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Abstract

In this thesis I present a microscopic model for the high-7, cuprates, and analyze the
phase diagram predicted by this model. The model is based on the ¢-J Hamiltonian,
which describes the physics of a single copper-oxide plane. An important feature of
the ¢t-J model is that close to half filling the motion of the electrons is controlled by
the empty sites in the system. This leads to spin-charge separation, which I take
into account using the slave-boson formalism. In this approach the electrons are split
into spinons and holons, which carry, respectively, the spin and the charge degrees of
freedom of the electrons. Superconductivity will occur when the spinons form Cooper
pairs and the bosons are Bose condensed.

I first analyze the model in the mean-field approximation. Novel flux phases are
found at low doping, indicating that the system tries to simulate a Néel ordered state
to minimize its magnetic energy. At intermediate doping the mean-field analysis pre-
dicts a superconducting gap with a d-wave symmetry.” A drawback of the mean-field
analysis is that it grossly overestimates the superconducting transition temperature,
especially at low doping.

One can improve on the mean-field results by including a fluctuating gauge field in
the analysis. This gauge field mediates the interactions between the spinons and the
holons, which are strongly coupled. I show in Chapter 3 that the fluctuating gauge
field suppresses the tendency of the holons to Bose condense.® In order to obtain
this result I developed a new technique based on a summation over Feynman paths?
which is a very convenient approach in the strong-coupling limit ¢t > J.

Chapter 4 focuses on the pair-breaking effects of the gauge field, which can be
analyzed by studying the contribution of the gauge field to the total free energy. I show
that there is a significant reduction of free energy due to gauge field fluctuations, which

"M.U. Ubbens and P.A. Lee, Phys. Rev. B 486, 8434 (1992).
8M.U. Ubbens, P.A. Lee, and N. Nagaosa, Phys. Rev. B 48, 13762 (1993).
®M.U. Ubbens and P.A. Lee, submitted to Phys. Rev. B (1993).



is partly lost when a gap opens up in the spinon excitation spectrum.!® At low doping
this cost of free energy prevents the system from going into a superconducting state.
At higher doping the pair-breaking effects of the gauge field become less important,
and as a result superconductivity can survive in an intermediate range of doping
0.05<52<50.35. An important consequence of this analysis is that for a single CuO,
plane the spin-gap phase is completely destroyed by gauge-field fluctuations.

In Chapter 5 a model for two coupled CuO, planes is presented, to explain the
spin-gap phase in multi-layered materials such as YBa;Cu3O¢6.!! This model uses
the t-J Hamiltonian to describe each CuO, plane, with an additional antiferromag-
netic inter-plane interaction coupling the two planes. I show that the presence of
antiferromagnetic correlations strongly enhances the pairing between spinons on ad-
jacent CuO, planes.!? I propose that the spin-gap phase in multi-layered cuprates
is due to enhanced inter-plane pairing, described by an inter-plane order parameter
Ay(ry) = ,-(Tl ) f}f) — f,.(f ) fﬁ)). I argue that the gauge field, which is very effective in
destroying the in-plane order parameter A, is less effective in destroying the inter-
plane order parameter A . I use this model to calculate the NMR-relaxation rate, the
echo-decay rate, and the Knight shift. The numerical results are in good agreement
with the experimental data on YBa;Cu3Og6.
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Chapter 1

High-T. superconductivity

1.1 History of the high-T. cuprates

Once in a while the physics community is stirred by a major discovery that creates
an important new field of research. The discovery of high-temperature superconduc-
tivity will undoubtedly be remembered as one of those events. It all started in 1986,
when Bednorz and Miiller reported the discovery of a new material that remained
superconducting at a much higher temperature than any other material known at
that time [1]. Their material was a layered ceramic, La;CuO,4 doped with Ba, which
appeared to be superconducting below a critical temperature of about 30 Kelvin. It
quickly became clear that this new material was an example of a much larger class of
so-called copper ozides or cuprates with similar properties. The most striking feature
of these cuprates was their unusually high superconducting transition temperature.
This discovery started a frantic race to find similar materials with higher and higher
transition temperatures. This race involved material scientists to grow these compli-
cated compounds, experimental physicists to carry out measurements, and theoretical
physicists trying to understand the very abnormal behavior of these cuprates.

The first few years the progress on the materials side was quite impressive [2].
Regularly new cuprates were discovered with higher and higher transition temper-
atures, mostly by replacing certain elements in the compounds by other elements.

An important breakthrough was reached in 1987 with the discovery of YBa,Cu307,
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which has a T; of 92 K. This discovery made it possible to obtain superconductivity
above the boiling point of liquid nitrogen, which is at 77 K. Because of the low cost
of liquid nitrogen, this opened a whole new field of applications.

In that period the hopes were high that much higher transition temperatures were
going to be reached in the near future, and people even talked about superconduc-
tivity at room temperature. In 1988 a 7T, of 125 K was attained with the thallium
compound T1,Ba;Ca;Cu3Oy [3], but for many years it appeared to be impossible
to push the transition temperature any higher than that. Recently, in June 1993,
the highest T. was pushed slightly higher to 135 K with the mercury compound
HgBa;Ca,_1Cu,, 0244342 [4].

Although the highest reported T, has hardly increased during the last few years,
there has been significant improvement in better preparation of the compounds.
Larger and purer singie crystals have become available, as well as greatly improved
epitaxial films. The availability of these large and pure single crystals is important
for experimental physicists, in order to get clean results about the interesting physical
properties of the cuprates. At this moment, seven years after the discovery of the
high-T;. cuprates, there is a rather complete picture of the physical properties of these
materials. However, there is no consensus yet among theorists what is the correct
microscopic model that exzplains the physics of these materials, although there is a

reasonably good understanding of what are the main ingredients of this puzzle.

1.2 The phase diagram of the high-T. supercon-

ductors

The enormous interest in the cuprates since their discovery in 1986 was initiated
by their unusually high superconducting transition temperature. However, the high
superconducting transition temperature of the cuprates is just one of the unusual
physical properties of these materials. These unusual properties are best illustrated
by the phase diagram for La,_,Sr,CuO, in Fig. 1-1, calculated by Keimer et al [5].
This phase diagram for La,_,Sr,CuQy is characteristic for all the high-T,, cuprates.
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La, Sr,CuQO, Phase diagram

Keimer et al,
300 PRB 46 (1992)
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Figure 1-1: The phase diagram of LaySry_,CuO,4 measured by Keimer et al. [5].
At very low doping this material is an antiferromagnetic insulator, with a long-range
Néel ordering. For slightly higher doping the material becomes metallic, with very
unusual properties. Superconductivity survives in an intermediate range of doping
0.05 <2 50.3. The optimum 7, is at approximately 40 K.

In the undoped case the parent compound La,CuQ, is an insulator with anti-
ferromagnetic (Néel) ordering. The physical properties change dramatically if one
dopes the material with strontium, which amounts to replacing some La atoms by
Sr atoms in the crystal structure. Fig. 1-1 shows that for a small amount of doping
the long-range Néel ordering disappears, but the system remains an insulator. For
higher doping the system becomes metallic. By lowering the temperature the system
becomes eventually superconducting. Notice that superconductivity only survives in
an intermediate range of doping 0.05<S2.50.3. The optimum 7. for Las_,Sr,CuQO,
is at approximately 40 K. Although much higher transition temperatures have been
achieved for other high-T. cuprates, a T, of 40 K is already much higher than what

one could possibly expect for a normal metal. In normal metals superconductivity
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has never been observed above 23 K, and for most metals the transition temperature
remains well below 10 K.

Except for the unusually high transition temperature, the properties of the super-
conducting state are quite similar to that of a conventional superconductor. Many
physicists nowadays agree that the “normal-state” properties of the cuprates are much
more unusual than the properties of the superconducting state. At very high doping
(22 0.25) the cuprates are still reasonably well described by the Fermi-liquid theory
for normal metals. But if one lowers the doping further and further, the cuprates start
to behave stranger and stranger in the “normal” state. Below follow a few examples

of irregularities of the cuprates in the normal state at low doping.

e The in-plane resistivity p,; is almost exactly proportional to T', from the tran-

sition temperature up to 500 K.

e The Hall-effect has an unusual temperature dependence. The Hall resistance Ry

increases with decreasing temperature, and the Hall angle varies like 85 ~ T2.

e Their are indications for a gap in the spin-excitation spectrum, which remains

visible well above T..

It is widely believed that the unusual properties of the normal state are directly
related to the high superconducting transition temperature of the cuprates.

In addition to the Néel transition and the superconducting transition, Fig. 1-1 also
shows a phase transition between an orthorhombic phase and a tetragonal phase. This
structural phase transition is characteristic for La;CuQy, but this transition will in
general be different (or not exist at all) for other high-T, compounds. This structural
phase transition is not important for the understanding of the physical properties of
the cuprates, and we will therefore not discuss this transition any further.

Perhaps one of the most surprising aspects of the high-T, cuprates is that the
phase diagram is qualitatively the same for all the different compounds. The exact
value of the transition temperature might vary strongly from compound to compound,

but for all the high-T. cuprates one observes an insulating Néel phase at very low
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doping (2 50.015), and a superconducting phase at an intermediate range of doping
0.05 <z <0.3. This general behavior of the cuprates is somewhat surprising, because
at first glance the different high-T, compounds seem to have very different chemical
compositions. Clearly there must be some kind of unifying feature that controls the
physics of the whole class of high-T, cuprates. It was known from the very beginning
that all these compounds have one feature in common, namely the two-dimensional
CuO, planes that are present in all the high-T, materials. Considering that this is
the only similarity between all the different high-T, compounds, it was understood
early on that these CuO, planes must be responsible for the unusual physics of the
high-T, cuprates.

In the next section we will show a few examples of how the structure of some of

the high-T, cuprates looks like, and how the CuO, planes are built into the structure.

1.3 The material structure of cuprates

The high-T, cuprates can have widely varying chemical compositions, but they all
have in common that they have a layered structure that contains two-dimensional
CuO; planes. In Figs. reflco.fig and 1-3 we show a few examples of the structure of

some selected high-T, cuprates:

(a). LayCuOy, the compound that started high-T. superconductivity. By replacing

20 % of the La atoms by Sr atoms one can reach an optimum 7, of 38 K.

(b). Tl,BayCa,_1Cu,O2n434, for n = 1,2,3. This family of compounds has an
optimum 7, of, respectively, 80 K, 108 K and 125 K for n = 1,2,3. The last
compound was until recently the record holder, with the highest T, of all known

materials.

The two-dimensional CuQO, planes are the horizontal planes bisecting the octahedra in
Figs. 1-2 and 1-3, and the horizontal planes at the basis of the pyramids. The oxygen
atoms are on the vertices of these octahedra and pyramids. The other elements (La,

Sr, T1, Ca, Ba, etc.) are located on planes between the CuO, layers. The current
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Figure 1-2: The chemical structure of La;CuQ4. The CuO; planes are the hor-
izontal planes bisecting the octahedra. The oxygen atoms are on the vertices of
these octahedra. If one dopes this material with strontium a small percentage of
La®t atoms gets replaced by Sr?* atoms. This has the effect of creating holes in the
CuO; planes.

understanding is that this structure between the CuO, layers merely acts as a charge
reservoir, whose main role is to influence the charge density within the CuO; layers. If
by means of doping one modifies the chemical composition of these charge reservoirs,
one alters the charge density in the CuO, planes, which consequently changes the
electronic properties of the material. In La;CuQy this can be achieved by replacing
a La’* atom by a Sr?* atom. The Sr?* atom has a different valency than the La%*
atom, and therefore “sucks” an electron out of the nearby CuO, plane. This means
that a hole is created in a CuQO; plane if one dopes La,CuQO4 with a Sr atom. As
was shown in the phase diagram in the previous section, the physical properties of
La;_;Sr,CuQOy strongly depend on the amount z of Sr doping.

In order to derive a microscopic theory for the high-7T, cuprates we will from now
on focus on the CuO, planes, because that is the only common feature of the whole
class of high-T, cuprates. We will derive a model for a single CuO, plane, assuming
that the role of the chemical elements between the CuO, planes is only to fix a certain
density of electrons in this CuO, plane. In the next few chapters we use this model for
a single CuO, plane to calculate the superconducting phase diagram for the high-T,

cuprates. Only in the last chapter we will also consider the coupling between adjacent
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Figure 1-3: The chemical structure of Tl;Ba;Ca,_1Cu,,On43+2 forn =1,2,3. The
CuO; planes are the horizontal planes bisecting the octahedra and the horizontal
planes at the basis of the pyramids. The oxygen atoms are on the vertices of these
octahedra and pyramids. Note that for n = 2 and n = 3 there are several CuO;
planes close together in each unit cell.

CuO, planes. The motivation for this is that there is clear experimental evidence that
the properties of single-layer materials are qualitatively different from the properties
of multi-layer materials, that have two or more CuO; planes close together in each
unit cell. One of the differences is that the superconducting transition temperature
tends to increase if there are several CuO, planes in a unit cell. This is illustrated
by the three thallium structures in Fig. 1-3. The transition temperatures of these
three structures are respectively 80 K, 108 K and 125 K for » = 1, 2 and 3 CuO,
planes per unit cell. This indicates that the interaction between nearby CuO, planes
enhances superconductivity. Another difference is that in multi-layer cuprates such
as YBa;Cu3Og 6 one observes a (pseudo) spin gap in the excitation spectrum of the
electrons. This spin gap, which is absent in single-layer materials, is observed at

low doping, and survives well above the superconducting transition temperature. A
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Figure 1-4: The structure of a single CuO; plane, which is a square lattice with Cu
atoms on the vertices and O atoms on the bonds. By focusing on the electron in the
hybridized d-p band, this reduces to the model on the right, which has one electron
per unit cell, with a strong antiferromagnetic superexchange interaction between
neighboring sites.

possible mechanism for this spin-gap phase will be discussed in Chapter 5, where we

study a system of two coupled CuO, layers.

1.4 How to model a CuO, plane?

A copper-oxide plane consists of a square lattice with copper atoms on the vertices
and oxygen atoms between adjacent Cu atoms. This is shown in Fig. 1-4. We can
simplify this electronic system by focusing only on the electron states that lie close
to the Fermi level. In this case these states correspond to the 3d orbital on the
Cu atom and the 2p orbital on the O atom. Because of their closeness in energy the
d.2_,2 orbital and the p, orbital are strongly mixed, leading to a hybridized d-p band.
The electrons in this d-p band are usually identified with the Cu sites. Due to the
strong hybrization between the electron states on the Cu atoms and the O atoms the
electrons in this band can easily hop from one site to the next.

One might wonder what is so special about Cu and O atoms, and whether the
same story can also hold for two-dimensional planes that consists of other atoms.
There are two features of the CuO, planes that are very characteristic for Cu and O

atoms. First the 3d,2_,2 band of the Cu atom is very flat, and second the 3dy2_,e

20



band and the 2p, band are very close in energy, which leads to strong hybridization.
This will in general not be true for two-dimensional planes that consist of other atoms.

After this simplification we have reduced the system to an effective model of
electrons on a square lattice, on which the electrons can hop from one site to the
next. Perhaps the most popular Hamiltonian to describe this system is the so-called

Hubbard Hamiltonian, given by

H= -t Z (c;!acjd + C.C.) + Uznq’n,’l, (11)
(i,3) i

T

where n;, = c:.'ac,-, is the number operator of electrons c;, with spin o on site .
The first term in the Hubbard Hamiltonian is a kinetic term that indicates that the
electrons like to hop from site to site. The second term is a potential term due to
the Coulomb repulsion. This term tells us that the system pays a big energy U if a
particular site is occupied by two electrons at the same time.

Another popular Hamiltonian to describe a CuQO, plane is the so-called ¢-J Hamil-

tonian, given by

H=-t Z (cf,cja + c.c.) +J z (Si -S; - ininj) , (1.2)
(,5) : (i,5)

where S; = %c:-'aaagciﬂ is the spin operator of the electron on site ;. The first term
in Eq. (1.2) is again the kinetic hopping term. The second term indicates that it is
favorable for the spins to have an antiferromagnetic orientation. For the ¢-J model
there is the additional constraint that it is not allowed that any site is double occupied.
In the limit ¢ 3> J (or U > t), which is the appropriate limit for the high-T, cuprates,

the ¢-J model and the Hubbard model become equivalent, if one choses J = 4¢2/U.
The Hubbard model, the ¢-J model, and variations of these two models are the
most widely used starting points in efforts to develop a microscopic theory for the

high-T, cuprates. In order to describe the cuprates accurately, typical values for U, ¢
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and J are

U ~ 5eV,
t ~ 04¢eV; (1.3)

J ~ 0.12eV.

These values are obtained by comparing the low energy spectrum of the Hubbard
model and the ¢-J model with the actual energy spectrum of a CuO, plane.

Both the Hubbard model and the ¢-J model are difficult to deal with for the values
of the parameters given in Eq. (1.3). In the case of the Hubbard model it is impossible
to use standard perturbation theory, because of the large value of U, while in case of
the t-J model it is hard to deal with the constraint of no double occupancy. In this
thesis we will focus exclusively on the ¢-J model, which is somewhat easier to analyze
than the Hubbard model. In Chapter 5 we will generalize the ¢-J model somewhat
to take the coupling between adjacent CuO; planes into account, which is important

in multi-layer systems such as YBCO.

1.5 The t-J model

The t-J model, which was introduced in section 1.4 as a model for a single CuQ, plane,
is one of the most widely used microscopic models for high-7, superconductivity. The
purpose of this section is to give the reader a better understanding of the basic
properties of the ¢-J model, before we dive into a more detailed analysis in the next
few chapters.

The t-J model is a model for electrons on a two-dimensional square lattice, whose
dynamics are described by the Hamiltonian in Eq. (1.2). This Hamiltonian is under
the important constraint that no site is allowed to be double occupied. We will first
consider the ¢-J model in the important case of half filling, i.e. when there is on
average one electron per site. Because of the constraint of no double occupancy this

implies that there is ezactly one electron on each site. In the absence of empty sites
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the electrons do not have any opportunity to move around, and thus we are dealing
with an insulator that consists of quantum spins pinned on a lattice. Clearly the
hopping term in Eq. (1.2) becomes irrelevant, and at half filling the Hamiltonian

therefore reduces to the Heisenberg Hamiltonian

H=7J)_S;-S;. (1.4)
(4.9)
It is well known that below the Néel temperature 7 this Hamiltonian describes an
insulator with long-range antiferromagnetic order. Experiments indeed show that the
undoped cuprates are Néel ordered below a certain temperature. For La;CuQOy this
Néel temperature is at T (0) ~ 325K.

