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The underdoped cuprates have a number of interesting and unusual properties that often seem hard to
reconcile with one another. In this paper we show how many of these diverse phenomena can be synthesized
into a single coherent theoretical picture. Specifically we present a description where a pseudogap and gapless
Fermi arcs exist in the normal state above the superconducting transition temperature �Tc� but give way to the
observed quantum oscillations and other phenomena at low temperature when the superconductivity is sup-
pressed by a magnetic field. We show the consistency between these phenomena and observations of enhanced
Nernst and diamagnetic signals above Tc. We also develop a description of the vortex core inside the super-
conducting state and discuss its relation with the high-field phenomena.
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I. INTRODUCTION

In the last several years, a large number of experiments
have studied the properties of the underdoped cuprate mate-
rials. The phenomenology of these materials is rather un-
usual, and a unified theoretical picture of the diverse phe-
nomena is yet to emerge. First below a temperature scale T�

there is the onset of the pseudogap in various probes. Re-
markably angle resolved photoemission spectroscopy
�ARPES� studies of the electron spectral function reveal the
existence of gapless Fermi arcs in the pseudogap region
above the superconducting �SC� transition.1 The length of
these Fermi arcs decreases with decreasing temperature �T�,
possibly extrapolating to zero2 in the limit T→0. Second in
a fairly wide range of temperatures above Tc, but below the
T� line, there is an onset of local superconducting order with-
out long-range phase coherence.3,4 This is most strikingly
evidenced by an enhancement of the Nernst effect and dia-
magnetic response in this region. A third piece of the phe-
nomenology comes from recent quantum oscillation studies
of the state obtained by suppressing superconductivity in a
high field at low temperature.5,6 Remarkably sharp oscilla-
tion frequencies are seen indicating the presence of a sharp
Fermi surface with charge carriers that are fermionic Landau
quasiparticles. The detailed behavior of the oscillation fre-
quencies and other experiments have led to a suggestion that
the oscillations are associated with gapless electron pockets
centered near the antinodal region of the Brillouin zone.7–10

Currently there is considerable confusion about how these
various pieces of information about the normal �i.e., nonsu-
perconducting� state of the underdoped cuprates fit together.
The ARPES results at low field and high T seem to be in
conflict with the existence of a closed Fermi surface at high
fields and low T. Further the suggested electron pocket inter-
pretation of the oscillation experiments also has a difficulty
with ARPES �and other probes at low field above Tc�; it is
precisely along the antinodal region that the pseudogap is
seen in the electron spectrum. It is puzzling how a relatively
modest field of 40 T can close the large antinodal gap. Fi-
nally the high-field experiments �in particular studies of the
Hall effect7� have questioned the correctness of the conclu-
sions of Ong and co-workers4 based on their Nernst/
magnetization experiments.

In this paper we show how these various seemingly con-
flicting results may be reconciled into a single coherent the-
oretical picture. We are cognizant of other interesting phe-
nomena that have attracted attention recently—notably
signatures of time-reversal symmetry breaking.11–13 The role
they play in determining the electronic structure is not un-
derstood, and we will not discuss them in this paper. Our
theory is based on a small set of assumptions that we justify
on various theoretical and empirical grounds. We then obtain
a description of the underdoped cuprates where a pseudogap
and gapless Fermi arcs occur above Tc but give way to the
observed quantum oscillation and other phenomena at high
fields. Further we show that there is no real conflict between
the conclusions of the Nernst/diamagnetism experiments and
the high-field oscillation experiments. As a bonus we obtain
a description of the vortex core structure inside the supercon-
ducting phase and discuss its relation with the phenomena
described above. In a companion paper14 we explore a spe-
cific microscopic model that captures a number of aspects of
the overall picture that emerges from the present one.

We begin by stating and justifying our central assump-
tions.

�1� At zero field there is a coherence scale Tcoh below
which the single-particle electronic excitations become well
defined in the sense of Landau; i.e., the inverse lifetime is
less than kBT. Tcoh increases with increasing hole concentra-
tion x and is roughly of order Tc.

