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Why anisotropic fer mion phases?

- .

#® EXxperimental evidence

s Stripe phases / nematic phases in
strongly correlated lattice systems

o Quantum Hall anisotropic phases in the
higher Landau levels

# Theoretical questions
» Are these phases non-Fermi liquids?
s How can one reliably describe them?

s How can they be understood from
mIicroscopics?
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The Freezing of Nematogens
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“Freezing” the Fermi Liquid
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BZ- ® Smectic Fermi fluid
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# Fermi liquid phase

® Nematic Fermi fluid
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Phase diagram for 2D fermions
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Kivelson, Fradkin and Emery, nature, 393, 550 (1998)
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L attice nematic candidates?
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Quantum Hall Liquid Crystals
- N o

T=25mK .Y
100G+ :: 0

|I

g © :5
|

N . || o
& 11/2
%200 13/2% !
o P

2 3
B (Teda)

(Lilly et. al., Phys. Rev. Lett. 82, 394 (1999))

Quantum Critical Behaviour Near the Nematic Instabilityof a Fermi Fluid — p. 8/z



-

| ntroduction

Quantum Hall Liquid Crystals
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Quantum Hall Liquid Crystals
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Solid line in the [110] direction, dashed line in the
[110] direction. Taken at T = 50mK.

(Cooper et. al., Phys. Rev. Lett. 90, 226803 (2003))
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Theory of the nematic Fermi fluid

Pomer anchuk Stability Criterion
-

Landau Energy Functional

Ry \\ Elon,| = ngénp+ Z Jp.p 0MpOTLy
I/ PF(H) \‘ pap
I
| , ® Letn, =1for |p| < |Pr(0)] and
\ [ Zzero otherwise

\

R /' B[P oY |PE[P(1+ N(0) fo)

N -t ‘m

o Stable for £, = N(0)f, > —1

This Is the Landau theory of phase transitions applied to the
Landau Fermi liquid!
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Theory of the nematic Fermi fluid

The Nema.tIC I nStabI I Ity (Oganesyan €t. al. (2001))

- .

# A natural order parameter is the quadrupole density:

A 1 -~ 02 — 9% 20,0 A
— _ T x Y Y

which measures quadrupolar distortions of the FS.
# A simple model is fermions interacting only via

Y PIP—

where we keep a finite length (~ /) interaction:

Fo

- 2= TR o
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Theory of the nematic Fermi fluid

Hertz's RPA Approach

- .

# Find an order parameter theory, for example

s Split up interactions (V) using
Hubbard-Stratonovich
s Integrate out fermions and expand result.

# Consider FQ(O) — —1+, 52(q) =1+ Fg(q) — /<J(]2
® Discover three d-wave modes:

o= (Vg x g
A = (0pEa()/2)g x ¢
A= ipda(q)/2)g x ¢

® > = 3 and effective dimension des¢ =2 + 3 = 5.

o -
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Phase Diagram near QCP

o

T
A~ N
KT | ) .
Ginzburg . .
L . [Quantum Critical .
Criterion ' . .’

' Regime -

! ’

1 Vg

1 .

| ’

1 4

1 ,'

Nematic | ,/
. . 1 . . .
Fermi Fluid 77 Fermi Liquid
4
1 ,/
: >
5. 5 o
Q cal Beh h atic Instabilityof a Fermi Fluid — p. 14/2



Theory of the nematic Fermi fluid

RPA+Hartree-Fock

fCompute the inverse lifetime I'(w) = —2Zm3(w) T
nodal gp
# Indicates a break down of the
Fermi liquid.

® Find I'(w) ~ w?/3 at F5(0) = —1
® Find I'(w) ~ |sin 260]*3w%/3 in
nematic phase.

® At0={0,+7/2, 7}, I'(w) < w and
we have nodal quasi-particles.

o -
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Our Method
High Dimensional Bosonization

-

# Fermion Operator

1 .
b(r) =Y —=ds(r)e’s
— /N o

q€Ps

# Expand the energy
dispersion about kg

Eks+q— I = Vs q+q°/2m

o -
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Our Method
High Dimensional Bosonization

- .