The situation changes drastically away from half filling, i.e. when the system
contains a small amount of holes. The phase diagram for La;_,Sr,CuO, in Fig. 1-
1 shows that the Néel temperature T (z) decreases rapidly if one dopes La;CuO4
with a small amount of strontium atoms. At a Sr concentration of z ~ 0.015 the
long-range antiferromagnetic order has disappeared completely. We will now use -
J model to explain this behavior qualitatively. In the language of the ¢-J model
doping means that a certain amount of electrons have been removed, so that there
are on average 1 — z electrons per site, while a fraction of z sites is unoccupied. It is
clear that the empty sites control the dynamics of the electrons, because an electron
can only hop to an adjacent site if that particular site is one of the few sites that
is unoccupied. The kinetic term in the ¢-J Hamiltonian favors these empty sites to
move around. However, the empty sites can not move around freely in a backround of
antiferromagnetically ordered spins, because every time an empty site changes places
with an electron, it leaves behind an electron whose spin is pointing in the wrong
direction. This creates a string of overturned spins, which costs a lot of energy [6].
When the system is sufficiently close to half filling, i.e. when there are very few empty
sites, the antiferromagnetic order prevails, and the system remains in the Néel-ordered
phase. This phase describes an insulator, because the Néel order prevents the empty

sites from moving around freely.
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Figure 1-5: The Fermi surface of the t-J model for various values of the doping x.
At half filling the Fermi surface is a diamond with sharp corners, and the density of
states diverges at these corners. Note that at half filling there is perfect nesting of
the Fermi surface over the wave vector Qar = (m, 7). For larger doping the nesting
properties of the Fermi surface become less and less pronounced.

Surprisingly enough this result is exactly the opposite of what one would expect
from bandtheory. According to bandtheory the system should be a metal, because
close to half filling there is a large Fermi surface, as is shown if Fig. 1-5. This is
the usual argument to distinguish a metal from an insulator. The reason why this
simple band-theory argument is not valid is due to the fact that it does not take the
constraint of no double occupancy into account. This constraint played a crucial role
in the arguments given above why the system is in reality an insulator close to half
filling. This system, which has a Fermi surface but is still an insulator, is sometimes
called a doped Mott insulator, emphasizing that the mechanism that is responsible
for the insulating properties has nothing to do with band theory, but is more closely
related to the mechanism originally proposed by Mott.

If one increases the doping above a certain value the long-range antiferromagnetic
order disappears, but the system remains an insulator due to strong short-ranged
antiferromagnetic correlations. If one increases the doping even further the system
becomes eventually metallic, which is called the Mott-insulator transition. This is

the regime we will focus on in this thesis, because this regime contains the supercon-
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ducting phase at sufficiently low temperatures.

Until now our description of the physics of the ¢-J model has been very qualitative,
emphasizing the importance of the empty sites for the transport properties. In the
next section we will discuss a mathematical trick that puts these qualitative arguments

on a solid basis.

1.6 Spin-charge separation

From the qualitative arguments in the previous section we learned that due to the
constraint of no double occupancy the empty sites are very important for the transport
properties of the ¢-J model. Clearly any succesful analysis of the ¢-J model has to pay
special attention to these empty sites. Fortunately there exists a mathematical trick,
called the slave-boson formalism, which allows us to keep track of the empty sites by
treating them as independent particles. These new objects are called “slave-bosons”
in this formalism. Mathematically one simply replaces the original electron operator
c}:, by the product f}:,b,-, where f,-‘:, is a fermion operator that carries the spin of the
electron, and b; is a boson operator that corresponds with the empty sites, and that

carries the charge of the electron. This leads to the Hamiltonian

H = -t Z ( ,'Lbib;'fja + C-C') +J z (S' ' Sj - ininj)

(ig)o (i.5)

+ 3 i (fL fio + b6 — 1), (1.5)

where the field A; is a Lagrange multiplier field that one has to integrate over to
enforce the local constraint that fit;fia' + bfbi = 1 at each site . This constraint
means that at every site there is either a fermion or a boson, but not both. The
corresponding picture is shown in Fig. 1-6.
Notice that this approach leads to spin-charge separation, because the spin and
the charge degrees of freedom of the electron are now carried by different particles,
)

. and bf , which are often called “spinons” and “holons”. Spin-charge separation is

a convenient concept to explain certain unusual properties of the high-T, cuprates.
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Figure 1-6: The t-J model in the slave-boson approach. The physical electrons are
split into “spinons” and “holons”. On each site there is either a spinon or a holon.
The spinons carry the spin degrees of freedom and the holons, which correspond to
the empty sites in the original ¢-J model, carry the charge degrees of freedom. Close
to half filling the dynamics is controlled by the holons.

For example, it can explain why experiments that probe the transport properties of
the electrons, such as the conductivity or the Hall effect, indicate that there is only a
small number of charge carriers, roughly proportional to the number of empty sites.
This is naturally explained by noting that the holons are the charge carriers in the
problem, and not the spinons. On the other hand, angular-resolved photo-emission
experiments show a large Fermi surface, which is easily explained by identifying the
experimental results with the Fermi surface of the spinons.

Although it is convenient to think in terms of spinons and holons, one has to keep
in mind that they are mathematical objects, that can not exist outside a CuO, plane.
To explain this we will make a few remarks about gauge invariance. The Hamiltonian
in Eq. (1.5) is manifestly gauge invariant under the local gauge transformation

fie — e':%' fios (1.6)
b, — €'%ib,.
The only observable quantities are quantities that are invariant under this local gauge
transformation. Clearly the spinons and holons are objects that are not gauge invari-
ant, and can therefore never be measured in physical experiments. On the other
hand, the product f;[,b,—, which corresponds to the physical electron, remains gauge

invariant. Considering that there exists a local gauge symmetry in the Hamiltonian in
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Eq. (1.5), it is not surprising that a gauge field will appear in a more detailed analysis
of this model. How this gauge field is introduced, and what are its properties, will be
discussed in Chapters 3 and 4.

We would like to remark that one can also chose to work in the so-called slave-
fermion formalism. In that approach the spinons are bosons with a spin index, and
the holons are fermions that carry a charge but no spin. The slave-fermion approach
is a good starting point at very low doping (z <0.04), while the slave-boson approach

is more appropriate at intermediate doping.

1.7 The phase diagram of spinons and holons

We will now explain some of the qualitative features of the phase diagram of the
cuprates, using the concept of spin-charge separation. The underlying idea is to
identify the various regimes that are observed in the high-T, cuprates with the phase
transitions of the spinons and the holons.

Let us discuss the different phase transitions that the spinons and the holons
can undergo. The spinons obey Fermi statistics, so they will form Cooper pairs at
sufficiently low temperatures, due to the antiferromagnetic spin interaction which
creates an attractive interaction in the Cooper channel. This transition is indicated
by the solid line in Fig. 1-7, which is a qualitative phase diagram in the doping-
temperature plane. The transition temperature Tp(z) decreases as a function of
doping, because the antiferromagnetic interaction is strongest close to half filling.
The holons on the other hand obey boson statistics, and will therefore Bose condense
at low temperatures. This is indicated by the dashed line in Fig. 1-7. Note that the
Bose-condensation temperature Tgg(z) is proportional to the density of holons z.

The pairing transition line Tp(z) and the Bose-condensation line Tgg(z) divide
the phase diagram in Fig. 1-7 in four regions, and each region will have a very different
physical properties. We are most familiar with the regime T' < Tgg(z), because in
that regime the physical electrons can be directly identified with the spinons. The

reason for this is that for T < Tgg(z) the holons are Bose condensed, and can therefore
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Figure 1-7: A qualitative phase diagram of the ¢-J model, based on spin-charge
separation. The solid line is the pairing transition temperature, below which the
spinons form Cooper pairs. The dashed line is the Bose-condensation temperature,
below which the holons condense into a superfluid state. These two transition lines
divide the phase diagram into four regimes: a Fermi-liquid phase, a superconducting
phase, a strange-metal phase, and a spin-gap phase.

be treated as c-numbers instead of operators. In other words, the electron creation

operator ¢l = f,-‘:,b,- can be replaced by
el = f1b; —> const. x fi . (1.7)

This means that for T < Tgg(z) the pairing transition temperature Tp(z) coincides
with the superconducting transition temperature T,(z) of the physical electrons. For
T > Tp(xz) the system behaves like a normal metal, while for T < Tp(z) the system
behaves like a conventional superconductor.

The properties of the system are more unusual for T' > Tgg(z), i.e. when the
bosons are not condensed yet. In that case we cannot simply identify the physical
electrons with the spinons anymore. Instead the electrons are composite particles,
made up of spinons and holons that strongly interact with each other. The spinons will

not behave like a Fermi liquid anymore, because the holons provide a soft scattering
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mechanism, altering the lifetime of the quasi particles. Due to the presence of low
lying excitations one can expect a whole variety of unusual phenomena. This region is
commonly referred to as the strange metal phase. An interesting consequence of the
presence of non-condensed holons is that the pairing transition temperature Tp(z)
does not correspond with the superconducting transition anymore. This is easily

understood by considering the superconducting order parameter

Ay = (chel, —cljel)
= (fi]}ffl“f&f}ﬂ(bibj)- (1-8)

To obtain a finite superconducting gap A;; it is not sufficient that ( i f;’ ) is nonzero;
the expectation value (b;) has to be nonzero as well. This creates the interesting
possibility of having a state in which the spinons form Cooper pairs, i.e. ( i f;’ ) #0,
while the system is not superconducting. This state has the feature that physical
quantities which probe the spin degrees of freedom of the system, such as NMR
relaxation rates and the Knight shift, will show a (pseudo) spin gap below a certain
energy scale. This pseudo gap will not show up in the conductivity, or in other
transport properties which are controlled by the holons. This very unusual phase is
commonly referred to as the spin-gap phase.

Summarizing, the picture of spin-charge separation leads to the following four

phases:
1. Normal metal: T < Tgg(z) and T > Tp(z);
2. Superconductor: T < Tgg(z) and T < Tp(z);
3. Strange metal: T > Tpg(z) and T > Tp(z);
4. Spin-gap phase: T > Tgg(z) and T < Tp(z).

These four phases are indeed observed in experimental studies of the high-T, cuprates.
The spin-gap phase is somewhat controversial, because it is only observed in multi-

layer cuprates such as YBCO, but not in single-layer materials such as LaSrCuO.
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We will explain in Chapter 4 why the spin-gap phase is not observed in single-layer
materials. In Chapter 5 we present a model that shows that the spin-gap phase in
multi-layer materials can be explained by the formation of Cooper pairs of spinons

on nearby CuQO, planes.

1.8 Outline of this thesis

The goal of this thesis is to explain the superconducting phase diagram of the high-T.
cuprates, using a microscopic model based on the ¢{-J Hamiltonian. As explained in
Sec. 1.7, this essentially boils down to determining the pairing transition tempera-
ture T.(z) of the spinons, and the Bose-condensation temperature Tgg of the holons.
Determining these two transition lines is the central theme of this thesis. Each of the
next four chapters deals with a different piece of this puzzle. In the final two chapters
we are able to put all these pieces together, to obtain a theoretical phase diagram
that agrees very well with the experimental phase diagram.

In Chapter 2 we start by analyzing the ¢-J model in the mean-field approximation
[7], which is a logical starting point to obtain a qualitative understanding of the model.
Within this approximation it is relatively straightforward to obtain the transition
temperatures T5(z) and Tpg. A drawback of the mean-field approximation is that
T3(z) and TQg are much higher than the actual transition temperatures measured in
experiments. This shows that the mean-field approximation is an over-simplification,
which does not fully capture the physics of the high-T. cuprates. The reason for this
is that there is a very strong interaction between the spinons and the holons, because
every time a spinon hops from one site to the next, a holon has to hop in the opposite
direction. This feature, which is due to the local constraint of no double occupancy,
is completely missed in the mean-field approximation.

In Chapter 3 and 4 we go beyond the mean-field approximation, by including a
gauge field in the analysis, which takes Gaussian fluctuations around the mean-field
result into account. The role of the gauge field is to mediate the strong interactions

between the spinons and the holons. The picture that we have in mind is that one
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can view the ¢{-J model as a system of spinons and holons, that continuously scatter
off a fluctuating gauge field. This gauge field is massless, and therefore creates a soft
scattering mechanism for the spinons and the holons, which will significantly alter
the properties of these particles.

Chapter 3 deals with the question of how the gauge field influences the behavior of
the holons [8, 9]. We show that for the relevant parameters of the ¢-J model this is a
strongly correlated problem, which cannot be treated with the standard perturbative
methods. Instead we express the partition function in terms of closed Feynman paths,
which turns out to be a very convenient method in the strong-coupling limit. In
the strong-coupling limit the gauge field destroys the phase coherence of the holons,
thereby suppressing the tendency of the holons to condense. The signature of this
is that the diamagnetic susceptibility is strongly suppressed, and diverges at a much
lower temperature than before. This temperature can be identified with the Bose-
condensation temperature of the holons.

Chapter 4 focuses on the effect that the gauge field has on the pairing of the
spinons [10]. The gauge field is strongly pair-breaking, because it acts as a large
fluctuating magnetic field. Using the analogy with a magnetic field, it is not surprising
that the gauge field suppresses the formation of Cooper pairs. The phase diagram
that we obtain after taking the pair-breaking effects of the gauge field into account
agrees very well with the experimental phase diagram of single-layer materials such
as Lag_Sr,CuQy4. One of the most important conclusions of this analysis is that the
fluctuating gauge field completely destroys the spin-gap phase. This agrees with the
experimental evidence that there is no spin-gap phase in Lay_,Sr,CuOj.

In Chapter 5 we study a model for two coupled CuO, planes, in order to explain
the different behavior of single-layer cuprates and multi-layer cuprates [12]. Measure-
ments of the NMR relaxation rate and the Knight shift, which are quantities that
probe the spin degrees of freedom of the material, indicate that multi-layer cuprates
such as YBCO have a spin-gap in their excitation spectrum. The main objective of
Chapter 5 is to present a microscopic model that is able to explain why this spin gap

exists in underdoped YBay;Cu3zOg6, but not in La,_,Sr,CuO4. We propose that the
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spin gap is due to pairing between spinons on adjacent CuO, planes, which is sig-
nificantly enhanced by the antiferromagnetic correlations between spins on adjacent
CuO, planes. Using this model we are able to calculate the NMR relaxation rates on
the ®3Cu and the 170 sites, the Knight shift and the spin-echo decay rate as a function
of temperature. Our numerical results are in good agreement with the experimental
data on YBa;Cu30O0¢.

Chapters 2-5 were originally written as four separate articles, which over the last
few years have been submitted to Physical Review B [7, 9, 10, 12]. Each chapter is

self-contained, and can be read separately from the rest of the thesis.
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Chapter 2

Flux phases in the ¢t-J model

2.1 Introduction

Since the discovery of the copper oxide superconductors there is a renewed interest in
strongly correlated electronic systems. The ¢-J model is one of the proposed models
that might describe the essential physics of those materials [13].

Several schemes have been used to develop a mean-field theory for the ¢-J model,
and many phases have been suggested to be energetically favorable away from half
filling.

Generally a mean-field theory arises from decoupling the Hamiltonian either in
the particle-hole channel ( f,-t f} — ( f,-T f})) or in the particle-particle channel ( f;’ fi—
(£ 13))-

The early mean-field theories assumed a uniform (or s-wave) pairing state [13, 14,
15]. Kotliar and Liu however showed that a d-wave-pairing state has a higher pairing-
gap transition temperature, and is energetically favored over an s-wave-pairing state
[16, 17]. Affleck and Marston took a different approach by enlarging the unit cell for
the particle-hole order parameter ( f; fio), while ignoring particle-particle correlations.
They found that for low doping a lower ground-state energy is achieved by taking a
w-flux phase for the particle-hole order parameter. {18, 19]. At half filling this phase
is equivalent to the s + id phase of Kotliar [16], due to a local gauge invariance at

half filling [20]. A similar s + id phase was also considered by Ye and Sachdev, in
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their recent study of a 3-band model [21]. Other states that occur at low doping are
dimerized states [18, 19, 22, 23] and commensurate-flux phases (24, 25, 26]. However,
away from half-filling both the dimerized states and the commensurate flux phases
are only stable for small values of ¢t/J (¢/JS1).

A generalization of 7-flux phase was proposed by Zhang [27], who combined the
d-wave-pairing state with a staggered-flux phase for the particle-hole order parameter.

The aim of this paper is to see how these different phases fit together at finite
temperatures. Most of the numerical work so far has dealt with the zero temperature
ground state [28, 29]|. In particular, we would like to know how the m-flux phase is
connected to the uniform phase and the d-wave-pairing state. We will focus on a tem-
perature range in the vicinity of the pairing-gap transition temperature. We compare
the free energies of a class of phases that includes Zhang’s staggered-flux phases and
Kotliar’s mixed phase. However, we exciude dimerized phases and commensurate
flux phases, which is motivated by the numerical work cited above, that away from
half-filling these phases are only feasible for ¢/J S1. The experimental values of ¢ and
J for copper oxides give t/J ~ 3.

We find numerically that for § $0.08J/¢, a staggered-flux phase is favored over
the d-wave-pairing state close to the pairing-gap transition temperature. We present
a phase diagram that shows how at finite temperatures the staggered-flux phase
interpolates in between a m-flux phase and the uniform phase. The occurrence of flux
phases strongly suppresses the pairing-gap transition temperature.

In Appendix A we discuss a recipe that describes how to decouple the ¢-J model

into its different channels, using Hubbard-Stratonovich fields.

2.2 Hartree-Fock-Bogoliubov decomposition

We use the slave-boson formalism and write the ¢-J model as [17]

H = —tY (fLfioblbi+ce)+T Y (Si-S; — jniny)
)

(i, (i.5)
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— Ko Z fhfio +i Z Ai(fL fio + blb; — 1), (2.1)

where S; = % ffaaaﬂ fis- The corresponding quantum partition function, Z = [ D|[f, b, \]
exp(—.S), is a functional integral over a fermion field f;,, a bosonic field b; to keep track
of the empty sites, and a real field \; to enforce the local constraint f}, fi, + blb; = 1
at each site .

The usual way to derive a mean-field theory for the Hamiltonian (2.1) is by decou-
pling the Hamiltonian either in the particle-hole channel or the particle-particle chan-
nel. This leads to mean-field order parameters x;; = ( 1l fio) or Ay = (fafir— Fis fin)-
There is however a significant amount of freedom in choosing combinations of both
order parameters. The SU(2) symmetry of the Hamiltonian at half filling suggests to
treat both order parameters on the same footing [17, 20].

In Appendix A we discuss a recipe how to decouple the four-fermion term S; - S;
into a combination of different channels, using 3 sets of Hubbard-Stratonovich fields.

This leads to the following identity:

3
e L SiSi / I dxjdxid;,das T] TT dpke 2 409, (22)
(i3) P k=l
3J .
A = & [l + 18417 = X Flo fio) — c.c.+m
—AL(fitfa — finfit) — C-C-] (2.3)

J 3
+3 [Ie = At s)].
k=1

The hopping term ¢ 3 f,-t, fjab;'-b,- can be taken into account by replacing x;( f}a fis)
by xi( f}, fio+ g—;b}bi). In addition to the hopping term this modification also leads to
four-boson terms of the form bj bjb}bi- In principle one needs an additional auxiliary
field to decouple these terms. However, these four-boson terms give only a small
contribution close to half filling, and at the mean-field level we can replace these

terms by (b:' b;)bjb;[, and incorporate them into the bosonic chemical potential term.
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Putting everything together the decoupled Hamiltonian now becomes

3J , 8t
B = 205 [l + 185l = G £lfi + 5580) — e+ m
(i.3)

3
=A% (finfiy — firfin) — C-C~] + g > [|P¢|2 =S E(fle* )| (2.4)
(i3) paust
~to X o fio = i 3o N(fh fio +B]bi = 1),

A mean-field theory is achieved by replacing the fields x;;, A;j, p; and A; by their
saddlepoint values. We put pMF = (S;) = 0. The field iAMF will be interpreted
as the chemical potential p; of the bosons. The effective chemical potential of the
fermions is p; = po+ ps — 3J/4. Our final result for HMF is identical to the mean-field
Hamiltonian used by Kotliar and Liu [17], except for the way we incorporated the

hopping term into the order parameter x;;.