The existence of such a coherence scale is a fairly general
feature of metals near a Mott transition and is supported by
many theoretical calculations of a doped Mott insulator, for
instance, in slave boson theory15 or through dynamical
mean-field theory and their extensions.16 Empirically ARPES
experiments see such a fairly sharp onset of coherent quasi-
particles upon cooling into the superconducting state,17 at
least at the antinodal region of the Brillouin zone. The other
indirect evidence comes from microwave transport18 and
thermal Hall conductivity19 experiments where the scattering
rate drops rapidly for T below �Tc. A similar drop in the
scattering rate of the nodal excitations below Tc has also
been reported in ARPES.20

�2� The true Hc2 where local superconducting order is
suppressed is large, possibly �150 T or higher for moder-
ately underdoped materials. The resistive transition out of
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the superconductor however happens at a much lower field
Hres. (For instance, for Hres�40 T).

The large value of Hc2 is a central conclusion of the Ong
Nernst/magnetization experiments. Thus we simply assume
that this is correct despite the recent criticism from Taillefer
and co-workers.7 The H-T phase diagram thus has the sche-
matic form shown in Fig. 1. At low temperature and fields
between the resistive transition and Hc2 the system may be
dubbed as a “vortex liquid.” A discussion of this assumption
in terms of vortex structure will be given at the end of the
paper. We emphasize that the quantum oscillation experi-
ments are done at very low T at fields near Hres and not near
Hc2.

�3� Magnetic fields of order Hres only destroy supercon-
ducting phase coherence but not the local superconducting
pairing or the electron “coherence.”

In other words H of order Hres is efficient in suppressing
Tc but not Tcoh or the pairing scale � �see Fig. 1�. Not de-
stroying the pairing gap is obvious from the previous as-
sumption. Not destroying the electron coherence is an addi-
tional assumption. We note that in the simplest slave boson
mean-field description of the doped Mott insulator, Tc and
Tcoh are necessarily tied together. Thus the present assump-
tion goes beyond the simplest slave boson mean-field theory
and must be justified theoretically in a more sophisticated
theory. Some empirical evidence in support of this assump-
tion comes from scanning tunnel microscope �STM� studies
of the vortex core in the superconducting state and will be
discussed further at the end of the paper.

�4� For magnetic fields H�Hres but �Hc2, the Cooper
pair phase has a finite memory time ���H� which we assume
is large compared to the inverse pairing gap �0, i.e., �

���H�
��0. There is an associated memory length ��=vF�� where
vF is the Fermi velocity.

Thus �� is much larger than the “bare” coherence length
�vF

�0
for H�Hc2. The scale �� is infinite for H	Hres and

decreases as H increases toward Hc2. We expect that �

���H�
��0 for fields of the order Hc2. Further in the vortex liquid
regime we expect that �� may be roughly estimated as the

intervortex spacing, i.e., ���� hc
eH . In Fig. 2 we show a

sketch of the expected form of the Cooper pair phase decay
rate 
= 1

��
as a function of field H.

�5� Finally we assume that fields of the order of Hres in-
duce a freezing of the dynamic incommensurate magnetic
fluctuations known to exist in zero field.

Field-induced magnetic ordering has been previously re-
ported in the La2−xSrxCuO4 �LSCO� family of cuprates21 and
has been studied theoretically.22 Very recently direct evi-
dence for field-induced magnetic ordering has been
obtained23 in YBCO6.45. Further in YBCO6.5 recent studies of
quantum oscillations have shown that there is no Zeeman
splitting of the oscillation frequencies,24 as expected if there
is magnetic ordering. However the magnetic ordering ap-
pears as a low energy phenomenon that competes with the
long-range superconducting order. It can therefore be treated
separately once the underlying electronic structure �including
phenomena such as the pseudogap� is established. With these
assumptions we now examine the properties of the system in
various regimes of temperature and field.

II. LOW T AND FIELDS HÈHres: EMERGENCE OF
LARGE FERMI SURFACE

First consider low temperature T�Tcoh and fields in the
range Hres�H�Hc2. To begin with we will also ignore the
field-induced magnetic ordering and incorporate it later. In
this regime we may think in terms of an effective model of a
superconductor disordered by quantum fluctuations of the
order-parameter phase. Previous studies of this model have
suggested various possible ground states; the simplest to
contemplate perhaps is a Cooper pair insulator. More exotic
insulating states with fractionalized quasiparticles �such as
holons or spinons� have also been proposed.25,26 Here we
argue for the possibility of a particularly simple metallic
state, namely, just a Fermi liquid with a large Fermi surface.
To appreciate this it is instructive to first consider the simpler
problem of a clean s-wave Bardeen-Cooper-Schrieffer super-
conductor in d=2 with short coherence length. Then the
�Kosterlitz- Thouless� Tc will be much smaller than the pair-
ing gap �0 and can be readily suppressed in a magnetic field
without suppressing the pairing. The resulting nonsupercon-
ducting quantum ground state might of course be an insulator
of Cooper pairs that breaks translational symmetry. However
if it stays metallic the simplest option is to regain the large
Fermi surface albeit with a reduced quasiparticle weight Z at

