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New probes and new reality

•Effect of disorder on QPT’s
•Cuprates, a case study: got nematic?
•Look out

Effects of disorder on QPT’s

• Disorder is quenched
-perfectly correlated along
the τ direction
- correlations increase the
disorder effect (harder to
average out fluctuation)

Disorder generically has stronger effects on QPT’s
than on classical transitions
Ref: T. Vojta, Journal of Phys. A, 39, 143

Effects of disorder on Phase Transitions

• Defects, impurities are
always present

• Random field v.s Tc:

different effects on the
classical Ising PT.
(Imry-Ma, v.s. Harris)

Harris Criterion (random Tc)
• Variation of average
local Tc in volume ξd

If true, inhomogeneity vanish at large length scales
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Imry-Ma argument (random field)
• Random field breaks
the order parameter
symmetry

• Domains are pinned by
the local fields

• Transition is rounded
for d⩽2

• At d=2 (lower critical

dimension), domains
are exponentially large

Know your OP and
the types of disorder

Nematic QPT in
cuprates?

Nematic QCP, license to exist?
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We study the character of an Ising nematic quantum phase transition deep inside a d-wave superconducting
state with nodal quasiparticles in a two-dimensional tetragonal crystal. We find that, within a 1 / N expansion,
the transition is continuous. To leading order in 1 / N, quantum fluctuations enhance the dispersion anisotropy
of the nodal excitations and cause strong scattering, which critically broadens the quasiparticle !qp" peaks in
the spectral function, except in a narrow wedge in momentum space near the Fermi surface where the qps
remain sharp. We also consider the possible existence of a nematic glass phase in the presence of weak
disorder. Some possible implications for cuprate physics are also discussed.

•Nodal nematic QCP
deep inside
d-wave SC
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PACS number!s": 74.72.!h, 73.43.Nq, 74.20.De, 74.25.Dw

I. INTRODUCTION

In this paper, we study the nematic to isotropic quantum
phase transition !QPT" deep within the d-wave superconducting phase of a quasi-two-dimensional tetragonal crystal.
“Nematic” refers to a broken symmetry phase in which the
fourfold rotational symmetry of the crystal is broken down to
a twofold symmetry. More specifically, it is an “Ising nematic,” which spontaneously breaks the discrete rotational
symmetry of the tetragonal crystal to an orthorhombic subgroup, C4v → C2v, while retaining translational symmetry.
The superconducting order opens a gap in the quasiparticle
excitation spectrum, except at four gapless nodal points, but
these nodal quasiparticles !qps" strongly couple to the nematic order parameter fluctuations. In the nematic phase, these
nodes are displaced from the relevant symmetry directions
by an amount proportional to the nematic order parameter, as

phases are generic to the cuprates is a question that is beyond
the scope of the present study. However, Matsuda et al.12
recently reported that the “fluctuating stripe” phase of underdoped !diagonal" La2−xSrxCuO4 !with x = 0.04" is actually a
nematic phase. Moreover, scanning tunneling microscopy
!STM" studies by Howald et al.13 and Kohsaka et al.14 have
revealed a glassy phase with nematic domains in underdoped
Bi2Sr2CaCu2O8+".
Second, the topic of quantum critical points !QCPs" in
two-dimensional !2D" systems with itinerant fermions has
been and continues to be a topic of broad interest. Here, we
study a new QCP in a 2D itinerant fermion system. In general, the presence of gapless fermions at the Fermi surface
makes the study of this topic theoretically challenging. Since
gapless fermions interact with massless bosons associated
with order parameter fluctuations, this interaction affects
both low energy degrees of freedom, making it difficult to

Nematic QCP, license to exist?
PHYSICAL REVIEW B 77, 184514 !2008"

Theory of the nodal nematic quantum phase transition in superconductors
Eun-Ah Kim,1 Michael J. Lawler,2 Paul Oreto,1 Subir Sachdev,3 Eduardo Fradkin,3 and Steven A. Kivelson1
1

Department of Physics, Stanford University, Stanford, California 94305, USA
2
Department of Physics, University of Toronto, Toronto, Ontario, Canada
3Department of Physics, University of Illinois at Urbana-Champaign, 1110 West Green Street, Urbana, Illinois 61801-3080, USA
!Received 15 February 2008; published 22 May 2008"
We study the character of an Ising nematic quantum phase transition deep inside a d-wave superconducting
state with nodal quasiparticles in a two-dimensional tetragonal crystal. We find that, within a 1 / N expansion,
the transition is continuous. To leading order in 1 / N, quantum fluctuations enhance the dispersion anisotropy
of the nodal excitations and cause strong scattering, which critically broadens the quasiparticle !qp" peaks in
the spectral function, except in a narrow wedge in momentum space near the Fermi surface where the qps
remain sharp. We also consider the possible existence of a nematic glass phase in the presence of weak
disorder. Some possible implications for cuprate physics are also discussed.