2.3 Flux phases

Several forms of x;; and A;; have been suggested to give a minimum of the free
energy. The simplest phases are the uniform phase (x;; = x, Ai; = A for all bonds
(i,7)) and the d-wave phase (x;; = x, Ay; = £A, +if ij || &, — if ij || §) [16, 17].
Other suggested phases are mixed phases [16, 22|, dimerized phases [18, 19, 22, 23]
and several flux phases [18, 19, 24, 25, 26, 27].

Excluding dimerized phases, we parametrize x;; and A;; by
Xij = Xew’.j, A,’j = Aeir’.j (25)

(6; = —6ji, 7ij = Tjs)-

We are interested in studying a class of phases, that satisfies the following criteria:
(a) the class should include Zhang’s staggered flux phases and Kotliar’s mixed phases;
(b) xi; and A;; should be treated on the same footing.

Before discussing a simple class of phases that satisfies these criteria, it is impor-

tant to note that many choices of x;; and A;; are equivalent, due to the local gauge
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Figure 2-1: We doubled the unit cell for x;;, to allow the possibility of a flux around
a plaquette. x;; is given a phase 0, depending on whether ij goes along or against
the arrow on the bond. Modulo gauge transformations, this is the most general
parametrization of xe%i with a double unit cell. A;; is given a phase +7, depending
on whether the bond (i,7) is in the & or the § direction. As a result x;; has a
staggered-flux of 46, and A;; has a “flux” of 47.

transformation fi, — fie' xii — xi;€% 7% and A;; — A€, The only
gauge invariant property of x;; is its flux through a plaquette (i.e., 6;; + 6;x + 0x + 6;;)
[18, 19]. The simplest way to allow the possibility of a nonzero flux is to double the
unit cell for x;;. The most general parametrization of x;; with a double unit cell,
modulo gauge transformations, is
xi; = xer? (& if ij along or against arrow) (2.6)
(see Fig. 2-1). This is the same parametrization of x;; as used by Zhang [27].
Similarly, the only gauge invariant quantity for A,; is the “flux” per plaquette
Tij — Tik + T — Tii- A single unit cell is sufficient to give A;; a nonzero “Aux”. This

leads to the parametrization:
Ay = Ae®™ (+ifij| &, — ifij | 9). (2.7)

This choice of A;; ensures that our class of phases includes Kotliar’s mixed phases, and
that xi; and A;; are treated on the same footing. Note that x;; has a staggered-flux
of 46 around each plaquette, while A;; has a “flux” of 4r.

By going to Fourier space, and using a Bogoliubov transformation, HMF can be
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brought to the diagonal form (see Appendix B, cf. [27])

1

SHT=NOC+ A+ Y "Bu(ahon = Bubl) + X wrln,  (28)
k,s==%1 k,s=%+1

where a;s and S, are fermion fields, and i, is a bosonic field. Y} denotes a sum

over half of the Brioullin zone and J' = 3/4J sets the energy scale. In units of J' the

eigenvalues Ej, and 2, are

Bu, = yf(—ns + sx€e)* + A%,
Qs = —pp — 25txés,

(2.9)

where we defined

& = \/7,3 cos? @ + p? sin” 4,

(2.10)
Y = \/'y,f cos? 7 + p}sin® T

(7% = cos k; + cos k, and ¢y = cosk, — cosky).

It is nice to check from the energyspectrum (2.9) that at half filling (i.e., gy = 0)
the order parameters x and A are indeed treated equivalently.

For a given temperature T' and doping 6§ = 1 — ¥ f! f;, = 3 blb;, the phase will

be favored that gives the lowest free energy

F = —2TY 'lncosh(BE/2) + TS In(1 — e #%:)
ks ks
—Né(uy — ) + N(x* + A%). (2.11)

2.4 Phase diagram

Numerical analysis shows that the lowest free energy is generally given by 7 = 7/2,
except for very high doping (§20.5). In the vicinity of § ~ 0.5 and at sufficiently
low temperatures 7 continuously rotates from 7 = 7/2 (i.e., d-wave-pairing) to 7 = 0
(i.e., s-wave-pairing) (see Fig. 2-2).

Physically a doping § 0.5 is not of very much interest, so from now on we will

only consider 7 = m/2 which corresponds to a d-wave symmetry for A,;.
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Figure 2-2: Global phase diagram for ¢/J = 0.5. Below the thick solid line a pairing
gap A opens. For § $9.6 this gap has a d-wave symmetry (7 = 7/2), but for §0.6
it has an s-wave symmetry (7 = 0). In between, at § ~ 0.6, we have mixed phases,
where 7 rotates continuously from 7 = 7/2 to 7 = 0. Closer to half filling, for
650.12, staggered-flux phases become favorable. See Fig. 2-3 for a more detailed
phase diagram.

Minimizing F' with respect to x, A and 6 one obtains the self-consistency equations

1

X = 3n< sg’“[

L, 2t
£ tanh(8Ex,/2) + %7“___1] ’

A = Z B tanh(ﬂEks /2), (2.12)

o — Xsin 292’7k b E o tanh (8 /2) + S |
(€xs = —pg + sx&). The chemical potentials p; and p, are determined by § =
~ > ¢/Etanh(BE/2) =  3'(ef? — 1)~!. Without the bosonic terms it is straight-
forward to show that the above equations cannot hold simultaneously if both A # 0
and sin 26 # 0 (see Zhang [27]). However, due to the presence of the bosonic terms
this is not necessarily true anymore.
Fig. 2-3 shows the phase diagram in the (,T) plane for ¢/J = 0.5. The different

phases were found numerically by first minimizing the free energy directly with re-
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Figure 2-3: Phase diagram for t/J = 0.5. Below the thick solid line the d-wave-
pairing state is stable. However, for § $0.12 (left of the shaded area) staggered-flux
phases become energetically favorable. For § $0.06 a m-flux phase becomes stable.
The shaded area represents the hysteresis of a first-order transition between the
d-wave-pairing state and the flux-phase region.

spect to x, A and 6, and then using the self-consistency equations to find the phase
boundaries more accurately.

For § 2 0.12 the standard d-wave-pairing state (i.e., # = 0 and A > 0) is favored at
sufficiently low temperatures. But for lower doping (staggered) flux phases with 6 # 0
and A = 0 are favored over the d-wave-pairing state, which leads to a suppression of
the temperature below which a pairing gap opens.

The staggered-flux phase region has the shape of a triangle, which at intermediate
temperatures extends from 6 ~ 0.06 to 6 ~ 0.12. If one decreases 4 in this region,
6 rotates continuously from 0 to w/4. Below § ~ 0.06 a m-flux phase with § = 7/4
becomes stable. This m-flux phase has a flux of exactly 7 around each plaquette, and
was previously considered by Affleck and Marston [18, 19].

If one decreases the temperature there is a first-order transition from the (stag-
gered) flux-phase region (with § > 0 and A = 0) to the d-wave region (with § = 0

and A > 0). Characteristic for a first-order transition one observes hysteresis in a
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Figure 2-4: Phase diagram for t/J = 2. Comparison with the phase diagram for
t/J = 0.5 shows that for larger values of ¢t/J the whole phase diagram gets pushed
towards lower values of §. The staggered-flux phase region still extends to é ~ 0.02,
but the m-flux region is only stable for § $0.002. Note that the shaded area, which
represents a first-order transition, ends at (§,7) = (0.02,0.18). For § > 0.02 there is
a continuous transition from the d-wave-pairing state to the flux-phase region. The
dotted line represents the threshold, at which 6 is rotated all the way to 0.

small wedge around the transition line. Within this wedge one can in principle find
a solution of the self-consistency equations with both § > 0 and A > 0, but this
solution does not correspond to a local minimum of the free energy.

For higher values of the hopping parameter ¢ the entire phase diagram is pushed
to lower values of 6§ (see Fig. 2-4 for t/J = 2). While the staggered-flux phase region
still extends to an appreciable value of § $0.02, the m-flux phase is only stable for
very small doping (8 $0.002). This is consistent with the observations of Afleck and
Marston that for t/J 21 the flux phase does not exists away from half filling [18, 19].

Furthermore note that, in constrast to Fig. 2-3, the first-order transition line
between the staggered-flux phase and the d-wave-pairing phase does not extend all
the way to the d-wave transition line anymore. Instead, Fig. 2-4 shows a small strip
where a continuous rotation takes place from 6 = finite to 8 = 0, while A increases

continuously from 0 to its d-wave-pairing value.
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Figure 2-5: Onset of the flux phases. The solid linc represents the maximum
doping 6.1 to which the staggered-flux phase region extends. Note that é.; decreases
inversely proportional with ¢t/J: 6, ~ 0.08J/t. The dashed line represents the
maximum doping 8.2 at which the m-flux phase becomes unstable. Remark that 6.,
decreases much more rapidly than 6.

Fig. 2-5 shows how far the staggered-flux phase region and the 7-flux-phase region
extend as a function of ¢/J. More specifically, the solid line shows the value of 6,
at which the d-wave-pairing state becomes unstable against a staggered-flux phase in
the limit of A — 0. One sees that §.; decreases quite slowly with t/J: ., ~ 0.08J/t.

In contrast, the m-flux phase loses its stability much more rapidly (dashed line).

2.5 Conclusions

We showed that at finite temperatures the m-flux phase, which is stable at low doping,
is connected to the uniform phase via a staggered-flux phase region. In this region the
flux per plaquette decreases continuously from # to 0 if one increases the doping 6. A
first-order transition line separates the staggered-flux phase from the d-wave-pairing
state, which is more stable at lower temperatures. This pairing-gap transition line

drops to T' = 0 for § — 0, hence even at the mean-field level the pairing-gap transition
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temperature vanishes at half filling.

Acknowledgements

This work was done in collaboration with Patrick A. Lee [7]. The work was supported
by the NSF through the Material Research Laboratory under Grant No. DMR-90-
22933.

43



Chapter 3

Path-integral analysis of bosons

interacting with a gauge field

3.1 Introduction

The discovery of the high-T, cuprates has brought a renewed interest in strongly-
correlated systems in two dimensions. It has been suggested that the cuprates are
examples of so-called doped Mott insulators. The physics of a Mott insulator is that
while according to band theory it appears to be metal with a Fermi surface, it still
remains an insulator due to the fact that electrons cannot move without creating a
double occupied site. Upon doping the transport properties are controlled by the
few empty sites in the system. The simplest models that are believed to capture
this physics are the Hubbard model and the ¢-J model [13, 15|, and both models
have been studied extensively. Because of the importance of the empty sites for
the transport properties, it is convenient to consider these empty sites as fictitious
particles called “holons”, that can hop around on the lattice by changing places with
fermions. For the ¢-J model one can show that this picture naturally leads to an
effective theory of fermions and bosons interacting with a fluctuating gauge field
[23, 31, 32, 33, 34, 35, 36, 37].

The fermionic part of this effective action is reasonably well understood. The

gauge field acts as a fluctuating electromagnetic field, and provides a soft scattering
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mechanism for the fermions. The remaining degrees of freedom, the bosons interacting
with a gauge field, are not as well understood. In the absence of the gauge field
the bosons would condense into a superfluid state at a transition temperature Tgg ~
4mngt, which is a very high temperature at any finite doping n of interest. One expects
that a fluctuating gauge field tends to destroy the phase coherence of the bosons, and
thereby suppress the Bose-condensation temperature to a much lower temperature
Tseg K T§E. It has been proposed that this Bose-condensation temperature appears
in the phase diagram of the high-7, cuprates as the transition line that separates
the superconducting phase from the spin-gap phase [34, 35]. Another importance
of the Bose-condensation temperature is that for T'2 Tgg the fluctuating gauge field
destroys superconducting order parameter, so that at low doping the superconducting
transition is controlled by Tgg [10].

Several attempts have been made to analyze this suppression of the Bose-condensation
temperature Tpg. Diagrammatic techniques are complicated by the well-known fact
that all diagrams with an internal gauge field line diverge [38], although these diver-
gences should disappear if the object that one calculates is a gauge-invariant physical
quantity [35]. Ioffe and Kalmeyer for example showed in a high-temperature calcula-
tion of the diamagnetic susceptibility that all divergences cancel each other to fourth
order in perturbation theory [39]. They showed that the gauge-field corrections lower
the susceptibility, which is an indication for the suppression of Bose condensation
by the gauge field. Unfortunately their perturbative results become unreliable when
T approaches Tgg [39]. A somewhat similar approach was taken by Kuboki [40],
who calculated the suppression of Bose condensation by including the lowest-order
gauge-field correction self-consistently in the total free energy. Higher order gauge-
field corrections can be included by means of a perturbative renormalization-group
analysis of the gauge field model [8]. The problem of these perturbative approaches
is that it is inherently a perturbation around the weak-coupling limit ¢ < J, while in
reality we are more interested in the strong-coupling limit ¢t 2 J.

A completely different approach was taken by Wheatley et al. They used a path-

integral formulation of the gauge field model, and showed that after averaging over
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the gauge field one effectively generates a long-range retarded self interaction in the
boson action [41, 42, 43]. To analyze this model they made the drastic approximation
of replacing this complicated retarded interaction by a much simpler dissipative term.
This simplified model could be solved exactly.

We will follow this path-integral approach in this paper, without making the
drastic approximation mentioned above. We will argue that thanks to the interac-
tion with the gauge field the path integral will be dominated by almost self-retracing
paths [35, 36]. By focusing on these special paths we are able to evaluate the parti-
tion function, find an expression for the density of states, and calculate the diamag-
netic susceptibilty. We would like to emphasize that in contrast to the perturbative
methods mentioned above that are only appropriate in the weak-coupling limit, this

path-integral approach takes the strong-coupling limit as its starting point.

3.2 The gauge-field model

In this section we would like to show how an effective action of bosons interacting
with a gauge field can be derived from the ¢-J model. This is a standard derivation,
and we refer to other articles for a more lengthy discussion of this derivation [23, 31,
32, 33, 34, 35).

The original t-J model is a system of electrons on a square lattice. Close to half
filling the transport properties are controlled by the empty sites, due to the constraint
that no site can be double occupied. Our goal is therefore to derive an effective theory,
that has the empty sites as its degrees of freedom. This can be achieved using the
slave-boson approach in which one keeps track of the empty sites by putting a fictitious
boson on every empty site. The local constraint is then satisfied by requiring that on
every site there is exactly one particle, either a fermion or a boson. This leads to the

Hamiltonian

H = -t Z (fi];.bib}fja + C.C.) + J z (S, . Sj ad i—n,'nj)

(ii)e (i.3)
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+ SN (fL fio + B1b; — 1), (3.1)

where S; = % iLoaﬁ fipandn;, =%, f fio- The field A, is a Lagrange-multiplier field,
that enforces the local constraint b;’ b; + fia fie = 1. The fermion operator f1 carries
the spin of the original electron, while the boson b; carries the charge [7, 15, 17].

The hopping term and the spin-spin interaction term can be decoupled using a
Hubbard-Stratonovich transformation. At the mean-field level the Hubbard-Stratonovich
field, that we denote by §;;, is equal to &;; = ( i ' fio+8t/3J blb, ;) [7]- One obtains the
gauge-field model from Eq. (3.1) if one takes phase fluctuations of the field ¢;; into
account, by writing ¢;; = £e**7. The field a;; is a gauge field, because the Hamiltonian

(3.1) is invariant under the local gauge transformation [23]

ficr — fiaewi
b,‘ E— biew‘ (32)

a;; — Q5+ 9,' — 6]'

The field A; can be considered as the time component of the gauge field, but we will
ignore this field from now on.

We finally obtain an effective action for the bosons interacting with the gauge
field, by integrating over the fermionic degrees of freedom. This leads to the effective

action

2
- /d’l’/d2 [ t661(V, + ia)2b + b1 (£ — pp)b + %(b*b)

/(2 )2 aﬁ(q,iun)ag‘aéq. (3.3)

We will chose to work in the Coulomb gauge V -a = 0, in which case the gauge-
field propagator is purely transverse, [I3°(q, i) = (fag — 9298/9*)IF(q,iv,). The

transverse propagator IIz(q) has the form

Or(q,ivs) = xrg® + 1r(Q)|val /g (3.4)

47



For the ¢-J model xr is actually negative for doping z50.5 [10]. However, one can
argue that for the total gauge-field propagator (which is obtained by integrating over
the bosons as well), xr should be replaced by x = xr + xB. The gauge field is stable
as long as the sum xr + xp remains positive.

In this paper we will use the static approximation for the gauge field propagator
(i.e. iv, = 0), which is an excellent approximation above the Bose-condensation
temperature Tgg. In the static approximation we can use the simple correlator
(aga—q) = T/(xq*). In terms of the gauge invariant flux hz2 = V x a this can be
written as (h(x)h(0)) = T'/x6(x).

In the following sections we will take the boson action in Eq. (3.3) as our starting
point, without the short-range repulsion term in the first bracket. We would like
to remark that one has to restore this repulsion term if one wants to obtain a true
superfiuid state {8]. We will furthermore assume that the coupling to the gauge field

has a given value, i.e. we will write
(h(x)R(0)) = gTM5(x), (3.5)

where g = (Mx)™! is the dimensionless coupling constant of the gauge field, and M
is the boson mass, which sets the energy scale. For the t-J model one has M~ = 2{t
and xr ~ (12rmp)~! ~ £J/12m, so that the coupling constant g is approximately
g ~ 24nt/J. For the high-T, cuprates one has typically t/J ~ 3, and thus one clearly
has to deal with the strong-coupling limit g > 1.

A problem of the effective action in Eq. (3.3) is that ordinary perturbation works
very poorly. All diagrams with an internal gauge-field line diverge [38], which makes it
hard to use standard diagrammatic techniques. Moreover, even if one is able to cancel
all the divergences, one still faces the problem that higher orders diagrams in the
perturbation expansion become equally important if ¢ J. This is illustrated by the
work of Ioffe and Kalmeyer, who showed in an explicit calculation of the diamagnetic
susceptibility that the divergences cancel each other to fourth order in the coupling

constant [39]. They found a significant correction to the susceptibility due to the
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gauge-field interaction, but they emphasized that the results become unreliable when
T approaches T3, in which case higher order corrections cannot be ignored anymore.
A similar result was obtained from a renormalization group analysis of the gauge-field
model [8]. This approach has the advantage that one avoids all divergences, but again
the perturbation expansion breaks down for ¢t J.

A more promising way to deal with the problem of bosons interacting with a gauge
field is to use Feynman’s path-integral formulation [31, 35, 36, 41, 43]. This has the
advantage that one can deal with the strong-coupling limit directly, by focusing on
the boson paths that are most important in the path integral, instead of perturbing
around the non-interacting limit. We will argue that in the strong-coupling limit the

path integral is dominated by the almost self-retracing paths.