SC

H
c2

Vortex liquid

HH
res

T

Tcoh

T
c

FIG. 1. Schematic field �H�-temperature �T� phase diagram
showing the evolution of the superconducting properties. The full
line is the resistive superconducting phase transition, while the
dashed line corresponds to the onset temperature of the crossover to
local superconductivity. The coherence crossover temperature Tcoh

is however not affected much by fields on the order of Hres. Not
shown is the field-induced magnetic ordering.

Γ

HHc2
H

res

FIG. 2. Sketch of the Cooper pair phase decay rate as a function
of field at T=0. The saturated value at fields near Hc2 is of order
1 /�0.
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the Fermi surface. Below we demonstrate this directly for the
d-wave case relevant to the cuprates through a simplified
model.

Let q�
† create a low energy electron quasiparticle with spin

�= ↑ ,↓ that exists below the coherence scale Tcoh. At zero
field in the SC state an appropriate low energy Hamiltonian
is simply the BCS one,

Heff = �
K

�KqK�
† qK� + �

K
�K�qK↑

† q−K↓
† − qK↓

† q−K↑
† � + h.c.

�1�

Here �K is the fully renormalized quasiparticle dispersion,
and the pairing gap �K��0�cos�Kx�−cos�Ky��. The operator
q† creates a “renormalized” low energy quasiparticle that has
a nonzero overlap �Z0 with the bare electron. It is expected
that Z0 goes to zero as the hole concentration x goes to zero.
�For instance, in the slave boson mean-field theory, Z0�x.�

Now consider a situation where � maintains its phase
only over a finite time scale �� and length ��=vF��. Then the
pairing term in the Hamiltonian is modified to

H = �
R

�̂�R��
r


�r��qR↑
† qR+r↓

† − qR↓
† qR+r↑

† � + h.c., �2�

where R is a site of the lattice and the sum over r extends
over the four nearest neighbors. The constant 
��x�=+1 and


��y�=−1. The amplitude �̂�R� is written as

�̂�R� = �0ei�̂�R�, �3�

where the phase �̂ is to be regarded as a quantum operator-
valued field.

At zero temperature, in space and imaginary time � we
take the correlators of ��R ,�� to have the form

	���R,����0,0�
 = �0
2F�R,�� �4�

such that

F�0,0� = 1, �5�

F��R� → �,�� � e−�R�/��, �6�

F��R�,� → �� � e−���/��. �7�

As a concrete and illustrative example we consider the spe-
cific function

F�R,�� = e−�R�/��e−���/��. �8�

This has the Fourier transform

F�p,�� =
4���

2

�p2��
2 + 1�3/2

��

��
2 �2 + 1

. �9�

This form of the correlator describes a “propagating” pair
fluctuation mode with a constant frequency 
. Alternately we
may consider a dissipative form of the correlator where the
frequency dependent part is modified �at low imaginary fre-
quency� to 1

���+
 . The essential features of the results de-
scribed below are not sensitive to such a modification.
Henceforth we will therefore simply use Eq. �9� to illustrate
the main physics.

In the limit that the amplitude of the pairing gap �o is
small compared to the Fermi energy EF �which is not unrea-
sonable for the cuprates�, we may calculate the quasiparticle
self-energy from scattering off the fluctuating pair order pa-
rameter in second-order perturbation theory. This gives

��K,i�� = �0K
2 


p,�

F�p,��
i�� − �� − �p−K

, �10�

with �0K=
�0

2 �cos Kx−cos Ky�. For the specific functional
form chosen for F in Eq. �9� the integral can be evaluated
readily both for small and large ��� near the Fermi surface.
For small � and K close to the Fermi surface we find

��K,i�� �
�0K

2

�
2 �i� − vFk�� , �11�

where k� is the deviation of K from the Fermi surface at the
point of closest approach. For large ����
, we find

��K,i�� � −
�0K

2

i� + �K
. �12�

For the electron Green’s function this implies that for small
���,

G�K,i�� �
1

�1 +
�0K

2

�
2��i� − vFk��
. �13�

Thus the quasiparticle Green’s function has a quasiparticle
pole everywhere on the original large Fermi surface. How-
ever the quasiparticle weight has a reduction factor Z��K�
due to the scattering off the pair field,

Z��K� =
1

�1 +
�0K

2

�
2�
. �14�

We emphasize that this reduction is over and above any re-
duction Z0 in the quasiparticle weight that is already present
in defining the low energy effective model. The total quasi-
particle weight therefore is Z=Z0Z�. Note that Z� is strongly
angle dependent on the Fermi surface. Near the nodal direc-
tion Z��1, while near the antinodal direction Z�� �
2

�0
2 �1.

