotropic metal
Ruthenates (Sr3Ru207) Microscopic theory
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Field-current anisotropy in the presence of an in-
piane magnetic field companent
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Borz =t al., Science 315, 214 (2007)
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High temperature Cuprates

Electronic Liquid Crystal State in the
High-Temperature Superconductor YBa 2Cu306.45
V. Hinkov. et al.

Science 319. 597 (2008):
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High temperature Cuprates

Electronic Liquid Crystal State in the
High-Temperature Superconductor YBa 2Cu306.45
V. Hinkov. et al.

Science 319, 597 (2008);
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Summary and Open questions

Nematic . Fermi surface distortion - anisotropic metal

. accompanies meta-magnetic transitions in the presence of a magnetic field

Competition/interplay with other ordered states
-— Superconductivity. spin density and charge density wave.....
-— symmetry group : SO(6) and nematicity, HYK, Annals of physics (2010)

Microscopic mechanism of nematicity

-— Sr3Ru207 ; C. Puetter et al, PRB (2010); S. Raghu et al PRB (2009)
-— Cuprates : 77?

Relation to quantum criticality? . “