3.3 Annealed versus quenched averaging

Our goal is to calculate the free energy corresponding to the action in Eq. (3.3). This

action can be written as S = Sg[b, a] + Sg[a], where
1)
Sglb,a] = / drd?r [50(V, +ia)%h + b'(Z — ps)b)] (3.6)
0

is the action of non-interacting bosons moving in a fized gauge-field configuration
{a}, and Sg[a] is the action of the gauge field itself. In order to find the free energy
F = —Tlog Z we have to calculate the partition function Z, which is defined by

zZ = / Da 5l [ Dip, bije 5o
_ /fDae~Sa[a]e—ﬂFB[8] (3.7)

— Zo(e_ﬁFB[a])a,

where Zy = [ Daexp(—Sg[a]) is a constant. The last line in Eq. (3.7) indicates that
Z is an annealed average of the boson partition function over all possible gauge-field

configurations.
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Let us first consider exp(—3Fg[a]). This is the partition function of non-interacting
bosons subject to a fixed gauge-field configuration, which can be written in terms of
a summation over Feynman paths [44]. This is a sum over all trajectories x,(7), with
n=1,...,N and 0 < 7 < 3, that satisfy the condition that the set of end points
{x.(B)} is a permutation of the set of begin points {x,(0)}. Following Wheatley [42],
a set of m permutating particles in imaginary time 3 can also be classified as a single
particle in imaginary time mg, satisfying x(0) = x(mf3). If we denote the number of

m-cycles by n,, and sum over all sets {n,,}, we obtain the expression

enmmBu

= 3 e ) @9
where
2y (1) = L2/ Dx(r)e” [ dr¥x(r)?—i § a(i)-dl (3.9)
x(0)=x(u)

is the partition function of a single particle in imaginary time u moving in a gauge-
field configuration {a}, and L? denotes the total system size. At high temperatures
the sum is dominated by short loops (m = 1) which do not overlap each other. As
the temperature is lowered long loops proliferate, and Bose condensation occurs.
Next we consider the average over {a}. This is difficult to do, because the phase
factor exp(—i § a(l) - dl) in Eq. (3.9) depends on the projected area of the paths onto
real space, and when the projected areas in the various terms in Eq. (3.8) overlap
the gauge-field average becomes hopelessly entangled. However, if the overlap of the

projected areas is ignored, each factor z{a} in Eq. (3.8) can be averaged separately,

()

Ny ! m

and we obtain

<e—BF8[a]>a: D ﬁ

{nm}m=1
where z(u) = (z{a}())a is the ensemble average of a single particle with a periodicity
u in imaginary time. The sum in Eq. (3.10) is easily done, and we obtain Z ~

Zyexp(—pBF), where

o0
F=— . 11
> % gH(me) (3.11)
Next we show that the approximation of ignoring overlapping loops corresponds to
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the approximation of replacing the annealed average over the gauge field in Eq. (3.7)
by a quenched average. Let us again consider the free energy Fp[a] of the bosons,
corresponding to the action Sg[b,a] in Eq. (3.6). Because Sg[b,a] is quadratic in
the boson field we can in principle diagonalize this action for any given gauge-field

configuration {a}, so that the free energy Fp[a] can be written as
Fgla] = L*T / deNa(e) log(1 — e=PEm), (3.12)

where Na(e€) is the density of states of the exact eigenstates of a particle moving in a
fixed gauge-field configuration {a}. A quenched average is defined as an average over
the free energy instead of an average over the partition function. This means that

the quenched free energy can be written as

Fo = (Fgla)),
= LT / deN () log(1 — e PlM), (3.13)

where N(€) = (Na(€))a is the average density of states. Upon expanding the logarithm
in Eq. (3.13) we find

o0 mpBp
Fp = —m_l s z(mp), (3.14)
where
z(u) = L? /deN(e)e_"6 (3.15)

is the average partition function of a single particle at a temperature «~!. Comparing
Eq. (3.11) with Eq. (3.14) we see that Eq. (3.11) is just the path integral representation
of the same quantity. We conclude that F and F, are identical. We would like to
emphasize that unlike the annealed problem, the quenched average problem only
requires the knowledge of the average single particle partition function (2(mg))a,
which we will discuss in the next section.

How good is the approximation of replacing the annealed problem by the quenched
problem? We expect this approximation to be good when the boson loops are iso-

lated, which will be the case at temperatures above the physical Bose-condensation
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Figure 3-1: Fig. (a) shows the unaveraged diagram for a response function, where
the wavy lines denote the gauge field. A quenched average over the gauge field means
that the wavy lines have to be connected in all possible ways, as shown in Fig. (b).
This does not include diagrams with internal boson loops, like the one shown in Fig.

(c)-
temperature Tgg, which we expect will be reduced relative to the non-interacting
crossover temperature Tgg = 2mng/M. As we will see in the next section, the most
important boson loops are almost retracing, so that the loop area is relatively small.
This will help to reduce the overlap between loops. Thus if our goal is to approach
Tgr, from above and estimate the suppression of Tgg, the quenched averaging is a
reasonable approximation.

It is also useful to discuss which diagrams are included and excluded in the ap-
proximation scheme. Consider the diagrammatic calculation of a response function.
The unaveraged diagram is shown in Fig. 3-1(a), where the wavy lines represent the
gauge field. Quenched averaging corresponds to connecting the wavy lines in all pos-
sible ways, as shown in Fig. 3-1(b), and assigning the static gauge-field propagator
(xq?)~! to each wavy line. The diagrams that are excluded are those which involve
closed boson loops, for example the diagram in Fig. 3-1(c) is not included. We can
partially correct for this by including boson bubbles in the gauge-field propagator in
a self-consistent way, as is shown in Fig. 3-2(a). This is equivalent to replacing the
susceptibility xr by x = xr + x. We will briefly discuss this scheme at the end of
Sec. 3.5. In the same way we can also include boson bubbles in the response function,
which is shown in Fig. 3-2(b). The crosses at the end denote an external field, and
the double wavy line denotes the renormalized gauge-field propagator, which is given
by a string of bubbles in Fig. 3-2(a). These RPA diagrams describe the screening

of the external field by the gauge-field fluctuations, which is allowed in the annealed
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(b) x--o--x = x--o--x + x--m..x

Figure 3-2: A certain class of diagrams with internal boson loops can be included
in the quenched average, by including strings of boson bubbles in the gauge field
propagator, as shown in Fig. (a). This is equivalent to replacing xz by x = x# +XB-
Similarly one should also include these strings of boson bubbles in the response
function to an external field, as is shown in Fig. (b). The gauge field now screens
the external field, and one obtains the Ioffe-Larkin rule x;l}y = x},-l + xgl.

problem but not in the quenched problem. The RPA approximation produces the
Ioffe-Larkin rule for the physical susceptibility [23]

Xphy = X5 + X5 (3.16)

In the quenched problem the RPA bubbles are not included (cf. Figs. 3-1(b) and (c)),
so in that case one finds that the susceptibility of an external field is simply equal to
xB- Thus the quenched approximation may provide a good estimate for x g, which

we can then sustitute in Eq. (3.16) to obtain the annealed Xphy-

3.4 The single-particle partition function

The single-particle partition function z(u) can be written as a path integral over all
closed paths x(7) in imaginary time 0 < 7 < u, where u = mf, and m is the length

of a boson cycle. If the total system size is denoted by L? we obtain
2(u) = L / Dx(r)e Jo #THxM] g2 (3.17)
x(0)=x(u)
o = f a(l) - dl, (3.18)

where @ is the flux of the gauge field through the loop x(7). To find (z(u)}a we have
to average (e~*?), over the gauge field a. Using that according to Eq. (3.5) the gauge
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field is correlated as (h(x)h(0)) = gT Mé(x), where hz = V x a, one obtains
(e7®) = e i) = gmyoTMlares] (3.19)

Wheatley and Schofield pointed out that the area in the exponent is the Ampérean
area of the loop x(7) [43]. For a simple area that does not fold over itself the Ampérean
area is equal to the Euclidean area of the loop, but if the loop folds over itself the
area that is traversed fwice should be counted four times. A closed expression for this

Ampérean area is given by [41, 43]

[area] = ffdr -dr'log|r — r'|. (3.20)

The problem is now reduced to bosons that interact with themselves, according to
the area cost given by Egs. (3.19) and (3.20). Note that this is a long-range retarded
self-interaction, because the area depends on the whole history of the loop x(7).

To evaluate the path integral in Eq. (3.17) we would like to know how the typical
path in this path integral behaves. For ¢ = 0 we would be dealing with a gas of
non-interacting bosons, in which case the typical path of a boson is a random walk.
Random walks have the property that there is no typical time scale or lenght scale
(except for the overall time scale u), in the sense that if one takes a random walk and
rescales time by a factor b and lengths by a factor v/b, one ends up with a random
walk that looks very much like the original random walk.

For g > 1 the typical path will look very different. Paths with a large area are very
costly according to Eq. (3.19), so the dominant paths will be self-retracing paths that
have a relatively small area. However, at very short time scales the bosons will still
behave like free bosons that follow random walks, because the area cost only starts
to be relevant at longer time and length scales. This introduces a new time scale 7,
in the problem: for time scales 7 < 7, we can treat the bosons as free particles, while
for 7 > 14 we have to use a retracing path approximation.

This picture suggests to coarse grain the path integral by dividing the time [0, u]

into short intervals of length 7,4, denoted by I; = [7;,7;41], where 7; = j7s. After
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Figure 3-3: Fig. (a) shows the typical boson-path in a strongly fluctuating gauge
field. At short time-scales 7 < 74 the bosons follow random walks, denoted by the
straight segments. At longer time-scales 7 > 74 the typical path retraces itself, to
minimize the total area of the path. Fig. (b) is obtained by “stretching” the coarse-
grained reference path in Fig. (a), which does not change the area of the path. This
allows us to decouple the z; and y; coordinates and to rewrite the problem as a
one-dimensional quantum-mechanics problem.

coarse graining the typical path looks like the path in Fig. 3-3(a). In this figure
the straight segments represent the random walks in the short time-intervals ;. At
longer time scales 7 >> 74 the path in Fig. 3-3(a) behaves like a retracing path.
The partition function z(«) can now approximately be written as an integral over all
possible positions x; = x(7;) at the discrete times 7; (j =1,2,..., N — 1), which are

the endpoints of the segments in Fig. 3-3(a). This gives

N-1  N-1
2(u) = L2/ I @2; TI p(x;,xj41)e o TMAXM)] (3.21)
i=1 =0

where A[x(7)] is the Ampérean area of the polyhedron [xg,Xy,...,xy| with xo =
xy = 0. The density matrix p(x;,x;4+1) is the contribution from the interval 7 € I,
represented by the straight segments in Fig. 3-3(a). Recall that 7, was chosen such

that for time scales 7 < 7,4 the paths behave like random walks. We can therefore
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make the approximation of replacing p(x;,x;;1) by the free particle expression [44]

Aol = [ " Dx(r) e (3.22)

where r = x;; —Xx;. To evaluate z(u) in Eq. (3.21) we notice that for g > 1 the dom-
inant contribution comes from polyhedrons that have a small area, i.e. polyhedrons
that are almost self-retracing, like the polyhedron in Fig. 3-3(a). We define the broken
line [xo,X1,...,X,] (with » < N) as the outgoing path, and the line [x,,X,11,...,Xxy]
as the retracing path. The outgoing and retracing path have typically the same length,
so we will always assume that the return time is exactly at 7n/; = u/2. We will use
the outgoing path as a reference path, and measure the coordinates of the retracing
points x; (j > N/2) relative to this reference path. If the retracing path follows the
reference path very closely, we can “stretch” the reference path to a straight line,
and the return path will look like the path shown in Fig. 3-3(b). We can now label
the coarse-grained return path by the coordinates z; along the reference path and y;
perpendicular to the reference path. Note that the result will depend on the total
length R = 3, |r;| of the coarse-grained reference path, but not on the shape of the
path. Thus R is an essential parameter in our theory, which depends on 7,4, and we
will later in this section discuss how R is determined.

Accepting this picture of a retracing coarse-grained path, the partition function
in Eq. (3.21) can now be written as

N/2
2(w) = L* [ T] &, o(7e, 1) prs(v/2, B). (3.23)

j=1
In this expression p3, is the density matrix for free bosons in two dimensions, coming
from the outgoing path, and pre(u/2, R) is the density matrix for the retracing path
from R = ¥;|r;| to R = 0. We now discuss the calculation of pret(u/2, R). This
calculation is quite similar to a calculation in a recent paper by Altshuler and Ioffe
[45], who considered the propagation of a fermion in the presence of a fluctuating

static gauge field. They evaluated the average of the gauge-invariant Green function
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(¥(r,7)¥"(0,0)) exp(i [ a - d1), where the phase factor is evaluated along a classical
straight path connecting r to the origin. Our approach is to adopt some of their ideas,
with the reference path in Fig. 3-3(b) playing the role of the classical straight path.
However, the fermion problem has the additional simplifying feature that the particle
moves with the Fermi velocity along the classical path, so that the contribution along
the classical path can easily be factored out and evaluated. In the present problem our
approach is based on the notion that the evolution of the coarse-grained coordinates
x; can be described approximately by a constant velocity v,, which can be determined
self-consistently. The evaluation of the motion along the reference path must then be
done with some care to be consistent with this notion.

The area of the path, on the other hand, depends mainly on the y; coordinates,

and can be approximated by

L S (3.24)
A~ —— yil. 3.24
N/zj:N/2+1 !

With this approximation we can still decouple the z; and y; integrations, and hence

we can write p in Eq. (3.23) as

Pret(¥/2, R) = pr(u/2, R)plet(u/2, R). (3.25)

The calculation of pY, is the most interesting, because pf.; contains the area cost of
the gauge field. According to Egs. (3.21)—(3.23) p% is given by

N-1 N-1
plet(u/2, R) = f I dyi T wirop(rs,ys41 — yj)e oTMA (3.26)

j=N/2+41  j=N/2
We will do the y; integrations by taking the continuum limit, and transforming the
problem into a one-dimensional quantum-mechanics problem, similar to the problem
analyzed by Altshuler and Ioffe [45]. Taking the continuum limit means that we

replace the broken line in Fig. 3-3(b) by a smooth, continuous path. In the continuum
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limit pY, can be written as

u/2 M
Yi(u/2,R) = D — d [—'2 ] : 3.27
a2 )= [ Dynyep{- [ ar Wi+l (3.27

Yy
It is easy to see that the second term in the exponent in Eq. (3.27) corresponds to
the area cost of the path if we define

1
o= EgTM'v,, (3.28)

where v, = R/(u/2) plays the role of the Fermi velocity in the Altshuler-Ioffe problem.
Finding pf,, is equivalent to solving a 1D quantum mechanics problem, because p%,

can be written as [44]
Pret(T) = (y = 0e™ ™|y = 0} = 3 | (0)?e™7F", (3.29)
where E, and ¢,(y) are the eigenvalues and eigenfunctions of the 1D Hamiltonian
0
H=——— +aly| (3.30)
Y
The eigenfunctions are proportional to the Airy functions
¢n(y) < Ai ((2Ma)'*ly| - E,) (3.31)

where 7, = (2M/a®)!/? and the eigenvalues E,, are the zeros of the functions Ai(—7,E,,)
and Ai'(—7.E,). Note that for g >> 1 one has 7, < u, so that we can approximate
Pret(T) in Eq. (3.29) by only using the lowest eigenvalue Ey = c/7, where ¢ ~ 1.019

is the first zero of Ai'(—z). This gives the simple expression

oM
Yo(1/2) oc 4| ——e U2, 3.32
p

*

To obtain pf,; in Eq. (3.25) we have to capture the physics that the motion is a

random walk for 7 < 74. Furthermore, the set {z;} should be ordered as shown in
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Fig. 3-3(b), to be consistent with the concept of having a nearly retracing path. A
reasonable approximation to pZ, is to sum over all paths with the restriction that
0 < zy-; < ... < zysa = R. Relabeling each integration variable zy5_, by z, one

can then write

R T3 T2
Pret(2/2, R) :./(; dzN/a41 /0 dwz/ﬁ dz;

Plo (e, 21)PYp (T4, @2 — 1) - - - Pip(Tes R — Tnyj241)- (3.33)

This integral is evaluated approximately in the limit of N large. The details are

shown in the Appendix, and the result is (cf. Eq. (C.6))

7l
£ u —c'u/T,
o (u/2, R) o o (u/2, R) (—¢) e, (3.34)

where according to Eq. (C.7) 7' ~ 0.144 and ¢’ ~ 0.086. Note that the if the restriction
of x; < z;41 was not made, pZ,(u/2, R) would simply be equal to the non-interacting
diffusion propagator pd,(u/2, R), and the exponent ¥’ would be equal to 0. Not
making this restriction would clearly overestimate the entropy of the return path.
Now we can substitute Egs. (3.32) and (3.34) into Eq. (3.23), and perform the
r; integrations. These integrations are still not simple, because pre(2° |r;|) contains
the variables r; as well, and hence the integrations are not simple Gaussians. The
simplest way to find an approximation for the integrals is by replacing pret(R) by
pret ({R)) self-consistently, where R = Y |r;| is the coarse-grained pathlength of the
reference path. Each of the d?r; integrals is then exactly equal to 1, and for (R) we

will take the root mean square

() = 5 (sl = 5 3 (3.35)

Substituting Egs. (3.32) and (3.34) into the expression for z(u) in Eq. (3.23) we obtain

2(u) = L’pf (u/2,(R)) ples (u/2,(R)) (3.36)
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o ML’ (ﬁ) i+ o~ M(R)? fu—c'u/ry—cu/2r. (3.37)
v \T,

What remains is to determine the cross-over time scale 74, that separates the
random walk limit from the retracing path limit. Our criterion to determine 74 is to
require that the typical “vertical” deviation y,, from the reference path is equal to
the typical “horizontal” length |2; — @, of each segment. This criterion for 7, is
consistent with the assumptions made about how the typical path behaves at different
time scales. Indeed, for short time scales |7 — 7/| < 7, the vertical deviation becomes
much larger than the length |z(7) — (7')| of the segment, which indicates that the
path behaves like a random walk. For long time scales |r — 7| > 7, the vertical
deviation is much smaller than |2(7) — z(7')|, so that at long time scales the retracing
path approximation is appropriate.

The functional form of the eigenfunction ¢,(y) in Eq. (3.31) immediately tells us

the typical deviation y;y, from the reference path:
Yiyp =~ (2Ma) Y3, (3.38)

Recall that o = gTMR/u (cf. Eq. (3.28)), and R is given by Eq. (3.35). Setting %y,
equal to |21 — &;| = /74 /M gives

Te= —. (3.39)

This shows that our picture is only valid for g >> 1, because for ¢ $1 the number
of segments u/7, becomes smaller than 1 for v = B. It is also worth pointing out
that R ~ \/gu/,B\/u/M > \/;/M, i.e. for ¢ > 1 the coarse-grained path length R is
much greater than the RMS diameter of the random walk shown in Fig. 3-3(a). Using

expression (3.39) for 74 we can express « and 7, in terms of 74: a = 3./M/73 and
T« = 274. Substituting this into Eq. (3.37) we obtain the following simple expression
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for the single-particle partition function:

2(u) « & ‘M (ﬁ)ve—fu/w. (3.40)

u 7'¢

The exponent v is equal to 1/2 + 4’ ~ 0.644. According to Eq. (3.37) the numerical
constant é is approximately by é = ¢/ + (1 + ¢)/4 ~ 0.591, using ¢ ~ 1.019 and
¢’ ~ 0.086. This is clearly only a crude estimate for ¢, because we made several
approximations to derive this result. For instance, we replaced R by its root mean
square average (R), which affects the value of é.