•Nodal nematic QCP
deep inside
d-wave SC
DOI: 10.1103/PhysRevB.77.184514

PACS number!s": 74.72.!h, 73.43.Nq, 74.20.De, 74.25.Dw

I. INTRODUCTION

In this paper, we study the nematic to isotropic quantum
phase transition !QPT" deep within the d-wave superconducting phase of a quasi-two-dimensional tetragonal crystal.
“Nematic” refers to a broken symmetry phase in which the
fourfold rotational symmetry of the crystal is broken down to
a twofold symmetry. More specifically, it is an “Ising nematic,” which spontaneously breaks the discrete rotational
symmetry of the tetragonal crystal to an orthorhombic subgroup, C4v → C2v, while retaining translational symmetry.
The superconducting order opens a gap in the quasiparticle
excitation spectrum, except at four gapless nodal points, but
these nodal quasiparticles !qps" strongly couple to the nematic order parameter fluctuations. In the nematic phase, these
nodes are displaced from the relevant symmetry directions
by an amount proportional to the nematic order parameter, as

phases are generic to the cuprates is a question that is beyond
the scope of the present study. However, Matsuda et al.12
recently reported that the “fluctuating stripe” phase of underdoped !diagonal" La2−xSrxCuO4 !with x = 0.04" is actually a
nematic phase. Moreover, scanning tunneling microscopy
!STM" studies by Howald et al.13 and Kohsaka et al.14 have
revealed a glassy phase with nematic domains in underdoped
Bi2Sr2CaCu2O8+".
Second, the topic of quantum critical points !QCPs" in
two-dimensional !2D" systems with itinerant fermions has
been and continues to be a topic of broad interest. Here, we
study a new QCP in a 2D itinerant fermion system. In general, the presence of gapless fermions at the Fermi surface
makes the study of this topic theoretically challenging. Since
gapless fermions interact with massless bosons associated
with order parameter fluctuations, this interaction affects
both low energy degrees of freedom, making it difficult to

nematic QCP inside SC phase?

Nematic QCP, license to exist?
PHYSICAL REVIEW B 77, 184514 !2008"

Theory of the nodal nematic quantum phase transition in superconductors
Eun-Ah Kim,1 Michael J. Lawler,2 Paul Oreto,1 Subir Sachdev,3 Eduardo Fradkin,3 and Steven A. Kivelson1
1

Department of Physics, Stanford University, Stanford, California 94305, USA
2
Department of Physics, University of Toronto, Toronto, Ontario, Canada
3Department of Physics, University of Illinois at Urbana-Champaign, 1110 West Green Street, Urbana, Illinois 61801-3080, USA
!Received 15 February 2008; published 22 May 2008"
We study the character of an Ising nematic quantum phase transition deep inside a d-wave superconducting
state with nodal quasiparticles in a two-dimensional tetragonal crystal. We find that, within a 1 / N expansion,
the transition is continuous. To leading order in 1 / N, quantum fluctuations enhance the dispersion anisotropy
of the nodal excitations and cause strong scattering, which critically broadens the quasiparticle !qp" peaks in
the spectral function, except in a narrow wedge in momentum space near the Fermi surface where the qps
remain sharp. We also consider the possible existence of a nematic glass phase in the presence of weak
disorder. Some possible implications for cuprate physics are also discussed.