Thus the emergent large Fermi surface at low temperature
has a highly anisotropic quasiparticle weight. Despite this
strongly reduced Z for the antinodal quasiparticle the scatter-
ing off the pair fluctuations does not cause a mass enhance-
ment due to a compensation between the momentum and
frequency-dependent parts of the self-energy of the q field �at
least within the model defined by the correlation function in
Eq. �8��.

For large ��� �i.e., ����
� on the other hand the form of
the self-energy implies that the quasiparticle Green’s func-
tion takes the form

G�K,i�� �
− �i� + vFk��

�2 + vF
2k�

2 + �0K
2 , �15�

which is the same as that inside the d-wave superconducting
phase. Physically this just reflects the picture that the system
looks like a superconductor at short time scales 	�� and
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length scales 	��. However at longer length and time scales
the large Fermi surface emerges but with a reduced angle-
dependent spectral weight Z. A simple expression for
��K , i�� that interpolates between the small and large ���
limits is

��K,i�� = �0K
2 �− i� + �K�

�2 + �K
2 + �
2 . �16�

Then the quasiparticle Green’s function takes the form

G�K,i�� =
1

�i� − �K��1 +
�0K

2

�2+�K
2 +�
2�

. �17�

This Green’s function has a pole at zero frequency at the
location of the Fermi surface and no zeroes anywhere in the
Brillouin zone. The electron spectral function A�K ,�� may
be readily extracted from this Green’s function. In Fig. 3 we
show a plot of A�K ,�� as a function of � for K at the
antinodal portion of the Fermi surface.

Thus far we have ignored both the field-induced incom-
mensurate magnetic ordering �i.e., assumption 5 above� and
the direct modification of the electron spectrum due to the
magnetic field. As the emergent gapless excitations are Lan-
dau quasiparticles with definite electric charge �unlike the
Bogoliubov quasiparticles inside the superconductor�, the
latter leads to the usual Landau quantization of orbits. The
former can be incorporated in the low energy theory as a
Hartree term,

Hm � gNQ�
K

�qK+Q
† �zqK + h.c.� , �18�

where N� Q=NQẑ is the magnetic order parameter. Here the
ordering wave vector Q=2��1 /2�� ,1 /2� which is where
soft fluctuations are seen in zero field. �g is a coupling con-
stant�. This term will lead to a reconstruction of the Fermi
surface into hole pockets centered near the nodal direction

and electron pockets centered near the antinodal direction
�see, for instance, Ref. 8�.

A number of previous papers6–8 have described how the
resultant electron pockets can explain the frequency and
other details of the quantum oscillation experiments, and we
have nothing to add here. However our main point is that in
the absence of the expected field-induced magnetism the
phase disordered d-wave superconductor has a large Fermi
surface with an anisotropic quasiparticle weight as described
above. The full Fermi surface is restored not by closing the
pairing gap but by the appearance of quasiparticles with
small weight in the antinodal region. We emphasize that the
small quasiparticle weight does not directly affect the ob-
servability of the electron pocket in magnetization or resis-
tivity oscillation experiments. It is the emergence of this gap-
less large Fermi surface that makes the reconstruction into
electron and hole pockets possible in the presence of mag-
netic order. The crucial conceptual question then is to recon-
cile the emergence of this large gapless Fermi surface at low
temperature with the pseudogap and other phenomena ob-
served above Tc at low fields. We turn now to this question.