The expression in Eq. (3.40) displays two striking differences compared to the
partition function zo(u) = M/(2nu) for free bosons. First z(u) is suppressed by an
exponential factor exp(—éu/7,), and second z(u) has a pre-factor that varies like
w117 instead of u~!. We will show that these two differences will modify the density
of states by shifting the band edge to €y = é/7, and by enhancing the density of states
near the new band edge.

We will now determine the density of states N(e) using Eq. (3.15), which states
that N(e) is the inverse Laplace transform of the single-particle partition function
z(u)/L?. Using the expression for z(u) in Eq. (3.40) we can invert Eq. (3.15), which
gives 2
[ro(e—e)]”

The shift ¢ = ¢/7, in the band edge is due to the exponential factor exp(—éu/7,) in

N(e) x (3.41)

2(u), and can easily be incorporated as a shift in the chemical potential g = pg — €.
Note that thanks to the shift in the band edge the bare chemical potential py can
be positive, what is not allowed for free bosons. The enhancement of N (€) at the
band edge is due to the fact that z(u) in Eq. (3.40) has a pre-factor that varies like

w7 instead of u~!.

We remark that in Wheatley’s treatment, who replaced the
gauge field fluctuations with a coupling to a heat bath, the exponent v was equal to
1, leading to a 8-function singularity in the density of states at the band edge [42].
Clearly that approximation overestimates the effect of the gauge field fluctuations.

The enhancement of the density of states N(¢) has important consequences for
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the density equation

_deN(e) o de' M 1
nB = /0 eBle—po) — 1 /(; (14€')7 (eﬂ(f'—#) — 1) . (3.42)

It is instructive to compare this expression with the density equation for free bosons.

For free bosons one has Ny(e) = M/2n, which leads to a chemical potential of the form
u=Tlog(l—e" BE/T), where Tgr = 2nng/M. This implies that for T < T35 the
only way to accomodate a high density of bosons is to make the chemical potential
exponentially small: p ~ —Texp(—T/T3g). Having a chemical potential that is
orders of magnitude smaller than any other energy scale in the problem is a somewhat
awkward situation, and it is well-known that in the case of free bosons a small short-
range repulsion is sufficient to create a superfluid state below a Bose-condensation
temperature Thg ~ 2mng/M [8, 46, 47).

The situation is clearly very different in Eq. (3.42), where the gauge field interac-
tion has introduced a singularity in the density of states at the band edge. This means
that one can easily accomodate a high density of bosons, without having to make the
chemical potential exponentially small. Bose condensation might still survive if there
is a short-range repulsion between the bosons, but the strong enhancement of the
density of states indicates that the transition will occur at a much lower temperature
Tgg < T9g- Our approximation of the density of states is not accurate enough to
produce band tail states, which are states that correspond to an exponentially small
density of states at low energies. According to a Lifshitz argument band tail states
should be present due to unlikely voids in the gauge field configuration. These band
tail states are localized and cause problems if bosons are allowed to condense into
them. However, they are not expected to be important if hard-core repulsion is taken
into account.

An important physical quantity that can be used to characterize the condensation

of the bosons into a superfluid state is the diamagnetic susceptibility. In the weak-
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coupling limit the boson susceptibility is given by

1
0 _ TS /T
=  ———— [e'BE/" —1 3.43
where T3z = 27n/M. For T < Tgy the susceptibility x% diverges exponentially,
and Tpp can therefore be identified as the crossover temperature below which the
bosons start to behave like a superfluid. We will show in the next section that in the
strong-coupling limit one obtains a very different expression for xp, that increases

much slower below T, indicating that Bose condensation is suppressed.

3.5 Response to an external field

In this section we will couple the system to an external magnetic field Hz =V x A
and calculate the diamagnetic susceptibility xg = L7202F/O0H?. In a quenched
random gauge ﬁeld- we can again express the free energy Fp(3, H) in terms of the
single-particle partition function z(u, H) (with u = mp), averaged over the gauge

field, similar to Eq. (3.14):

oo mfAu

FolhH)=-T Y. 5

(2(mB, H))a. (3.44)

The susceptibility xg = L™202Fo/0H? is determined by solving the two equations

1 = mﬂu 82

XB = ——L—Z B OH (3.45)
1 o)

ng = -L—E z(mB)e™P*. (3.46)

Eq. (3.46) is the density equation ng = —L~20Fq/Op, which determines the chemical
potential p.

The path-integral expression for z(u, H) is identical to the expression for z(u) in
Eq. (3.9), except that due to the external field there is an additional factor exp(—: § A-
dl) in the integrand. This means that the total flux ® through a loop is now given
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by:
q>:fa-dl+fA-d1. (3.47)

The external gauge field A is chosen such that Hz = V x A. Remark that for a
constant external field H the contribution of this field to the flux ® is simply equal to
H times the oriented area of the loop. After averaging over the gauge field the total

area cost of a closed loop is therefore equal to

1
ggTM X [Ampérean area] + ¢H x [oriented area). (3.48)

We will first give a qualitative estimate of xp = 82F/8H?. Due to the second
term in Eq. (3.48), the single-particle partition function can be expanded in H? as
z(u, H) ~ z(u)[1 — H?*(A")] for H> — 0, where A’ is the oriented area of a path.
The average (A'?) can be estimated by dividing the retracing path into N = u/7
segments, which gives (A"?) ~ N(AZ2), where Ay is the area of a single segment. A
single segment behaves like a random path, so (A3) ~ (7,/M)?. This implies that
(A'?) ~ N(14/M)?%. Substituting N = ury and 74 = (9T)! gives (A"?) ~ u/(gTM?),

so that
0%z
OH?

u
gT M?

= (A?)z(u) ~

2(w). (3.49)

Substituting this expression into Eq. (3.45), one notices that the factor u = mpg
in Eq. (3.49) cancels mf in the denominator of Eq. (3.45), so that Egs. (3.45) and
(3.46) become proportional to each other. This immediately gives us the result xp ~
np/(9TM?).

We will now calculate z(u, H) more accurately, using the same approach as in Sec.
3.4. We again introduce a time scale 74 such that the paths are retracing for time
scales T > 74, and behave like random walks for time scales 7 < 74. Just like in Sec.
3.4 we can define a reference path and a retracing path, and analogous to Eq. (3.36)

we can derive that z(u, H) can be written as

2(u, H) = Lo, (u/2,(R)) ples (u/2, (R), H). (3.50)
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The dependence on H is contained entirely in p%,(u/2, H). To calculate this quantity
we will again use the trick of rewriting the problem as a 1D quantum mechanics

problem (see Eq. (3.27)), but now the 1D Hamiltonian is replaced by

2

1 0 .
H= _Q_M_S? + a|y| +i1Hu,y. (3.51)

Notice that in the last term y does not have absolute value bars, because the last
term measures the oriented area of the loop. The eigenfunctions of H can still be

expressed in terms of Airy functions (cf. Eq. (3.31)):

¢n(y) o Ai ((2Mas)ly| - 72E,) (3.52)

where 7. = (2M/a%)'/?, ay = a Fiv, H, and + denotes the sign of y. The eigen-
functions E, are found by requiring that ¢,(y) and ¢! (y) are continuous at y = 0,
which gives the transcendental equation

Ai'(-7,E,)  Al(-T_E,)

Ai(-7.E,)  Ai(-7_E,)" (3:53)

For u/1, > 1 it is sufficient to focus on the lowest eigenvalue Eo(H) of this equation.

In the limit H — 0 the solution of Eq. (3.53) can be written as

Bo(H) — Bo(0)  (uH)®
E.) _c,,( 2 ) : (3.54)

where cg =~ 0.218 is a numerical constant. Substituting this into Eq. (3.29) we obtain

2M cu v, H\?
phalu2, ) o [ oxp |22 (14w () )] (3.55)
This implies that
& pler ccgu (%)2 v
arra = - — ] Pret- (356)
O0H? |, _, T \«&

A similar equation has to hold for z(u, H), because pf, is the only part of z(u, H)

that depends on H. Expressing 7, and v,/« in terms of 7,4, as explained after Eq.
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(3.39), we obtain
0%z uTy

£yl ~ —ZCCH'M_gz(“)' (3.57)
H=0

Using this equation, which relates 8%z/8H? to z(u), we can now express the diamag-

netic susceptibility in terms of the density:

1 & emPr 52,
XB = T2 24 mp oH?

oo

_ 76 mpB
= 2ccy M2L2mzzlz(m,8)e H (3.58)

ng/T _ ccy Tgg
gM?* —  w gMT’

= ZCCH

If we substitute g = 1/(xM) with x ~ xr, this result is identical to the expression
for xp derived by Wheatley et al. [43], except that the numerical factor here (i.e.,
ceg /7 ~ 0.071) is somewhat smaller. Also note that Eq. (3.58) is similar to the qual-
itative expression for yp that we derived after Eq. (3.49). We will refer to the result
in Eq. (3.58) as xg, where the superscript @ denotes that this is the susceptibility of
the quenched problem. Now compare the result x3 ~ 0.07 T9s/(¢MT) in Eq. (3.58)
to the non-interacting expression x% ~ T3g/ (247 MT) in Eq. (3.43) for T > Tgg. The
conclusion is that at high temperatures xg is reduced by a factor of 0.2 g compared
to x%.

We will now discuss the self-consistency of the expression for Xg in Eq. (3.58).
In the self-consistent scheme discussed at the end of Sec. 3.3 we argued that xr has
to be replaced by x = xr + XxB, in order to include a class of diagrams that are not
included in the quenched problem, but should be included in the annealed problem.
At high temperatures this does not change the results much, because xpg < Xxr
for T > Tgg. Let us now consider what happens at lower temperatures, when xp
becomes of the same order as xp. In that case g ~ (Mxr)~' has to be replaced by

g = MY (xr + xB)7!, so that the right-hand side of Eq. (3.58) becomes a function
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of xp as well. Solving this equation gives

-1
=——-1 ) 3.59
XB (CCH TBOE ) XF ( )

According to this equation xp blows up at a finite temperature

CCHy

Tpg = — Tgg =~ 0.071 Ty, (3.60)

K3
which we interpret as the Bose-condensation temperature. The fact that xp in Eq.
(3.59) diverges at Tgg indicates that the validity of Egs. (3.58) and (3.59) breaks down
for T'STgg. The reason for this is that Eq. (3.58) was derived under the assumption
that 7, < u, or equivalently that g = (xM)~! > 1. This is a valid assumption as
long as x is much smaller than M !, i.e. when T' > Tgg. However, when T approaches
Twg, the susceptibility xg(7T') increases so rapidly, that the assumption g > 1 breaks
down, and thus Eqgs. (3.58) and (3.59) are not valid anymore. To obtain an expression
for xp we then have to consider the opposite limit u S 7,4, which is equivalent to g $1
for u = B. For uS7, the retracing behavior of the boson paths disappears, and
instead the paths are random walks at all time scales, so that we should recover
the non-interacting limit. In order to calculate x g self-consistently we have to find
explicit expressions for z(u) and 8%2/0H? that are valid in both limits u >> 74 (strong
coupling) and u < 7,4 (weak coupling). We therefore define a time scale u., which is

proportional to 74, that separates the two limits:

KM (i)ve‘é"'/“ for u > u,;

27u

2(u) ~ i (3.61)
‘;ff for u < u;
5%z —2ceyt 2(u)  for u > u;
5 = M (3.62)
— o 2(w) for u < u,.

For u > u. these expressions are identical to Egs. (3.40) and (3.58), while for u < u,
they are equal to the well-known non-interacting expressions for z(u) and 8%z/0H?.

The parameters u. and K have to be determined self-consistently, so that z(u) and
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Figure 3-4: Three different approximations for the boson susceptibility xg(7T') for
a fixed boson density ng = 0.1, using xpM = (24nt/J)~! and t/J = 1. The
dashed line is the quenched susceptibility Xg (T) o (¢T)~ !, which we derived in Eq.
(3.58). The solid line is the self-consistent x3°(7"), which we obtained by solving Egs.
(3.45) and (3.46) numerically. For high temperatures x3° approaches the dashed
line, because in that case xp is small and can be ignored compared to xr. Below a
crossover temperature 7gg the susceptibility xlsgc diverges exponentially, analogous
to the non-interacting value x% (dash-dotted line). Notice that due to gauge field
fluctuations the crossover temperature is strongly suppressed, Tpr < T3g-

O2z/0H? are continuous at u = u.. This gives

ue = (24ceg) 7y =~ 5.331 7y
K = (31)76‘5"“/74’ ~ 7.925.

Ue

(3.63)

We can now substitute Egs. (3.61)-(3.63) into the two Eqs. (3.45) and (3.46) that
determine xp and p. Notice that in contrast to Eq. (3.58), xg and np are not directly
proportional to each other anymore. We remark that xp also enters the right-hand
side of the Eqs. (3.45) and (3.46) via x = xr + XB-

We solved Egs. (3.45) and (3.46) numerically at the density np = 0.1, using
xrM = (24nt/J)~'. In Fig. 3-4 we show our results for t/J = 1. The solid line
denotes the self-consistent x3. Notice that at high temperatures x3C(T') approaches

the dashed line, which corresponds to the quenched x2(T) in Eq. (3.58). For low
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Figure 3-5: The (inverse) boson susceptibility x3C(7)~! for various values of ¢/J
at a fixed density ng = 0.1, using xp M = (24nt/J)~'. The results were obtained
by solving Eqs. (3.45) and (3.46) numerically, using an expression for the partition
function z(u) that is valid in both the strong-coupling and the weak-coupling limit.
At high temperatures x3 (7)™ is linear in T, with a slope proportional to ¢/J, and
an intercept independent of ¢/J. Below Tgg ~ O.OSTgE one enters the weak-coupling
regime, and X%C(T)_l decays exponentially. Note that Tgg is reduced by a factor
of ~ 12 compared to TBOE.

temperatures x5 (T') diverges exponentially, and behaves similar to the mean-field
susceptibility x%(7') in Eq. (3.43), except that the crossover temperature Tgg, at
which xp ~ Xr, is significantly reduced. In Fig. 3-5 we show how the behavior of x3°
changes for different values of ¢/J. At high temperatures x3' is linear in T, with a
slope proportional to t/J, and an intercept at a finite temperature T' ~ 0.07Tg;. This
corresponds very well with the expression for xp in Eq. (3.59). At lower temperatures
x5’ decays exponentially. According to Fig. 3-5 the crossover temperature between
the two regimes is at approximately Tpg =~ 0.08 Tpg. These results remain almost
the same if one repeats the analysis at a different density, keeping in mind that
T9g = 27nnpg/M scales linearly with the boson density np. The main difference is

that at a higher density xp(T") diverges more quickly below Tgg.
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3.6 Discussion

In this paper we analyzed an effective action of bosons moving in a fluctuating gauge
field, using a path-integral approach. The effective action was obtained from the
t-J model by averaging over the fermionic degrees of freedom. The advantage of
using path integrals is that the interaction with the gauge field can be taken into
account by associating an area cost to every closed path in the path integral. The
fluctuating gauge field favors loops with a small area, which allows us to focus on
self-retracing paths. This is a very appealing approach, because by focusing on self-
retracing paths we essentially take the strong-coupling limit as our starting point,
which is not possible if one uses standard diagrammatic techniques.

To find the partition function one in principle has to calculate an annealed average
over the gauge field. We approximated this annealed average by a quenched average,
in which case the total free energy can be written in terms of the single-particie
partition function, averaged over the gauge field. The difference between a quenched
and an annealed average is that a quenched average treats all boson loops as being
independent, while in reality two or more boson loops can overlap. We believe that
the quenched problem is a good approximation of the annealed problem for 7' > Tgg,
because in that case the probability that boson loops overlap is small. For T STgg
the typical size of a loop increases, and one has to deal with a system of tangled loops.
In that case the quenched problem and the annealed problem become very different.

An important aspect of our derivation of the partition function was the observation
that there is a crossover time scale 74 = (¢7')!, that distinguishes random-walk
behavior from retracing-path behavior. At short time scales 7 < 74 the bosons do not
really feel the presence of the gauge field, and the bosons essentially follow random
walks. At longer time scales 7 > 74 the bosons realize that it is costly to form loops
with a large area, so they try to retrace themselves to minimize the area cost. Note
that g > 1 is equivalent to 8 > 7,, which means that in the strong-coupling limit
the paths are indeed self retracing.

One of the main consequences of the retracing-path approximation is the effect
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on the density of states. We found that the band edge is shifted, which allows the
chemical potential to become positive. More importantly there is an enhancement of
the density of states near the band edge. This suppresses Bose condensation, because
due to this enhancement of the density of states one can accomodate a higher density
of bosons in the system.

An important signature for Bose condensation is provided by the boson suscepti-
bility xp. For non-interacting bosons it is well-known that xp diverges exponentially
below a crossover temperature T3y ~ 2nng/M. In other words, even though there is
no true superfluid state, for all practical purposes the bosons still behave as if they
were condensed, which is indicated by xg > 1/(247M). One can therefore argue
that the equation xp = O(1/(247M)) determines a crossover temperature between a
normal state and a (pseudo) superfluid state.

We calculated the susceptibility using our path-integral approach, by analyzing
the effect that an external magnetic field has on the single-particle partition function.
Because of the fact that the typical area of a closed loop is suppressed by the gauge
field, one expects that the diamagnetic susceptibility, which is related to the area of
loops, will be quite small in the strong-coupling limit. We indeed found that above the
Bose-condensation temperature the susceptibility x g is a factor 0.2 g smaller than the
non-interacting expression x%, and has the functional form x& ~ 0.44ng/(gTM?). It
is interesting to note that in the strong-coupling limit our expression for xp is similar
to the expression derived by Wheatley et al, even though they analyzed a different
model, in which the gauge field interaction was replaced by a simple dissipative term.
They obtained a somewhat different expression for the density of states, but the
expression for xp was the same as ours. This is due to the fact that the susceptibility
X B can be directly related to the density of bosons, independent of the details of the
density of states.

The expression x2(T) ~ (gT)~! is only valid above the Bose-condensation tem-
perature Tgg. At lower temperatures one has to include xp in the total gauge-field
susceptibility x = xr + XxB to obtain self-consistent results. This implies that the

dimensionless coupling constant g = (xM)~! decreases rapidly, and at sufficiently
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low temperatures one approaches the weak-coupling limit g < 1. Thus one expects
that at low temperatures the strong-coupling result xp ~ (¢7')~! breaks down. In-
stead one has to solve a more complicated set of coupled equations to determine
a self-consistent susceptibility x3C. We solved this numerically using an expression
for z(u, H) that is valid in both the strong-coupling limit > 74 and in the weak-
coupling limit v < 7,. We showed that below Tgg the self-consistent x3° does not
vary like 1/T anymore, but instead diverges exponentially below a crossover temper-
ature Tgg ~ 0.08 Tgg. This crossover temperature corresponds to the situation when
xB ~ Xr. We conclude that the bosons still condense into a superfluid state, but due

to the fluctuating gauge field this happens at a reduced temperature Tgg ~= 0.08 Tok-
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Chapter 4

The superconducting phase
diagram in the gauge-field

description of the t-J model

4.1 Introduction

Due to an intense effort by many researchers the unusual properties of the high-T.
copper-oxides are now quite well documented. In the normal state the copper-oxides
seem to be an example of a strongly correlated electronic system, which cannot be
described by conventional Fermi-liquid theory. One of the unusual normal-state prop-
erties is the resistivity, which is proportional to temperature over a large range of
temperature. The superconducting state is in some sense less unusual than the nor-
mal state, because in many respects it behaves like a BCS superconductor, but with
an unusual pairing mechanism. The onset of superconductivity occurs at tempera-
tures that are so high, that the pairing between electrons cannot be solely due to
phonons. Moreover, microwave measurements of the quasi-particle contribution to
the conductivity have shown that the scattering rate decreases strongly below T,
which is inconsistent with a scattering mechanism due to phonons [48]. It is therefore
more likely that the pairing mechanism has an unconvential origin, which could be

magnetism. This is further supported by experimental reports of gapless excitations
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[48, 49, 50, 51, 52|, and even evidence for a d-wave symmetry of the order parameter
[53]. Another peculiar aspect of the superconducting state is that it only occurs in
an intermediate rage of doping of 0.05 Sz <0.3, but disappears when the doping is
too small or too big.