» Define the patch density: dig(r) = ¢ (r)ig(r)
#® These obey the uncertainty relation

AkgAr ~ (RAMXN1 > h

# They are naturally represented by coherent states

# In the low energy limit, they obey the linearized
collisionless Boltzmann equation

Oiong(r,t) +vg - Vong(r,t)+

vg -V Z/dZT,FST(T —rong(x',t) =0
T

o -
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Our Method
Reproduce Known Results

W

#® Specific heat is linearin T.

=

ithin high dimensional bosonization

# Bosonization reproduces RPA in the spinless case with
linearized energy dispersion. Why?

» Both are exact in low energy, long wavelength limit.
s this is therefore an important check.

°

Pomeranchuk’s argument is recovered at mean field

°

In the Fermi liquid phase, quasi-particles are long lived.

® The fermion residue is 0 < Z < 1 and Green functions
have no anomalous dimensions.

Hence, bosonization nicely describes Fermi liquid theory!

o -
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Our Results

Order parameter theory
- o

# Introduce the order parameter in terms of
the densities dng:

1 .
Q(r)=>_ Nezws(ms(l‘)
® Thisis the / = 2, d-wave case.

# Integrate out all other angular momentum
channels

#® Recover the order parameter theory of
Oganesyan et. al.

# Bosonization agree’s with the Hertz-Millis
approach when applied to the nematic quan-
tum critical point. J
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Our Results

Fermion Correlations

- .

# Within bosonization, the fermion operator is

Z@S(I‘) = ng5(r¢)/ N (0)vpA e ips(r)/h,
® So the fermion Green function is of the form

G r(s)(r,t) = —i(s(x, 1) 5(0,0)) = G (r, 1) Cne )

» Expanding in powers of G} gives:

L where the interaction is the RPA Interaction. J
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Our Results

The Fermion Green Function
A

t equal Times

# Fermi Liquid Gr(x,0) = BT + reg(x)

C _ All/3
#® Nematic QCP Gpr(x,0) = |x|3/26 Alx|

C _ Al sin 4/315|1/3
» Nematic Phase Gr(x,0) = el Al sin 26, /7|x|

o -
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Our Results

Fermion Residue

# Near the nematic guantum critical point

\
0.002

| ‘ | ‘ |
0.004 0.006 0.008 0.01

G
Migdal (1957): Z;, = nx,—q — Nkp+q

# |n the nematic phase, residue vanishes except along J

the principal axes.
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Our Results

The Fermion Green Function
A

t equal positions

o Fermi Liquid Gp(0,t) = % + reg(t)
) Int
# Nematic QCP Gr(0.1) = %8 £[2/3

_ — Al sin 20|*/® ——=
# Nematic Phase Gr(0,1) = €<6 | | \t\2/3>
) t 9
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Our Results

Fermion Density of States

-

1
N(w)=——ImGp(z,z,w)
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L ocal Quantum Critical Behavior

“Above” the quantum critical point:
(At o = —1,Tp >T >1T,)
N s

2
9

Order parameter fluctuates on scale of £ > a
Fermion correlations ultra local in space:

Gp(z,0) = |X|%/2 exp (—AT:CQ In <§>)

X
But well behaved in time:
Gr(0,t) = finite @S &€ — o
In nematic phase, £ = oo protected by symmetry!

Similar to the quantum Lifshitz model!
(see Ghaemi, Vishwanath and Sentil PRB 72 024420 (2005)) J
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Our Results

Heat Capacity
B o

At the nematic quantum critical point (£, = —1)
® (Cy = C‘O/ + C‘I/
® CV =2¢(2)(N(0)L*kpT)kp as expected (((2) = 7°/6)

® and C{. is

) 1/3
cf - 12— hre- e - H 0L, o (ML)

Jrkr kT

# Heat Capacity goes like ~ 7%/3

o -
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Conclusions

ln Summary
- o

# We have investigated the Fermi liquid-to-nematic QCP
and the nematic phase non-perturbatively.

#® The theory of bosons
s naturally describes Pomeranchuk instabilities.
s recovers Hertz's order parameter theory directly.

s gives a 72%/3 heat capacity in the nematic phase and
the nematic QCP.

® Results:

o demonstrates that the nematic QCP and the nematic
phase Is a theoretically accessible non-Fermi liquid.

s Local guantum criticality: Fermion correlations are
ultra short ranged at the quantum critical point and

L into the nematic phase. J
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