III. T�Tc AND SMALL H: PSEUDOGAP AND FERMI
ARCS

For H=0, as T increases above Tc, two things happen: �a�
the superconducting phase coherence is lost and �b� the elec-
tron quasiparticle coherence is also lost. Thus the supercon-
ducting transition is not just a phase disordering transition
but also a “coherence” transition for the electronic quasipar-
ticle. We may model the loss of the superconducting phase
coherence just as above with a fluctuating order parameter
with phase coherence time �� and associated length scale ��.
We expect �� to be roughly of order the spacing between
thermally excited vortices. The Nernst/diamagnetism experi-
ments imply that ���T���0=

�vF

�0
at least for T up to about

Tonset�130 K. Then the phase decay rate 
�T���0 up to at
least Tonset, though we may reasonably expect that it actually
holds even up to T�. The loss of single-particle coherence
may be modeled by introducing a scattering rate � which
drops sharply for T	Tcoh and is large and roughly �T for
T�Tcoh. This is depicted in Fig. 4. The linear temperature
dependence is not significant for the qualitative physics but
affects details of the results below. In any case this is sup-
ported by experiments for T above Tcoh. Under these condi-

�2 �1 1 2
Ω

2

4

6

8

A�K, Ω�

FIG. 3. �Color online� Spectral function A�K ,�� at the antinodal
point of the Fermi surface at low T if the superconductivity is sup-
pressed. We chose units where �0=1 and the parameter 
=0.4. A
small broadening of the single-particle energies �=0.05 �see Eq.
�20�� was used in generating this plot.

γ

TTcoh

FIG. 4. Sketch of the single-particle scattering rate � as a func-
tion of temperature.
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tions the retarded Green’s function for the q field may be
written as

GR�K,�� =
1

� − �K + i� − ��K,��
. �19�

�We emphasize once again that the measured electron
Green’s function will differ from the one above by a factor of
Z0�o�x�.�

The electron self-energy comes from scattering off the
phase fluctuations of the superconducting order parameter.
This may again be calculated as above. Taking the simple
expression for � used earlier in Eq. �16� to capture both low-
and high-frequency regimes, we now find �in real frequency�

��K,�� =
− �0K

2 �� − �K + i��
− �� + i��2 + �k

2 + 
2 . �20�

Let us examine this self-energy in various regimes of inter-
est. At low T and zero fields H=0, we have �=
=0. Then �
reduces to the usual d-wave BCS self-energy. At low T, if the
superconductivity is suppressed �in a field�, we have �=0 but

�0. Then the self-energy reduces to the one described
above in Eq. �16� and yields a large Fermi surface. At high
T�Tcoh and fields H=0, we have ��
. This is the regime
where the pseudogap and the Fermi arc phenomena are seen
in ARPES experiments. Writing Eq. �20� as

��K,�� =
�0K

2

� + �K + i� − 
2

�−�K+i�

, �21�

we see that the term involving 
 in the denominator is small
in this regime. Thus to leading order in the small number

 /E0 �where E0=max�� , ��� , ��K���, we simply have

��K,�� �
�0K

2

� + �K + i�
. �22�

This is exactly the model self-energy introduced by Norman
et al.27 and Chubukov et al.28 to describe ARPES data in the
underdoped cuprates. In particular this captures well the es-
sential features of the measured spectra. It leads to a
pseudogap in the antinodal direction and a gapless Fermi arc
near the nodal direction. The key point, as emphasized in
Ref. 28, is that so long as ���3�0K, the spectral function
has a peak at zero frequency while if �	�3�0K it has
particle-hole symmetric peaks away from zero energy. The
former is the defining criterion for gaplessness in the experi-
ments; near the nodal region the condition ���3�0K is al-
ways satisfied above Tcoh in a finite segment of the Fermi
surface. A gapless Fermi arc �as defined in the experiments�
then follows. Furthermore the length of the Fermi arc scales
linearly with the temperature.

IV. RELATION TO VORTEX STRUCTURE

It is useful to view the phenomenology described in the
paper from the point of view of the structure of the vortex
inside the superconducting state. It is interesting that STM
experiments29–31 find a large region �order 70A� around each
vortex where the coherence peak is visible, but low energy

“core” states appear inside the gap. The existence of the
intermediate scale “halo32” where superconducting long-
range order is weakened but quasiparticle coherence remains
is empirical support of our assumption 3.

From a theoretical point of view, quite generally we know
that there are two distinct energy scales Tc and �0 in the
underdoped cuprates. We may then naturally expect two cor-
responding length scales R=vF /Tc and �0=vF /�0 that may
be visible in many properties including the structure of the
vortex cores �see Fig. 5�. Specifically there is a core of size
�0 and a “halo” of size R��0. Inside the halo the pairing
suffers from strong phase fluctuations. This was first pointed
out by Lee and Wen33 who suggested that the suppression of
the superfluid density due to the excitations of nodal quasi-
particles is responsible for the enhanced phase fluctuation in
the halo region. However the presence of these two length
scales for the vortex structure is fairly generic to supercon-
ductivity in a doped Mott insulator �see, for instance, Ref.
34�.