Many of the microscopic models that have been proposed to describe the properties
of the high-T, copper-oxides are based on the two dimensional Hubbard model or the
t-J model [13, 14]. In the case of the t-J model one can obtain a crude approximation
of the onset of superconductivity, by means of a BCS-like mean-field decoupling of the
Hamiltonian. Several mean-field phases have been suggested, and depending on the
doping and temperature different phases can be energetically favored [7, 15, 16, 17,
18, 19, 22, 23, 24, 27]. In general these mean-field phases predict a pairing-transition
temperature of the order of T? ~ 0.15J close to half-filling, which corresponds to a
temperature of several hundred degrees Kelvin. The reason for this overestimate of
T. is that a simple mean-field theory ignores fluctuations, which are very important
in a strongly correlated system.

We will take the gauge-field formulation of the ¢-J model as our starting point,
which goes beyond mean-field theory by including Gaussian fluctuations of a gauge
field [23, 33, 35, 37, 54]. The gauge-field model has been succesful in explaining
some of the normal-state properties, such as the linear resistivity, in the regime above
the Bose-condensation temperature [33, 35, 37]. So far little work has been done on
what the effect is of the gauge field on the superconducting state. This article will
focus on how the interaction with the gauge field can suppress the pairing-transition
temperature to a temperature scale that agrees more with the experimental values
of T.<100K. The main argument for this suppression is that the gauge field in-
troduces an additional term in the free energy [55], which opposes the opening of a
superconducting gap. Our numerical calculations show that this suppression is very
significant, and that in fact superconductivity only survives at an intermediate range

of doping, with a maximum 7, at a doping of * ~ 0.15.
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4.2 The role of gauge-field fluctuations in the ¢-J
model

In this section we will first give a quick review of how the gauge-field model is derived
from the ¢-J model. We refer to other papers for a more lengthy discussion of this

derivation [23, 35, 32, 54]. Our starting point is the ¢-J model on a square lattice

H=-t) oo +J > (S,v -S; — %n,-nj) , (4.1)
(ij)o (i.5)

where S; = %cfaaaﬁcjﬁ and n; =), c:.‘ac;,. This Hamiltonian is under the important
constraint that no site is double occupied. In order to satisfy this constraint we employ
the slave-boson formalism [56, 57], in which the electron operator cfa is replaced by
¢l = f1b;. The boson operator b keeps track of the empty sites, and the fermion
operator fl carries the spin [15, 17]. The constraint of no double occupancy is
satisfied by requiring that bib; + 3, f} fi, = 1 at each site i. In order to get a
superconducting state in the slave-boson picture it is not sufficient that the fermions
form Cooper-pairs, but the bosons have to be Bose condensed as well.

The gauge-field model is obtained from Eq. (4.1) by decoupling the hopping term
and the Heisenberg term using Hubbard-Stratonovich fields, and then making the
approximation of only considering fluctuations of the phase of one of these new fields.
Denoting the Hubbard-Stratonovich fields by &; = {e'*/ and A;; = +A,, this leads
to the Hamiltonian [7, 17]

1 (37 4 i (37 .
H = 23, [Tlﬁlz + 35 180l" — e (Tfitrfja + 2tb3b,~) —cc. — AL(fafi — fufin) - C-C-]
(i.3)

812 .
a7 2o bbbl — po -l fia — i S N(FL fio + BB - 1),
( i i

i.7)

where ), is a Lagrange-multiplier field that enforces the local constraint b/b; + £ fi, =
1. The role of the field a;; will be discussed later on.

We will first consider the mean-field solution of this Hamiltonian, which corre-
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Figure 4-1: A schematic mean-field phase diagram of the ¢-J model. Below the
dashed line the uniform RVB-order parameter { is nonzero. The mean-field pairing
line (dotted) and the Bose-condensation line (solid) divide the phase diagram into
four regions. Region I is a Fermi-liquid phase, region II is the spin-gap phase, region
III is the superconducting phase, and region IV is the strange metal phase. In this
paper we argue that the spin-gap phase is destroyed by gauge field fluctuations.

sponds to a;; = 0. At the mean-field level ¢A\; = up plays the role of a chemical
potential for the bosons, and ppg is chosen such that the average boson density is
equal to the doping concentration z. The mean-field phase diagram is schematically
shown in Fig. 4-1 [34, 35, 58]. Below the dashed line the uniform RVB-order parame-
ter ¢ is nonzero. At a lower temperature, denoted by the dotted line, d-wave pairing
between fermions occurs, i.e. A;;1; = —A,; 13 = Ao. Below the solid line the bosons
condense into a superfluid state. According to mean-field theory Bose condensation
occurs at a temperature scale given by Tgg =~ 27z/mp, where 1/mp = 2t¢{. The
mean-field phase diagram divides naturally into four regions. Region I with (b) # 0
is a Fermi-liquid phase. Region II with Ay # 0 but (b) = 0 is called the spin-gap
phase, because an anisotropic gap appears in the fermion spectrum which represents
the spin degrees of freedom. In region III both A, and (b) are nonzero, so that d-
wave pairing between physical electrons occurs, resulting in a superconducting phase.
Region IV has been called the strange metal phase, because it exhibits some of the

unusual properties of the normal state of the high-T. copper-oxides [34, 35].
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Since f;, and b; are fictituous entities, the only true phase boundary is Fig. 4-1 is
the transition to the superconducting state in region III. Nevertheless it is possible
that the other transition lines single broaden to cross-over lines, such that one can still
identify the regions I, II and IV in the phase diagram, characterized by the physical
properties described above. In particular much attention has been paid to the spin-gap
phase, because NMR and susceptibility experiments indicate the appearance of a gap
in the spin excitation spectrum in a temperature range above the superconducting
T. in underdoped materials. On the other hand, a recent analysis of the data by
Millis and Monien indicated that the spin-gap phase may be absent in simple layer
materials such as Las_,Sr,CuQOy, and present in double layer materials such as the
YBCO compounds [59]. Thus the identification of the spin-gap phase with region II
is quite uncertain at this point.

A serious difficulty with the schematic mean-field diagram shown in Fig. 4-1 is
that the temperature scale for Bose condensation is much too high, if one uses the
mean-field expression Tpg ~ 4wtéx. Furthermore, close to half-filling (z<0.04) the
d-wave pairing state is unstable to more complicated phases, such as dimerized phases
(18, 19, 23], incommensurate flux phases [24] and staggered flux phases [7, 27]. We
restrict our attention to z0.04, which is indicated by the shaded region in Figs.
4-2 and 4-3. The dotted line in this phase diagram is the mean-field transition to
a d-wave pairing state. On the same plot the Tg-line would lie entirely inside the
shaded area.

For non-interacting bosons Bose condensation does not really exist is two dimen-
sions, but one can still consider Toy as a cross-over temperature below which the
boson susceptibility diverges exponentially:

1
0 _ Tge/T _ 1
X5 = 3qmm (e ). (4.3)

It has been argued that the characteristic temperature scale for the increase in xp
will be strongly suppressed by fluctuations around the mean-field solution (8, 33, 39,

41, 42, 43].
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Figure 4-2: The phase-diagram of the t-J model for t/J = 3 using a mean-field
expression for the susceptibility x%, given by Eq. (4.3). The self-consistent dissipa-
tive model xséc produces a phase diagram that is essentially indistinguishable. The
solid line for T.(z) uses T' = 0 expressions for the propagator IIz(v) (see Sec. 4.3.1),
while the dashed line is obtained by expanding Im ITz(v) and Re IIF(v) in AZ (see
Sec. 4.3.2). The first-order jump in Ag at the transition is quite small for = 20.1,
and hence the expansion in small A (dashed line) is a good approximation in this
case. For z 0.1 the first-order jump in Ay becomes so large, that the solid line
is more appropriate. The line denoted by black diamonds is our best guess of the
correct phase boundary within this model. For £ $0.05 superconductivity vanishes
completely, which is directly related to the fact that the gauge field becomes unsta-
ble against flux phases for £ $0.04. For 2 0.2 the gauge field becomes so stiff, that
the transition line T,.(z) approaches the d-wave BCS value T?(z) (dotted line).
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Figure 4-3: The phase-diagram of the ¢-J model in the doping-temperature plane
for t/J = 3, using the dissipative model for the susceptibility X%iss. The solid line
for Tc(x) uses T = 0 expressions for the propagator IIp(v), while the dashed line is
obtained by expanding ImIIz(v) and ReIlp(v) in A3. The T = 0 approximation for
the propagator (solid line) is more appropriate, because of the large first-order jump
in Ap at the transition. In the underdoped case the susceptibility X%iss is relatively
small at the transition, so this model predicts a direct transition from a strange
metal to a superconducting phase. Note that in this phase diagram the transition
temperature T,(z) is much lower than in Fig. 4-2. This is directly related to the fact
that in the dissipative model Bose condensation occurs at a much lower temperature
than if one uses x} or x%c (see Fig. 4-4). For large doping  20.35 the gauge field
becomes so stiff, that the transition line T.(x) approaches T(z) (dotted line).
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We will now discuss how fluctuations alter the mean-field results mentioned above.
We will restrict our analysis to Gaussian fluctuations of the phase a;; of the RVB-order
parameter &;;, which is a massless Goldstone-mode. The field a;; is called a gauge

field, because the Hamiltonian (4.2) is invariant under the local gauge transformation

[23]

We will chose to work in the Coulomb gauge V -a = 0, in which case the gauge-
field propagator I1,,(q) = (6, — pup./p*)II(g) is purely transverse. Here we defined
pu = 2sing,/2 to take the lattice structure into account. The Lagrange multiplier
field A; can be considered as the time component of the gauge field [23, 35]. In this
paper we will simply replace ¢A; by its saddlepoint value ppg, which will serve as the
chemical potential of the bosons. The gauge field couples to both the fermions and the
bosons, so one expects that both the d-wave pairing-line and the Bose-condensation
line in Fig. 4-1 will be affected by the fluctuating gauge field [35]. While the main
topic of this paper concerns the coupling of the fermions to the gauge field, this
problem cannot be addressed without considering the coupling of the bosons to the
gauge field as well.

The coupling of the bosons to the gauge field is a strong-coupling problem in
the physically interesting case of ¢/J > 1, and is therefore difficult to analyze. This
was illustrated by a diagrammatic analysis of Ioffe and Kalmeyer [39], who calcu-
lated the lowest-order gauge-field correction to the diamagnetic susceptibility xg.
They showed that this correction becomes very large if one approaches the Bose-
condensation temperature T3y, at which point the perturbative analysis becomes
unreliable. The problem has also been treated by a renormalization group analysis
[8] and by path-integration methods, assuming that Rell(g) o ¢°. It was pointed

out that the fluctuating gauge field tends to reduce the projected area of Feynman
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paths, so that the path-integral is dominated by almost retracing paths [36]. Wheat-
ley and co-workers [41, 42, 43] did a further analysis of the path-integral formulation,
by making the rather drastic approximation of relating the problem to one where the
bosons couple to a dissipative bath. This problem of non-interacting bosons coupled
to a heat bath with a damping time 75 can be solved exactly. For strong coupling,

i.e. for 75! > kT, the boson susceptibility xp is given by [43]

ToX

XB = (4.5)

my’
It is tempting to identify 75" with the transport scattering rate of the bosons by the
gauge field, which is given in Born approximation by 75 ' ~ kT /dmpx. If we further
follow Wheatley et al. and replace x by the free fermion expression x% = 1/(12wmp),

we obtain
2x%Tgg
m2T

X%iss ~ (4.6)

We will refer to this result as the dissipative model. Note that x3s¢ diverges only as
T1, as opposed to the exponential growth of x} given by Eq. (4.3).

We believe that Eq. (4.6) grossly overestimates the effect of the gauge-field fluctu-
ations for at least the following reason. The susceptibility x that controls the strength
of the gauge-field fluctuations is the sum xr + xp, where xp should be treated self-
consistently. Note that this self-consistency is missing in Eq. (4.6), because x was

simply replaced by xr. As xp grows 7’

is reduced so that the dissipation crosses
over to the weak-coupling limit, and Eq. (4.5) no longer applies. We have carried out
a self-consistent calculation of x g, where we used the full solution of the susceptibility
valid for arbitrary 9. The resulting self-consistent x5  is shown in Fig. 4-4. A recent
analysis based on self-retracing Feynman paths yields qualitatively the same results
[9].

The value of x3° (solid line) lies between x% (dotted line) and x%* (dashed line),
and diverges exponentially below a temperature which is a fraction of T9g. In the

absence of a full theory, we believe that X3 is a reasonable guess of the behavior of

the boson susceptibility, which we can use in the interim. We have to keep in mind
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Figure 4-4: The boson susceptibility xg(T') for three different models for a doping
z = 0.07. The fact that xp(7T) increases rapidly at low temperatures indicates
that the bosons effectively condense into a superfluid state below a certain crossover
temperature. The dotted line is the mean-field value x%, given by Eq. (4.3). The
dashed line represents the dissipative model for x‘gss, given by Eq. (4.6), which we
believe grossly overestimates the effectiveness of the gauge field to suppress Bose
condensation. The solid line is the self-consistent dissipative XJSBC, which takes into
account that a large x p stiffens the gauge field. In the absence of a full theory x%c is
a reasonable guess for the behavior of the susceptibility xg(T"). We however believe
that at low doping X]SBC underestimates the suppression of Bose condensation.

however that at low doping X3C is probably too large, because the self-consistent
dissipative model assumes that IIg(q) = xpg® [43], while in reality IIg(g) levels off
to ps = z/mp for large q. This means that when pg is small the self-consistent
dissipative model underestimates the gauge-field fluctuations for large regions of q
space, resulting in a susceptibility x3° that is too large.

In this paper we have carried out the calculation of the phase diagram using
all three different choices for xp. For reasons to be explained below, it turns out
that x% and x3C yield practically indistinguishable phase boundaries for the onset
of superconductivity. That result is shown in Fig. 4-2. For completeness the phase
boundary using x3** is shown in Fig. 4-3.

The main result of this paper is that quantum fluctuations of the gauge field are

very effective in suppressing the pairing between fermions. In fact, the suppression is
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so effective that the spin-gap phase (region II in Fig. 4-1) is destroyed completely, and
only a direct transition to a d-wave pairing state remains. The transition temperature
T, is reduced compared to the mean-field value T?, and T, vanishes completely at low
doping. The result of our numerical calculation of T, is shown in Figs. 4-2 and 4-
3. Before going into any technical details, we give a qualitative discussion of the
physics behind this suppression. The coupling of the fermions to the gauge field is
very much analogous to the coupling of electrons to an electromagnetic field, except
that the magnitude of the dimensionless coupling constant is very different. The
dimensionless coupling constant is very small for an electromagnetic gauge field, but
of order unity in the ¢-J model. It is known that in metals the low-lying excitations
associated with a fluctuating gauge field give rise to a large negative contribution to
the free energy, so that the specific heat in three dimensions varies as T'log T [60].
In ordinary metals this is a small effect because it is proportional to v%/c?, and has
not yet been observed. This small factor is absent in the ¢-J model, which makes
these fluctuations very important. In two dimensions the specific heat varies as T3,
implying a free energy term Fi,yq. proportional to 7%/3. The importance of the gauge-
field contribution to the free energy has been pointed out by Hlubina et al. [55], who
showed that the contribution from the transverse gauge-field fluctuations, together
with the longitudinal gauge-field fluctuations, brings the mean-field free energy much
closer to that given by high temperature expansions. Unlike the transverse mode,
the longitudinal mode does not give rise to singular corrections at low temperatures,
because it is screened. We will therefore ignore the longitudinal contribution to the
free energy in what follows below.

In a pairing state a gap A opens up in the fermion spectrum. This introduces
a gap in the gauge-field excitation spectrum as well, so that gauge-field modes with
frequencies less than 2A do not contribute to the free energy, resulting in a net free
energy cost. We can estimate the free energy cost § Fg,,g. by replacing the temperature
cutoff in Fyayge by A, resulting in §Fgauge o A%/3. On the other hand the BCS-like
free energy gain from pairing is proportional to A2, so that § Fyaug. always dominates,

at least for small enough A. This situation will change when the boson susceptibility
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becomes so large that the bosons effectively condense into a superfluid state. In that
case the gauge field becomes effectively massive, with a stiffness equal to the superfluid
density ps ~ z of the bosons, due to the Anderson-Higgs mechanism. The gauge field
is then so stiff that Fy,ug. is no longer dominating, and its role in suppressing fermion
pairing disappears. We expect then a direct transition to a superconducting phase
with d-wave pairing between physical electrons.

This qualitatively explains the phase diagrams shown in Figs. 4-2 and 4-3, which
were obtained by a detailed numerical calculation to be described in the rest of the
paper. We see in Figs. 4-2 and 4-3 that in contrast to the mean-field solution, 7, now
vanishes for sufficiently low doping £ <0.05. For larger doping the stiffness of the
gauge field increases and it becomes less effective in suppressing pairing. Therefore
for large doping x 2 0.2 the transition line T(z) is close to the mean field line T°(z),
as one can see in Figs. 4-2 and 4-3. At low doping the phase diagram now describes
a direct transition from a metallic phase to a superconducting state, by-passing the
spin-gap phase. This implies that we have to look beyond the single layer ¢-J model
for an explanation of the spin-gap phase in bi-layer materials, in agreement with the
analysis of Millis and Monien mentioned earlier [59]. In the overdoped region z 0.2
we expect a direct transition from a Fermi-liquid phase, i.e. a phase in which the
bosons are Bose condensed, to a superconducting state.

Another consequence of our numerical analysis is that we expect the transition
to be first-order, with a relatively large jump of A. Of course, in practice the tran-
sition will be rounded off by phase fluctuations of the pairing field A;;, which are
not considered in this analysis. Therefore the calculation presented here should be
considered as a calculation of the mean-field T, as far as two dimensional fluctuations
in the pairing field A;; are concerned.

In the remainder of this paper we will describe the details of our calculation of
Fiauge and its dependence on A,. In section 4.3 we derive a formal expression for the
free energy Fyauge(Ao), which will be analyzed in two limiting cases in sections 4.3.1
and 4.3.2. We present our numerical analysis in section 4.4. This numerical analysis

takes several important aspects of the ¢-J model into account, that we did not discuss
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so far. For instance, an important role is played by the d-wave symmetry of the gap
function A(k) and the non-spherical Fermi surface. These anisotropies have a large
effect on the free energy F,.ue, and are taken fully into account in our numerical

analysis described in section 4.4.