•Nodal nematic QCP
deep inside
d-wave SC
DOI: 10.1103/PhysRevB.77.184514

PACS number!s": 74.72.!h, 73.43.Nq, 74.20.De, 74.25.Dw

I. INTRODUCTION

In this paper, we study the nematic to isotropic quantum
Nematic
d-SC:
• ducting
phase transition !QPT"
deep within the d-wave superconphase of a quasi-two-dimensional tetragonal crystal.
d-SC
small
s-component
“Nematic”+
refers
to a broken
symmetry phase in which the
fourfold rotational symmetry of the crystal is broken down to
a twofold symmetry. More specifically, it is an “Ising nemΔdwhich
(cosk
y) +
x-cosk
atic,”
spontaneously
breaks
the λφ
discrete rotational
symmetry of the tetragonal crystal to an orthorhombic subgroup, C4v → C2v, while retaining translational symmetry.
The superconducting order opens a gap in the quasiparticle
excitation spectrum, except at four gapless nodal points, but
these nodal quasiparticles !qps" strongly couple to the nematic order parameter fluctuations. In the nematic phase, these
nodes are displaced from the relevant symmetry directions
by an amount proportional to the nematic order parameter, as

phases are generic to the cuprates is a question that is beyond
the scope of the present study. However, Matsuda et al.12
recently reported that the “fluctuating stripe” phase of underdoped !diagonal" La2−xSrxCuO4 !with x = 0.04" is actually a
nematic phase. Moreover, scanning tunneling microscopy
!STM" studies by Howald et al.13 and Kohsaka et al.14 have
revealed a glassy phase with nematic domains in underdoped
Bi2Sr2CaCu2O8+".
Second, the topic of quantum critical points !QCPs" in
two-dimensional !2D" systems with itinerant fermions has
been and continues to be a topic of broad interest. Here, we
study a new QCP in a 2D itinerant fermion system. In general, the presence of gapless fermions at the Fermi surface
makes the study of this topic theoretically challenging. Since
gapless fermions interact with massless bosons associated
with order parameter fluctuations, this interaction affects
both low energy degrees of freedom, making it difficult to

nematic QCP inside SC phase?

Looking for nematic critical fluctuations
•Self energy Σ̂(�q, ω) due to fluctuation
:k-selective decoherence

k

ΣΨi (�q , ω) =

τ1

k−q

Interference of nematic quantum critical quasiparticles: a route to the octet model
Eun-Ah Kim1 and Michael J. Lawler2, 1
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Repeated observations of inhomogeneity in cuperate superconductors[1, 2, 3, 4, 5] make one
immediately question the existance of coherent quasiparticles(qp’s) and the applicability of a momentum space picture. Yet, obversations of interference eﬀects[6, 7, 8, 9] suggest that the qp’s
maintain a remarkable coherence under special circumstances. In particular, quasi-particle interference (QPI) imaging using scanning tunneling2 spectroscopy revealed a highly unusual form of
coherence: accumulation of coherence only at special points in momentum space with a particular
energy dispersion[5, 6, 7]. Here we show that nematic quantum critical fluctuations[10], combined
with the known extreme velocity anisotropy[11] provide a natural mechanism for the accumulation
of coherence at those special points. Our results raise the intriguing question of whether the nematic
fluctuations provide the unique mechanism for such a phenomenon.

-mat.supr-con] 13 Nov 2008

arXiv:0811.2242

The capability of QPI studies in inferring momentum
space electronic structure from real space local density
of states(LDOS) images is surprising given the strong
presence of glassiness and nanoscale inhomogenaity in
cuprate superconductors. The simplicity of the QPI image, a set of well defined dispersing peaks, is particularly
striking considering the complexity of the real space imat the nodal nematic quantum critical point in the linearized approximation (taken
age. McElroy et al. [6] made an insightful observation:
m inside the superconducting dome, where x is a tuning parameter. Note the change
peak
positions
determined
the eight�q -vectors
tips of of
transition. (b) Equal the
energy
contour
at ω are
=3meV
and the by
connecting
the “banana” shaped qp equal energy contours. Howd red depending on whether they connect �k points with the same or opposite sign
ever, a key question remains function
of this “octet
model” —
mentum distribution A(�k, ω = 3meV) of the spectral(a)
near one node. Note
whatinmakes
the qp’s at the tips especially coherent to
n at the banana tip shown
the inset.
the extent that only interference among qp’s at the tips

QPI peaks

conductor, such additional symmetry breaking results in
a shifting of the nodal positions away from their fourfold
symmetric locations[16]. At the nodal nematic QCP, we
found[10] that the softening of the nodal positions introduces strongly �k dependent decoherence that brings
in stark contrast between the tips of the banana, where
qp’s remain coherent with long lifetime, and the rest of
the equal energy contour, where qp’s get severely damped
(see Fig. 1(b) and (c)).
Here we show that �k dependent decoherence due to
nematic fluctuations
leads to the very simplification(c)
ob(b)
served in QPI experiments: peaks in fourier transform

τ1

BSCCO, got nematic?
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supporting online text 1). Moreover, there are
theoretical concerns that, in Ca2-xNaxCuO2Cl2,
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Piet Mondrian, 1915. Says he is searching for
hidden order in nature...