The separation of scale between Hc2 and Hres can then be
understood by recognizing that Hc2 and Hres are the fields
where the cores and the halos overlap, respectively. Clearly
the quantum oscillation is probing the low-temperature prop-
erties of overlapping halos. In the case of Bi-2212 the tun-
neling spectrum exhibits peaks at 8 meV which shows
roughly 4a�4a periodicity. These peak structures are very
naturally understood as being smoothly connected to the
quasiparticle states of the full Fermi surface when the halos
overlap above Hres. Specifically we may model the halo re-
gion as simply a disk of radius R of the high-field state
embedded inside the bulk superconductor. The antinodal
quasiparticle states of the high-field state will then lead to
peaks in the tunneling conductivity at a small gap that is
induced by the nonzero superconducting order parameter that
will exist in this halo region. This picture explains qualita-
tively an old empirical observation35 that the position of the
low energy peak scales linearly with the maximum gap �0
�rather than with �0

2 as expected for core states in a BCS
vortex�.

Now consider H	Hres. As the temperature is raised, vor-
tices and anti vortices are created and Tc is reached when
their halos overlap. Above Tc the overlapping halos form the
vortex liquid smoothly connected to the H�Hres region in
Fig. 1. It follows from our assumption 3 that the quasiparti-

ο

2R

2ξ

FIG. 5. Sketch of the vortex core showing the small inner core
and the larger halo.
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cles will exhibit coherence over a range of temperature Tc
	T	Tcoh.

V. DISCUSSION

In conclusion, we see that a unified picture of the diverse
phenomena in the underdoped cuprates can be constructed.
Here we briefly reiterate and discuss some key points of this
paper. First we discussed quantum oscillation phenomena in
high fields and low T within the context of the assumption
that local superconductivity is not killed in fields of order
Hres. We showed that quasiparticle scattering off the pair field
fluctuations resurrects a gapless large Fermi surface but with
strongly anisotropic quasiparticle weight. Field-induced in-
commensurate magnetic ordering can then reconstruct this
large Fermi surface to give electron/hole pockets postulated
in the literature. We reiterate that the emergence for the gap-
less large Fermi surface is a precondition for the magnetic
ordering to be able to produce the antinodal electron pockets.
Next we showed how the assumption of a coherence cross-
over scale Tcoh that is unaffected by fields �Hres for the
single-particle excitations allows us to understand the
pseudogap and Fermi arc physics above Tc at low fields.
Finally we discussed the structure of the vortex inside the
superconducting state and related it to various other phenom-
ena.

A key aspect of our discussion is that the pseudogap
above Tc should be thought of primarily as being caused by
pairing of incoherent electronic excitations. Some direct sup-
port for this picture comes from interesting recent ARPES
results on underdoped Bi-2212 materials.36 The spectra are
found to show broad particle-hole symmetric peaks around a
nonzero gap near the antinodal portion of the Brillouin zone.
A particle-hole symmetric peak naturally arises if the gap is
due to pair formation. As the pseudogap primarily resides at
the antinodal region this is clearly supportive of the picture
that it is due to pairing of incoherent particles. The data also
show that particle-hole symmetry is not present close to the
tip of the arc region. We suggest that this is due to some less
dominant phenomenon that modifies the primary particle-
hole symmetric pairing that gives rise to the pseudogap. We
however leave for the future an elucidation of the physics of
this subdominant effect.

In the future it should be extremely interesting for a vari-
ety of experiments to study the regime Tc	T	Tcoh at not

too high fields. In this regime it may be possible to expose
the emergence of the underlying large Fermi surface without
magnetic ordering as described in Sec. II. For instance STM
studies may be possible in this region and should see an
enhanced zero-bias conduction peak corresponding to the
emergence of coherent quasiparticles even away from the
Fermi arc region upon cooling through Tcoh. Transport ex-
periments may also be a useful probe of this region though
their interpretation will be complicated by the interplay be-
tween quasiparticle and vortex physics. Another obviously
important experiment is to study the vortex core structure
through STM at low T in underdoped samples and then fol-
low the evolution of the halo and the core with decreasing
doping.