4.3 The gauge-field contribution to F(A) in the
presence of a gap

We now present a detailed calculation of the gauge-field contribution to the free energy
in the presence of pairing between the fermions. In the presence of a gauge field
the onset of pairing is still determined by minimizing the total free energy Fi.(Ay),
analogous to BCS-theory. However, the total free energy will now have a contribution
from the gauge field as well [55]. We note that the free energy is a gauge invariant
quantity, and is free of the singularities that plaque quantities that are not gauge
invariant, such as the fermion Green function [38]. This is why we choose to analyze
Fi0t(Ap), rather than a diagrammatic study of the pairing amplitude in the presence
of a gauge field.

We will calculate Fi.t(Ay) using the following procedure. First we integrate over
the matter fields fi, and b;, which leads to an effective action Seg = BFur(Ao) +
Sgauge[a], where
4

3J
Fur(Do) = ‘Zfz+3J

a3 -or [ (—;j;’;—z. log(cosh(Ey/2T))
&k our
+T [ oy 1081 =€) (4.7)
Sgangela] = IZ/(i(;—zﬂ,,.,(q,iz/,,)a,fl‘aiq.

The dispersion relations Ej = /€2 + A2 for the fermions and €2 for the bosons are
given by

Q. = 2t€(cosk, + cosky) — up;
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€ = f(cosk + cosky) — pr; (4.8)

Ay = Ag(cosk, — cosky).

Finally we obtain the total free energy Fiot(Ao) = Fumr(QAo) + Fyauge(Ao), by inte-
grating over the gauge field in the action Sguee[a]. By distorting the contour integral
and noting that the analytical continuation of logII(q,v,) has a branch-cut along
the real axis, one finds that the contribution of the gauge field to the free energy can

be written as

d*q (>~ dv Im II(g, v + 46, Ao)) (4.9)

gauge( 0) = / (271_) 0 [271,13( ) + 1] arctan (Re H(q, v+ 25, Ao)

where np(v) = (e*/¥#T — 1)7! is the Bose-occupation number. For Aq = 0, Eq. (4.9)
is equivalent to the expression written down by Hlubina et al. [55]. Notice that while
Hlubina et al. needed a regularization scheme to keep Fia,g. finite, we avoided the
infinite constant by taking the analytical continuation iv, — v + 6.

The opening of a gap Ay will mostly affect the fermionic contribution to the
total gauge-field propagator II = IIg + IIg. In the normal state IIr has the form
Ir(q,v) = xrp® — iyr(q)v/p, where we defined p, = 2sing,/2 to take the lattice
structure of the ¢-J model into account. The fermion susceptibility xr is given by

d?k O%, 32ek

XF= 12 ) (2r) k2 Ok f'(ex)- (4.10)

Notice that xr is negative for the ¢-J model for any doping = <0.5, which indicates
that the uniform phase {;; = { is unstable towards flux phases close to half-filling
[7]. Away from half-filling the uniform phase regains its stability, because the sum
X = Xr + XxB becomes positive as soon as the density of bosons is sufficiently large.
The damping parameter yr(q) is a finite number which depends on the direction of
q, and for the ¢-J model close to half-filling yr(q) is small in the (1, 0)-direction, but
strongly enhanced in the (1, 1)-direction.

When a gap Ay opens up the propagator IIz(q,v) will be modified, which will
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change the free energy Fyayge in Eq. (4.9). The most obvious change in the propagator
is that ITp(g = 0) becomes massive with a mass proportional to A2. This is responsible
for the Meissner effect in ordinary superconductors. The effect of this mass term on
the free energy has been discussed earlier by Halperin et al. [61] in the context of a
fluctuating electromagnetic field in a BCS superconductor. Their work was a classical
calculation, based on a Ginzburg-Landau free energy. They argued that this mass
term in Rellr gives rise to an additional term in the free energy, that is non-analytic in
A?. This implies that the superconducting transition must be a first-order transition.

We are more interested in the question how the total free energy is influenced by
quantum fluctuations of the gauge field. We therefore need to know how a nonzero
gap modifies the propagator IIy(v) at finite frequencies. We first consider IIz(v) in
the normal state, i.e. without a gap. To get a simple estimate of Fyauge(Ao = 0) we
consider first for simplicity an isotropic band structure, in which case IIg{g,v +1i6) =
xrq® — itkpv/q for v < kpq/mp. We further concentrate on the quantum fluctuations
in Eq. (4.9), i.e. v > kgT, so that 2ng + 1 may be replaced by unity. In the normal

state we approximate Fgauge by

d*q kra/mr dy kpv
) _ ~_ ar t = . 4.11
Fgaug (AO 0) / (27!')2 /kBT 2 arctan (an) ( )

This is a large negative quantity, which is finite because q is restricted to the first
Brioullin zone. We are interested in how this quantity depends on the lower cut-off
kgT in the frequency integral. For small frequencies ¥ < xk% the g integration can
we done first, which yields a factor proportional to (kpv/x)?®. The v integration
then yields a large negative term plus a T°/® correction due to the lower cut-off at
kgT.

When a gap A opens up both the real and imaginary part of the propagator are
modified, and in general Im [Iz(v) and Re IIx(v) become very complicated functions
of the frequency v, especially when the gap A(k) is anisotropic. Before studying the
general case, we will first consider the simpler case of an isotropic gap at T' = 0. In

that case the propagator is modified by the gap as follows.
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e Low-lying gauge-field modes with v < 2A are undamped, i.e. Im IIr = 0 for
v < 2A (at T = 0). In ordinary superconductors this is responsible for the

anomalous skin effect [62, 63].
e The real part of Ilr(q,v) is enhanced, which stiffens the gauge field.

We now see that this change in Im IIp(v) and Re IIp(v) gives rise to a huge cost
in the free energy. From the discussion following Eq. (4.11) we learned that in the
normal state all gauge-field modes give a negative contribution to the free energy
Faauge(A = 0). When an isotropic gap A >> T opens up the gauge-field modes with
frequencies ¥ < 2A do not contribute to the free energy anymore. The v integral
in Eq. (4.11) is now cut-off by A instead of kgT, so that a free energy cost of A%/3
results. This free energy cost is in general much larger than the free energy gain
coming from Fyz(A), which is proportional to A2. This implies that due to iow-lying
gauge-field fluctuations it is not favorable anymore to open up a gap A, and hence
the superconducting transition temperature will be suppressed.

We now turn to the the calculation of Im IIr(») and ReIlg(v) in the general case
of an anisotropic gap A(k) at finite temperatures. The calculation is analogous to
the calculation of the complex conductivity in a BCS superconductor, which was first
performed by Mattis and Bardeen [62, 63], and by Abrikosov and Gorkov [64]. Their
results were originally meant for an s-wave gap A(k) = A, but it is a straightforward
exercise to generalize these expressions to the anisotropic case of a d-wave gap A(k)
[65]. We will do our calculations in the extreme anomalous limit (i.e. 1/¢ much larger
than the coherence length), which is the appropriate limit in our case. In this limit

one obtains

_ @[ b e Al — 1 [T
ImIp(q,v) = — . [[Al,lA’|—u+/—w +0(v — |A| - |A]) ]A'l—v}
y B y E(F+v)+ AA'
(H(E) = B +) | B IS8 ap
L (@ _ BE+v)+AN )
Rellp(q,v) = q /dE [ (A2 — E2]%[(E+u)2 — A'2]%f(E+ )
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E(E+v)+ AA’
(A2 = B23((B +v) — A%

f(—E —v)|sign(E +v), (4.13)

where A = Agpriq2 and A" = Agpr_g/2 (px = cosk, — cosk,). Here we must
choose k such that k+q/2 are on the Fermi surface, so that A and A’ are completely
determined by q. The lower limit in the first integral in Eq. (4.12) is the maximum
of |A| and |A'| — v. Similarly the integrals in Eq. (4.13) are restricted to those values
of E, for which the arguments of the square roots are positive. For A = A’ the
Egs. (4.12) and (4.13) reduce to the expressions given by Mattis and Bardeen [62].
At T = 0 only the last integral in Eq. (4.12) survives, and therefore Im Iz is only
nonzero for v > |A| + |A'|.

In principle we would like to solve for Fyauge(Ag), by combining Egs. (4.9), (4.12)
and (4.13). However, doing this while taking full account of the anisotropic d-wave
gap and the non-spherical Fermi surface is a complex numerical problem. Instead we
will study two limiting cases for the propagator IIz(v, A, A’). We will first consider
the zero temperature limit (i.e. T < Ay), which is the simplest case to understand
from a physical point of view. We will later consider the opposite limit Ay < T', to

study the possibility of a second-order transition.

4.3.1 The propagator at T'=10

The objective of this section is to give an estimate of Fyauge(Ao), using zero tem-
perature expressions for Im IIr(v) and Re IIp(v). The dependence of Im IIp(v) and
ReIlz(v) on the gap Ay at T' = 0 is shown in Figs. 4-5 and 4-6, for various values of
A'/A = A(k—q/2)/A(k+q/2). For g — 0one always has A’/A ~ 1, and —ImII¢(v)
is suppressed for all v, even for v > |A| + |A’|. However for large q it is possible that
AA’ < 0, in which case —Im IIp(v) is actually enhanced for v > |A| + |A'|. This
is an important point to make, because this means that while scattering processes
that involve a small momentum transfer are pair-breaking, scattering processes with
a large momentum transfer can have exactly the opposite effect. The dependence of

ReIlg(v) on A shows a similar behavior (see Fig. 4-6), in the sense that Re IIp(v)
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Figure 4-5: This figure shows Im IIp(v) at T =0 for A’/A =1, 0.3, —0.3 and —1.
Notice that there is no absorption for v < |A| + |A’]. For v > |A| + |A’| it depends
on the relative sign of A and A’ whether ImIIz(») is enhanced or suppressed by tle
gap. The dotted line is the normal state (A = 0) value.

in Eq. (4.13) is positive when AA' > 0 and negative when AA' < 0.

We will initially ignore the anisotropy of the gap, which is a valid assumption as
long as the important momenta q are small compared to the size of the Brioullin
zone. The most important feature of Im ITz(v, Ay) is then that Im IIp(v) = 0 for
v < 2/, so that gauge-field modes with v < 2A¢ do not contribute to Fyaug(A) in
Eq. (4.9) anymore. A crude estimate of Fyauge(Ag) — Fgauge(0) is therefore given by
the contribution to Fyaug(0) of the “missing” gauge-field modes with v < 2A,. For
T > Tgg we can use ReIlp(g) ~ xg¢?, so that we can do the g-integration in Eq. (4.9)

by scaling:
200 dp v dzq "
Fga“SC(AU) - Fgauge(o) ~ /0 %coth (ﬁ) / (2n)? arctan (%)
240 v _ 2/3
~ dv coth (_) 1FV .
/o Ve \ar ( X ) (4.14)

2/3
~ (’Y_F) Ag/:i.
X

Note that Fyauge(Aog) ~ AL is non-analytic in A2, so that the pairing transition must
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Figure 4-6: This figure shows ReIlp(v) at T =0 for A’/A =1, 0.3, —0.3 and —1.
Similar to the case of ImIIp(v) it depends on the relative sign of A and A’ whether
ReIlp(v) is positive or negative.
be a first-order transition in this approximation. More importantly, Fgauge(Ao) —
Fyauge(0) is always much larger than Fyr(Ag) for any Ag, as long as x ~ 1/(24mmp)
remains small. This implies that the opening of a gap will never happen for T' > Tgg.
However, for T < Tgg the susceptibility x ~ xp will increase rapidly, which will
lower Fyauge(QAo) in Eq. (4.14) significantly. In fact, if xp becomes much larger than
1/mp = 2(t, the approximation Re IIg(q) ~ xpq® is only valid for very small g.
Instead Re I1p(q) levels off to Re Ilg(q) ~ ps for xg? R ps, where ps ~ z/mp is the
superfluid density of holons. The fact that Re IIg(g) becomes massive below Tgg
implies that we cannot assume anymore that the dominant momenta ¢ are small in
the integral (4.9) for Fyauge(Ao). That means that for T < Tgg the anisotropy of
the d-wave gap A(k) will start to play an important role. This decreases the pair-
breaking effects of the gauge field, because as pointed out in the beginning of this
section, modes with a large momentum q actually favor pairing. The reason for this
is that A(k + q/2) and A(k — q/2) can have opposite signs if q is large enough.
The consequences of this for the phase diagram are that the gauge field suppresses
pairing very strongly at low doping, but for large doping the pair-breaking effects of

the gauge field will be less pronounced, because the gauge field is in that case stiffened
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by a large superfluid density ps.

4.3.2 The propagator for Ay < T

In the previous section we used a zero temperature expression for the gauge-field prop-
agator. The fact that the free energy varied as Fyayge (Ao) ~ Ag/ S for T > Tgr implied
that the superconducting transition had to be a first-order transition in that approxi-
mation. It is an interesting question whether the transition can become second-order
if we would use a finite temperature expression for ImIIr(v) and Rellp(v). To address
this question we will assume that Ay < T, and expand the propagator in powers of
A2 by writing I1(Ay) ~ II(Ay = 0) + A20I1/8A2. We can then use this expansion to
find Fyauge(Ao) for Ag < T. Using Egs. (4.12) and (4.13) one can show that in the
limit Ag — 0, 8IlF/OA2 has the following functional form:

g ran =2 (D) in ()

b () = 1PUmde (24 15) [} - 1) — F@v) + (L+2))]5  (416)

hr (%) = p¢' tanh (2—"1:) + & (0 + ¢"?) (1 — tanh® (2—"7—,)) . (4.17)
Notice that we have to use a finite temperature expression for 8I1p/OAZ, because
hi(v/T) diverges logarithmically for T — 0. For ¢¢' > 0 hy and hg are always
positive, but for ¢’ < 0 h; and hgr can become negative. This shows explicitly
that scattering processes with a large momentum transfer (for which p¢' < 0) are
not necessarily pair-breaking. We will later take this into account in our numerical
calculations, but we will ignore the anisotropy of the gap in the simple estimates that
follow below.

We can now use the expressions for h;(v/T) and hg(v/T) to evaluate OF . /OAL,
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which according to Eq. (4.9) can be written as

OF, gauge
B

_ diq [ dv v coth (i) hi(v/T)ReIl — hp(v/T)Im II
(2m)2 Jo 27 qu 2T (Re IT)? + (Im IT)? '

o (4.18)

It is instructive to estimate 8Fgaug/0AZ, assuming that Re Il ~ x¢?, which is a valid
assumption above the Bose-condensation temperature Tgg. The calculation is similar
to the calculation of Fyauge(Ao) in Eq. (4.14). The g-integration in Eq. (4.18) can

again be done by scaling, and one obtains

OFguge  (17\" [~ dv (v) (v)

where A(v/T) is a linear combination of the functions hr(v/T) and hg(v/T) . The
frequency integral in Eq. (4.19) diverges at v — 0, because hgr(v/T) is linear in v/T
for 1 — 0. This implies that a second-order transition is impossible for T' > Tgg.
We will now analyze Eq. (4.19) for a small finite gap Ay. One can repeat the
calculations that led to Eq. (4.19) for a nonzero gap Ay < T, by noticing that a
nonzero gap 4 essentially introduces a lower cut-off in the frequency integral in Eq.
(4.19). This cut-off is due to the fact that the expansion in Eq. (4.15) is only valid
for v > 2A, and the expansion clearly breaks down for » < 2A. Using this cut-off

one can now evaluate the frequency integral in Eq. (4.19), which gives

OFyumge (1) 1 (4.20)
0AG x) A '

This is the same functional form for Fyauge(Ao) as obtained in Eq. (4.14), where we
used a zero temperature expression for the propagator II(v, Ag). The conclusion is
again that the superconducting transition has to be first-order for T' > Tgg.

As before, the arguments that led to OFgaug/0A2 ~ Ag 173 have to be modified
if a superfluid density ps develops for T < Tgg. If one replaces Re II(g) = x¢® by
ReIl(v) = ps one finds that the expression for OFgauge/0A] in Eq. (4.18) converges,

even for Ay — 0. This makes it in principle possible to have a second-order transition
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for T < Tgg, if ps is sufficiently large. Considering that the pair-breaking effect of
the gauge field diminishes as the superfluid density increases, we expect that the first-
order jump of Ay at the transition becomes smaller as pg increases, and the transition
might become second-order if pg is sufficiently large.

These arguments assumed that there is a true superfluid state for the holons, i.e.
Re IIg(g) = ps for ¢ — 0. However, we discussed in section 4.2 that the interaction
of the bosons with the gauge field can lead to the dissipative susceptibility xp in
Eq. (4.6), that increases according to a Curie-law xg ~ 1/T [43], instead of diverging
exponentially below Tgg. In that case there is no true superfluid state anymore, which
means that even at low temperatures Re I[Ig(g) varies like xg* for small momenta gq.
This implies that Fyuuge(Ao) will still vary like Ag/ % for a sufficiently small gap Ao.
Therefore we will always find a first-order transition if we use the Curie-like expression

for xp in Eq. (4.6).

4.4 Numerical analysis of F,..(Ao)

We did a numerical analysis of Fi,;(A), using the expression for Fyaug.(Ao) in Eq.
(4.9), and assuming a d-wave symmetry for the gap A(k). We used mean-field ex-
pressions for the RVB-order parameter {, the susceptibility xr and the damping
parameter yr(q), and we carefully took the diamond-like shape of the Fermi surface
into account. As mentioned after Eq. (4.10), xr is actually negative for the ¢-J model
(for doping z $0.5), and yr(q) is highly anisotropic due to the non-spherical shape
of the Fermi surface. The value of the order parameter { depends on = and 7', and
decreases rapidly if the doping = becomes very small. We minimized the total free
energy Fi,:(QAo) with respect to Ag, and the onset of superconductivity is determined
by the temperature T, at which Fi,;(Ao) has its global minimum at a nonzero value
of Ayg.

The most challenging part of this numerical calculation is to find expressions for
Im Ip(v,A,A’') and Re [Ip(v, A, A’), that take into account that the d-wave gap

A = A¢prtqes2 is anisotropic around the Fermi surface. As pointed out after Eq.
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(4.13) this anisotropy of the gap has the feature that processes with a large momentum
transfer q tend to favor pair-breaking, because AA’ can become negative for large q.
The anisotropy of the gap is very important for the numerical values that one obtains
for the suppression of T,(z), and can definitely not be ignored. We performed the
numerical calculation in the two limiting cases that we discussed in sections 4.3.1 and
4.3.2. In the first case we used zero temperature expressions for Im I1g(v, A, A’) and
Re Ilgp(v, A, A’), which is a good approximation when Ay > T. In the second case
we expanded Im Iz and RelIlf in A2, which is a good approximation when Aq < T.
For v > |A| 4 |A'| we used the functions h;(v/T') and hg(v/T) as defined in Egs.
(4.16) and (4.17). This expansion fails for ¥ < |A| + |A'|, in which case we used a
high temperature expression for the propagator instead.