Local measure of broken symmetry?
HAMLET: Do you see yonder cloud that's almost in shape of a camel?
POLONIUS: By th'mass, and 'tis like a camel indeed.
HAMLET: Methinks it is like a weasel.
POLONIUS: It is backed like a weasel.
--W. Shakespeare (S. Chakravarty’s perspectives Science 08)

a

UD Tc=45K (p=0.08)

b

Kohsaka et al, Nature 454, 1072 (2008)

Challenge: An objective measure
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M. Lawler et al, in prep.

Challenge: An objective measure

Candidate broken symmetries
•Translational

symmetry

T̂a , T̂b
•Rotational symmetry
a

b

R̂π/2

Can we separately measure?
Need a T̂a , T̂b preserving order parameter
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Although the charge-ordering wave vector did not play
an obvious role, the high-energy bond-stretching mode
propagating parallel (and perpendicular) to the stripe
modulation exhibited an energy splitting toward the
zone boundary, while along the Ni-O bond direction (at
45° to the stripes) a softening from zone center to zone
boundary was observed with a magnitude similar to that
in the cuprates. A better understanding of the nature of
the relevant electron-phonon coupling processes is required to make progress here.

On the shoulder of

• Relating asymmetry to a quantitative measure
Z(r, w)

R(r)

P. Anderson, N.P. Ong
M.B.J. Meinders, H. Eskes, G.A. Sawatzky
J. Phys. Chem. Solids, 67,1(1993)
Phys. Rev. B, 48, 3916 (1993)

3. STM imaging of nematic order

Because it
a local but spatially
M.is Randeria
et al, resolved probe, STM
is actually the optimal probe of nematic order. One way
PRL 95, 137001 (2005)
it can be used, which is illustrated in1222
Fig. 11, has been
Kivelson et al.: Fluctuating s
explored by Howald et al. (2003a, 2003b). What is shown
here is a filtered version of N(r,E) measured on a patch
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Howald
Bi2 Sr2 CaCu2 O8! $ (T c "86 K). Specifically,
defined
so et
asal.to accentuate the portions of the
defined a filtered image
associated with stripe order,

•Fourier filtering to look for stripe
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!r 2 $ 2 /2

f ! r" #$ e

% cos! & x/2a " "cos! & y/2a "' .

Clearly, f(r)→ ( (r) when $→), while N f #N(Q
,E)"c.c.
% Qch'S.
C. Howald et"N(R
al,
Kivelsoninetthe
al, limit $→0. For inter
valuesRMP
of $,
filtered
image shows only tha
PRB 67, 014533ate
(2003)
75,the
1201
(2003)
tion of the signal we have associated with pinned s

Local measure of broken symmetry?

Local measure of broken symmetry?

y

x

Local measure of broken symmetry?

y

x

Local measure of broken symmetry?
Qy

y

x

Qx

Local measure of broken symmetry?
Qy
Sy

y

x

Qx
Sx

Local measure of broken symmetry?
Qy
Sy

y

x

Qx vs Qy?
Sx vs Sy

Qx
Sx

Listen to Bragg Peaks

Q1 vs Q2
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Extracted from published data, T=4K
Kohsaka et al, Nature 454, 1072 (2008)

Domain size in Z-map

Domain size in Z-map

Nematic domains
•Shift Qx, Qy to origin

(“tune to the channel”)
Qy
Sy

Qx
Sx

•Low pass filter (long
distance physics)
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Listen to channel S

Oriented stripe domains
•Shift Sx, Sy to origin

(“tune to the channel”)
Qy

Qx

•Low pass filter (long
distance physics)

Relative stripe directions
Sy

Sx

Hypothesis: longer ranged orientational ordering
than stripe ordering ?
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Electronic Nematic in Cuprates?
Looking ahead
• Temperature dependence?
• Diffraction measurements?



   

• Doping dependence?
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‣ Phenomenological model ‣ Why would cuprates do that?

‣ Is it useful for superconductivity?