It is interesting that we have been able to obtain a synthe-
sis of the phenomenology without invoking broken-
symmetry orders such as staggered flux/d-density wave
order9,37 or more exotic non-Fermi-liquid states �such as al-
gebraic charge liquids38–40�. Both of these possibilities have
been considered in the literature. Indeed we have only in-
voked the incommensurate spin density wave induced by a
field. There is good experimental support for such field-
induced magnetic order. We emphasize however that even
this field-induced ordering is a low energy phenomenon. In
particular in our theory it plays very little role in electronic
phenomena such as the pseudogap at high T.

A key challenge for microscopic theory is to describe the
physics of the low coherence scale Tcoh for single-particle
excitations. In particular it is important to develop a micro-
scopic theory for the incoherent scattering above Tcoh, the
development of coherence at low temperatures below this
scale, and the interplay with the pairing into a spin singlet
Cooper pair. In a companion paper14 we present results from
a particular model of a doped Mott insulator which captures
these aspects of the physics.

ACKNOWLEDGMENTS

We are grateful to J. C. Davis, J. Hoffman, E. Hudson, M.
Norman,
N. P. Ong, S. Sebastian, and L. Taillefer for many discus-
sions that greatly aided our thinking. T.S. was supported by
NSF under Grant No. DMR-0705255, and P.A.L. was sup-
ported by NSF under Grant No. DMR-0804040.

1 J. C. Campuzano, M. R. Norman, and M. Randeria, in Physics of
Superconductors, edited by K. H. Bennemann and J. B. Ketter-
son �Springer, Berlin, 2004�, Vol. II, p. 167–273; A. Damascelli,
Z. Hussain, and Z.-X. Shen, Rev. Mod. Phys. 75, 473 �2003�.

2 A. Kanigel et al., Nat. Phys. 2, 447 �2006�.
3 J. Corson, R. Mallozzi, J. Orenstein, J. N. Eckstein, and I. Bo-

zovic, Nature �London� 398, 221 �1999�.
4 Y. Wang, Z. A. Xu, T. Kakeshita, S. Uchida, S. Ono, Y. Ando,

and N. P. Ong, Phys. Rev. B 64, 224519 �2001�; Yayu Wang, S.
Ono, Y. Onose, G. Gu, Yoichi Ando, Y. Tokura, S. Uchida, and
N. P. Ong, Science 299, 86 �2003�; Y. Wang, L. Li, and N. P.

Ong, Phys. Rev. B 73, 024510 �2006�.
5 Nicholas Doiron-Leyraud, Cyril Proust, David LeBoeuf, Julien

Levallois, Jean-Baptiste Bonnemaison, Ruixing Liang, D. A.
Bonn, W. N. Hardy, and Louis Taillefer, Nature �London� 447,
565 �2007�; E. A. Yelland, J. Singleton, C. H. Mielke, N. Harri-
son, F. F. Balakirev, B. Dabrowski, and J. R. Cooper, Phys. Rev.
Lett. 100, 047003 �2008�; A. F. Bangura et al., ibid. 100,
047004 �2008�; C. Jaudet et al., ibid. 100, 187005 �2008�.

6 Suchitra E. Sebastian, N. Harrison, E. Palm, T. P. Murphy, C. H.
Mielke, Ruixing Liang, D. A. Bonn, W. N. Hardy, and G. G.
Lonzarich, Nature �London� 454, 200 �2008�.

T. SENTHIL AND PATRICK A. LEE PHYSICAL REVIEW B 79, 245116 �2009�

245116-6



7 D. LeBoeuf et al., Nature �London� 450, 533 �2007�.
8 A. J. Millis and M. R. Norman, Phys. Rev. B 76, 220503�R�

�2007�.
9 S. Chakravarty and H.-Y. Kee, Proc. Natl. Acad. Sci. U.S.A.

105, 8835 �2008�.
10 A recent paper by K. Chen and P. Lee, arXiv:0812.3351 �unpub-

lished� pointed out that the observed frequencies may be recon-
ciled with hole pockets near �� /2,� /2� but the electron pocket
scenario remains viable.

11 B. Fauque, Y. Sidis, V. Hinkov, S. Pailhes, C. T. Lin, X. Chaud,
and P. Bourges, Phys. Rev. Lett. 96, 197001 �2006�.

12 Y. Li et al., Nature �London� 455, 372 �2008�.
13 Jing Xia et al., Phys. Rev. Lett. 100, 127002 �2008�.
14 T. Senthil and P. Lee, arXiv:0904.1433 �unpublished�.
15 G. Kotliar and J. Liu, Phys. Rev. B 38, 5142 �1988�; P. A. Lee,

N. Nagaosa, and X.-G. Wen, Rev. Mod. Phys. 78, 17 �2006�.
16 A. Georges, G. Kotliar, W. Krauth, and M. Rozenberg, Rev.

Mod. Phys. 68, 13 �1996�; A. Georges, in Lectures on the Phys-
ics of Highly Correlated Electron Systems, edited by A. Avella
and F. Mancini �American Institute of Physics, New York,
2004�.

17 D. L. Feng et al., Science 289, 277 �2000�; H. Ding, J. R. En-
gelbrecht, Z. Wang, J. C. Campuzano, S. C. Wang, H. B. Yang,
R. Rogan, T. Takahashi, K. Kadowaki, and D. G. Hinks, Phys.
Rev. Lett. 87, 227001 �2001�.

18 D. A. Bonn, P. Dosanjh, R. Liang, and W. N. Hardy, Phys. Rev.
Lett. 68, 2390 �1992�.

19 Y. Zhang, N. P. Ong, P. W. Anderson, D. A. Bonn, R. Liang, and
W. N. Hardy, Phys. Rev. Lett. 86, 890 �2001�.

20 T. Valla, T. E. Kidd, J. D. Rameau, H.-J. Noh, G. D. Gu, P. D.
Johnson, H.-B. Yang, and H. Ding, Phys. Rev. B 73, 184518
�2006�.

21 B. Lake et al., Nature �London� 415, 299 �2002�.
22 E. Demler, S. Sachdev, and Y. Zhang, Phys. Rev. Lett. 87,

067202 �2001�. This work did not address the electronic struc-

ture of the normal, i.e., nonsuperconducting states that are our
concern here.

23 D. Haug, V. Hinkov, A. Suchaneck, D. Inosov, N. Christensen,
C. Niedermayer, P. Bourges, Y. Sidis, J. Park, A. Ivanov, C. Lin,
J. Mesot, and B. Keimer, arXiv:0902.3335 �unpublished�.

24 S. Sebastian and N. Harrison �private communication�.
25 L. Balents, M. P. A. Fisher, and C. Nayak, Phys. Rev. B 60,

1654 �1999�.
26 T. Senthil and M. P. A. Fisher, Phys. Rev. B 62, 7850 �2000�.
27 M. R. Norman, M. Randeria, H. Ding, and J. C. Campuzano,

Phys. Rev. B 57, R11093 �1998�.
28 A. V. Chubukov, M. R. Norman, A. J. Millis, and E. Abrahams,

Phys. Rev. B 76, 180501�R� �2007�.
29 S. H. Pan, E. W. Hudson, A. K. Gupta, K. W. Ng, H. Eisaki, S.

Uchida, and J. C. Davis, Phys. Rev. Lett. 85, 1536 �2000�.
30 J. E. Hoffman, E. W. Hudson, K. M. Lang, V. Madhavan, H.

Eisaki, S. Uchida, and J. C. Davis, Science 295, 466 �2002�.
31 O. Fischer, M. Kugler, I. Maggio-Aprile, C. Berthod, and C.

Renner, Rev. Mod. Phys. 79, 353 �2007�.
32 We adopt the terminology “halo” used in A. Beyer, M. Grinolds,

M. Teague, S. Tajima, and N. Yeh, arXiv:0808.3016 �unpub-
lished�.

33 P. A. Lee and X. G. Wen, Phys. Rev. Lett. 78, 4111 �1997�.
34 L. B. Ioffe and A. J. Millis, Phys. Rev. B 66, 094513 �2002�.
35 B. W. Hoogenboom, C. Renner, B. Revaz, I. Maggio-Aprile, and

Ø. Fischer, Physica C 332, 440 �2000�.
36 H.-B. Yang, J. D. Rameau, P. D. Johnson, T. Valla, A. Tsvelik,

and G. D. Gu, Nature �London� 456, 77 �2008�.
37 P. A. Lee, Rep. Prog. Phys. 71, 012501 �2008�.
38 R. K. Kaul, A. Kolezhuk, M. Levin, S. Sachdev, and T. Senthil,

Phys. Rev. B 75, 235122 �2007�.
39 R. K. Kaul, Y. B. Kim, S. Sachdev, and T. Senthil, Nat. Phys. 4,

28 �2008�.
40 V. Galitski and S. Sachdev, Phys. Rev. B 79, 134512 �2009�.

SYNTHESIS OF THE PHENOMENOLOGY OF THE… PHYSICAL REVIEW B 79, 245116 �2009�

245116-7