To take the effect of Bose condensation into account we used a parametrization
of ReIlg(g), which interpolates between the limits Re IIg(q) ~ x5q* (for ¢ — 0) and
Re Ilg(q) ~ «/mp (for large q). For xp we used the three possibilities discussed in
section 4.2: (i) the mean-field expression x% in Eq. (4.3); (ii) the dissipative expression
x5* in Eq. (4.5); (iii) the self-consistent dissipative x5« shown in Fig. 4-4.

The result of our numerical analysis is shown in the phase diagrams in Fig. 4-2
(using the mean-field x%) and Fig. 4-3 (using the dissipative x4*). The phase-
diagrams show that T.(z) is indeed strongly suppressed compared to the mean-field
transition temperature T(z) (dotted line), especially at low doping. The solid line
represents T,(z) if one uses T' = 0 expressions for the propagator, as discussed in
section 4.3.1, and the dashed line is the result for T.(z) if one assumes Ay < T, as
discussed in section 4.3.2. These two approximations for the propagator give results
that are qualitatively similar. One has to compare the first-order jump in Ay at T.(z)
with T (z) itself to decide which approximation is more appropriate.

In Fig. 4-2 the first-order jump in A, is small for large doping so that the dashed
line is appropriate, whereas for small doping the jump in Ay becomes so large that the
solid line is more appropriate. The line indicated with diamonds, which interpolates
between the dashed line and the solid line, is our best guess of what the correct phase

boundary is. We re-iterate that the need to use two different approximations for the
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propagator (represented by the dashed line and the solid line) is purely technical,
due to the limitation of our computational abilities. Note that the superconducting
transition temperature goes to zero at a finite doping near = 0.05. This is not too
surprising, because the gauge field becomes unstable towards a flux phase for  ~ 0.04
and hence the strength of the gauge-field fluctuations diverges in the vicinity of this
point. At higher doping the transition temperature T.(z) approaches the mean-field
transition line 7?(x), because the gauge field becomes very stiff as the superfluid
density ps ~ z/mp increases.

When we repeat the calculation using x5° the result is indistinguishable from Fig.

4-2. The reason is clear from Fig. 4-4 by observing that for  ~ 0.07 the self-consistent

sc
XB

temperature, the bosons have essentially Bose condensed at the transition, whether

is exponentially large for T'<0.2J. Because the phase boundary is at a much lower

one uses x% or x3C. This model therefore predicts a Fermi liquid in a temperature
range just above T, even in the underdoped case. This aspect of the model may be
in disagreement with experiments, and we believe that this is related to the fact that
in the underdoped case < 0.1 the self-consistent dissipative model underestimates
the effectiveness of the gauge field to suppress Bose condensation.

For completeness we show in Fig. 4-3 the phase diagram using the dissipative
model x§*. Note that the suppression of T,(z) is much larger than in Fig. 4-2. The
first-order jump in Ag is large at the transition, so that the solid line, which uses
the approximation Ay 3> T', will be close to the correct answer for T.(z). According
to Fig. 4-4, x%* is still relatively small at the transition temperature for z = 0.07,
so that the dissipative model predicts a direct transition from a strange metal phase
into a superconducting phase at low doping. The fact that in the dissipative model
the gauge field is still massless at T, is the reason why T.(z) is suppressed more
strongly in Fig. 4-3 than in Fig. 4-2. As explained in section 4.2 we believe that
this dissipative model grossly overestimates the effectiveness of the gauge field in
suppressing T,. We therefore think that the phase diagram in Fig. 4-2 is closer to the
truth than the phase diagram in Fig. 4-3. In the underdoped case ¢ < 0.1 the true

answer will lie somewhere in between Fig. 4-2 and Fig. 4-3, because at low doping the
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Figure 4-7: This figure shows Agg(z), the gap at T = 0. By comparing this to
Te(z) in Figs. 4-2 and 4-3 we find that the ratio 2Ag¢/7, is approximately 3 if one

uses the mean-field x% (or the self-consistent XJSBC), and approximately 8 if one uses
diss

the dissipative x5*. This shculd be compared to the mean-field d-wave value of
2A00/T? ~ 2.6, which does not include any gauge field fluctuations. We believe
that in the underdoped case the true value of 2A¢y/T. is significantly larger than
3, because at low doping the self-consistent x%c underestimates the effectiveness of
the gauge field to suppress Bose condensation.

self-consistent model underestimates the effectiveness of the gauge field in suppressing
Bose condensation.

As pointed out earlier in section 4.2 the first-order jump in Ay will be rounded
off by phase fluctuations of the pairing field A;;. Taking this in consideration the
interpretation of our numerical results should be that the gap A, increases very
rapidly below T, much faster than according to BCS theory. Our numerical results
indicate that this rapid increase in Ay will be more pronounced in the underdoped
case £ 50.1.

In Fig. 4-7 we show a plot of Ag(z), where Ago(z) is the gap at T = 0. Remark
that Ago(z) is independent of the particular model for xp, because the bosons are
condensed at T = 0 for all three models. As expected the function Ag(z) has essen-
tially the same shape as T.(z). We are mostly interested in the ratio 2A¢(z)/T.(z),
which is a constant according to BCS theory. For a d-wave gap without a gauge field

we find that this ratio to be approximately equal to 2.6. If we include the gauge field

97



this ratio is enhanced, depending on the model that one uses to determine T,(z). If
we use the dissipative x4 the ratio is strongly enhanced to 2A¢9/T: ~ 8, but if we
use the mean-field x% or the self-consistent x5C this ratio is only slightly enhanced to
2A00/T, ~ 3. Because we believe that at low doping x5 underestimates the impor-
tance of gauge-field fluctuations, we expect that the correct value of 2A44(2)/Te(z)

will be significantly larger than 3 in the underdoped case z < 0.1.

4.5 Conclusions

We analyzed the pair-breaking effects of the gauge field, by studying the contribution
from the gauge field to the total free energy. This contribution Fy,uge(Ao) depends
on Ay, because a nonzero gap A, modifies the gauge-field propagator, and therefore
changes the free energy. We showed that Fyuge(Ag) ~ AY®, which implies that
the superconducting transition must be first-order, if one ignores fluctuations in the
pairing field itself.

Our numerical calculations, that took into account that the gap A(k) has a d-wave
symmetry around the Fermi surface, showed that there is indeed a strong suppression
of superconductivity by the gauge field. The value of the boson susceptibility xg,
which indicates whether the holons are condensed or not, played an important role in
the suppression of T.(z). We used several models for x g, and in all cases we found that
superconductivity only survives in an intermediate range of doping 0.05 Sz 50.35.
The maximum critical temperature occurs near # = 0.15. These numerical results
are in qualitative agreement with the well-known phase-diagram of the high-7, copper-
oxides.

One of our predictions is that the experimentally observed “spin-gap phase” can-
not be due to pairing of spinons within the plane, because those Cooper pairs are
broken by the fluctuating gauge field. We also predict that the nature of the su-
perconducting transition is significantly altered by the gauge field, especially in the
underdoped case. The signature for this is that the magnitude of the gap A, increases

very rapidly below T.. Moreover, we expect that in the underdoped case the ratio
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200 /T, where Ay is the gap at T' = 0, will be significantly larger than what one
would obtain from BCS theory.
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Chapter 5

Spin-gap formation in bi-layer
cuprates due to enhanced

inter-layer pairing

5.1 Introduction

Since the early days of high-T, superconductivity physicists have focused on the
copper-oxide planes to explain the unusual properties of the high-T, cuprates. A
widely accepted point of view is that the structure between the CuO, planes can be
considered as a charge reservoir, whose only role is to fix a certain charge density in
the CuO, planes. Consequently many theoretical models for the cuprates, such as
the ¢-J model and the Hubbard model, are actually models for a single CuO, plane,
ignoring the exchange coupling between the layers. This is appropriate for single-layer
materials such as Lay_,Sr,CuQy4, where the inter-layer coupling is frustrated because
the CuO, layers are shifted relative to each other. However, this is not the case
for bi-layer materials such as YBCO, because the two CuQO, planes in each bi-layer
are directly on top of each other, giving rise to an unfrustrated exchange coupling
between the two planes.

Experiments indicate that there is a significant difference between the physical

properties of single-layer materials and the properties of multi-layer materials. For
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instance, it is well known that the superconducting transition temperature is in gen-
eral higher for compounds that have more CuO, planes in a unit cell. Another differ-
ence is that in multi-layer materials such as YBa;Cu3QOg ¢ one observes a spin gap in
experiments that probe the spin degrees of freedom of the electrons [66, 67, 68]. This
spin-gap phase is observed at low doping and survives well above the superconducting
transition temperature. According to a recent analysis of the experimental data [59],
the spin-gap phase is only observed in multi-layer materials but not in single-layer
materials. It is then plausible that the spin gap is directly related to the pairing of
electrons on nearby CuO, planes [59, 69)].

Before considering a model for coupled CuO, planes, we will first briefly discuss
the physics of a single CuO; plane. A single CuO, plane can be described by the ¢-J
model [13], which has been studied extensively in previous articles using the slave-
boson-gauge field approach [10, 33, 34, 35, 36, 37, 54]. In this approach the physical
electrons are split into fermions and bosons [sometimes called spinons and holons|,
that interact which each other via a fluctuating gauge field. The superconducting
phase is the phase in which the fermions have formed Cooper pairs, while the bosons
are Bose condensed at the same time. It was suggested that the spin-gap phase
corresponds to the situation in which the fermions have formed Cooper pairs, but the
bosons are not Bose condensed yet [33, 34, 35, 58, 70]. In a recent article we showed
that this picture is modified significantly by the fluctuating gauge field, which is very
effective in destroying the formation of Cooper pairs at low doping [10]. As a result the
superconducting transition temperature is suppressed at low doping and the spin-gap
phase disappears completely. After including the pair-breaking effects of the gauge
field the superconducting phase diagram that we obtained corresponds very well with
the actual phase diagram of the single-layer high-T, cuprates. We conclude that the
two-dimensional £-J model is succesful in explaining the phase diagram of single-layer
cuprates, but is not able to explain certain features of multi-layer materials, such as
the spin-gap phase.

In this paper we consider a model for two coupled CuO, planes, where each plane

is described by the two-dimensional ¢-J model. In addition we include a small antifer-
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romagnetic spin interaction between the two planes of the form J9 ¥, s,‘.” . ng). This
model is similar to a model studied by Millis and Monien [59]. The antiferromagnetic
inter-layer coupling is responsible for the fact that close to half filling the spins on
nearby CuQO, planes are locked in an antiparallel orientation. Experimentalists have
not been able to determine the exact value of J¢, but Tranquada et al. and Shamoto
et al. have reported a lower limit of 8 meV for J? [66, 68]. Because the inter-plane
coupling is much smaller than the in-plane coupling one would naively expect that the
inter-plane coupling is completely irrelevant for the pairing mechanism of the high-T,
cuprates. We will argue however, that due to strong antiferromagnetic spin correla-
tions the effective inter-plane coupling J¢¥(r) is strongly enhanced, and extends over
a coherence length of several lattice spacings. The picture that we have in mind is
that the spins in each plane are correlated in patches that consist of several spins, so
that effectively there is a coupling of correlated patches of spins on adjacent planes.
This is clearly a much stronger coupling than the original coupling of single spins.
The method that we use to take the antiferromagnetic correlation of the spins into
account is the random-phase approximation (RPA).

Our main conclusion is that the enhanced inter-plane coupling J$f(r) leads to
strongly enhanced pairing between fermions on different planes, described by the
inter-plane order parameter A (r;;) = ( fi(Tl ) fﬁ) - fi(l1 ) f}?)). The possibility of inter-
plane pairing has been discussed earlier by Altshuler and Ioffe [69]. We find that due
to the antiferromagnetic spin correlations the order parameter A (r;;) extends over
a coherence length of several lattice spacings. Our calculations show that the inter-
plane gap A, (k) has an extended s-wave symmetry (without nodes), and is peaked
at the corners of the Fermi surface. This should be contrasted to the in-plane gap
Ay (k), which has a d-wave symmetry with nodes at four points on the Fermi surface.

We propose that the inter-plane gap A (k) is responsible for the observed spin-
gap phase in multi-layer cuprates, which had been suggested earlier by Millis and
Monien [59]. An objection against their work has been that J is much too small to
explain the spin gap in YBa;Cu3Og¢. We avoided this problem with the argument

that at low doping J¢¥ is strongly enhanced by antiferromagnetic correlations. This
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leaves the question why we cannot apply the same argument to create a spin gap using
the in-plane coupling Jlfﬁ, which is still larger than the inter-plane coupling Jf. This
is partly explained by the fact that J$ is much more enhanced than J¢f. However,
for a complete answer we have to go beyond mean-field theory, and discuss the pair-
breaking effects of the gauge field in the ¢-J model. In a previous paper we showed
that at low doping the in-plane gap A (k) is destroyed by gauge field fluctuations
[10], so that the in-plane pairing can not give rise to a spin-gap phase. We expect
that the gauge field is less effective in destroying the inter-plane gap A, (k) . This
difference, which will be discussed in greater detail in Sec. 5.5, can be understood as
follows. The pair-breaking effect of a gauge field is related to the question whether or
not a gap A breaks the gauge symmetry in the system. In the case of an in-plane gap
A (k) the gauge symmetry is completely broken, while in the case of an inter-plane
gap A, (k) there is still a gauge symmeiry left in the system, corresponding to a
massless out-of-phase gauge-field mode. As a result the inter-plane gap A (k) can
survive above the Bose-condensation temperature, explaining the spin-gap phase in

multi-layer cuprates.

5.2 RPA analysis of two coupled CuQO, planes

In this paper we study a system of two coupled CuO, planes, which is a simple model
for a bi-layer high-T, cuprate such as YBCO. We describe each individual plane with
the two-dimensional ¢-J model, and in addition we include an antiferromagnetic spin
coupling between the electrons on neighboring planes. This gives the Hamiltonian
66, 59, 71]

H=HY +HY) +J? > st . s® (5.1)

where Ht("}) is the usual ¢-J Hamiltonian on plane n (n = 1 or 2), and s =
cgz)faaﬁcig) is the spin operator of the electron ¢’ at site i on plane n. Notice
that we did not include any inter-layer hopping in the Hamiltonian in Eq. (5.1). We

will return to address this issue in Sec. 5.7. Typical values for the parameters ¢, Jl?
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and J) are

t

b

0.4 eV;

1

Jp 0.12 eV; (5.2)

JY 2 0.01eV.

The exact value of the inter-layer exchange J,? is still unknown, but a lower limit of 8
meV has been reported by Tranquada et al. and Shamoto et al. [66, 68]. This lower
limit was obtained by studying the (absence of) optical spin-wave modes in undoped
cuprates in neutron scattering experiments.

At low doping the motion of the electrons on each plane is controlled by the few
empty sites. In order to take this physics into account we will employ the slave-boson
approach, in which the original electron operator c,fa is replaced by f,-‘;b,-, where f,-'[, is
a fermion operator carrying the spin of the electron, and b; is a boson operator that
keeps track of the empty sites, carrying the charge of the electron (7, 15, 17, 18]. In

the slave-boson approach the t-J;, Hamiltonian takes the form

.Ht-J“ = —t Z (f;bib}fja- + C.C.) + Jl(l) Z (S, . S]' hae %'I’L,‘ﬂj) s (53)
(3,7) {i,5)
where S§; = f};o'aﬁ fip is the spin of the electron on site s.
We will use a Hubbard-Stratonovich transformation to decouple the various terms
in this Hamiltonian. The interaction term S;-S, can be decoupled in various different

channels. The most common decoupling is in the particle-hole channel by writing
S:-8; = —3(fL fio) (flo fio) — frum; + g (5.4)

This decoupling gives rise to terms of the form §;; f,{, fjo in the Hamiltonian, where
¢;; is a tight-binding like resonating-valence-bond (RVB) order parameter [13]. The
disadvantage of this decoupling is that it does not take the antiferromagnetic corre-

lations of the spins into account explicitly. In order to take the antiferromagnetic
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correlations into account it is more appropriate to keep terms of the form S; - S; in
the Hamiltonian, which can be treated perturbatively to include the effect of the spin
correlations [72]. In order to avoid double counting we write the Hamiltonian in Eq.
(5.3) as

Hy; = Ht-%J" + 2‘71? (Z) (Si - S5 — im%) ) (5.5)
l’J

and treat the first term using an RVB mean-field {;; and the second term using RPA.
This admittedly ad hoc decomposition will affect the numerical factors in our results,
but not the qualitative conclusions. We decouple Ht_% g, in the particle-hole channel

to obtain

4t
Ht-%-’n = i Z |:|£”IZ Eu ( ioljo T+ T”bzb]) — C.C.]
1,3)

Z blb;blb;. (5.6)
Ji (i.3)

At this point the analysis is still exact if one integrates over all configurations of
the RVB field ;;(7). In the mean-field approximation the field ¢;; is replaced by its

saddlepoint
£ = <f Fio b > (5.7

The total Hamiltonian for the fermionic degrees of freedom then takes the form

H= e (FHY) + L2 £2) + Hy, (5.8)
k
where e = —3J¢(cos k; + cosky) — pp. The interaction Hamiltonian Hi is given by
H =1 Y 5% (s s
(1,]) n,n'
= 1Y (s sty (5.9)
q,n,n’

where J3,(q) = J%(q) = J%(cosg, + cosg,) and J2,.(q) = JI(g.) = J0e'%4, and d

denotes the distance between the two planes. It is convenient to write H; explicitly
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Figure 5-1: The renormalized susceptibility x®F%(g) in the RPA approximation.
In each individual bubble the fermion can be either on plane n = 1 or on plane
(n)

n' = 2. The wavy line denotes the in-plane exchange SEn) -8;", and the jagged line

denotes the inter-plane exchange SE") -SE"'). We show that due to antiferromagnetic
correlations XRPA(q) has strong incommensurate peaks at q = QaF.

in terms of the fermion operators fl(c';):

my [3io00](m
H 3 200 H
H=1 I 2 2 : 5.10
O oo ol 0
17 an _O 00 lj 17 g
where (T1)q,» denotes 3y f](('_"_); /2.1 fl(:_)q a1

We will use a random-phase approximation to analyze the antiferromagnetic cor-
relations induced by the terms in H;. We will first calculate the dynamic spin suscep-
tibility x(g) [where ¢ denotes (q, g., twn)], which contains all the information about
spin correlations. Within RPA, x®F4(q) is given by a sum over the strings of bubbles
shown in Fig. 5-1. The susceptibility is actually an 8 by 8 matrix, because at each
vertex of a bubble the fermion can be either on plane 1 or on plane 2, and in addition
there are four possible spin combinations at each vertex (1T, ||, T| or |T). We can
safely suppress the spin indices, because every power of the 4 by 4 spin matrix in
Eq. (5.10) yields the same matrix again. This leaves us with simple 2 by 2 matrices,
where the index denotes whether the fermion is on plane 1 or 2. The susceptibility is

then given by the matrix sum
oo

X9 =x(9) 3 (-3°x°@)" (5.11)

m=0
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where x°(q) is the contribution of a single bubble. The matrix J°(q) is given by

g J(g)

Jo(q) =1 _ C (5.12)
J2a)* J)(a)
Evaluating the matrix sum in Eq. (5.11) gives
1,070 1,070 !
YRPA = 50 1+970 o JL
AR R

L+ DR - BORE | —Lofte 14 LoR

This expression is only valid if the eigenvalues of the matrix %xo(q)J %(q) are smaller

than 1. Putting iw, = 0 this leads to the inequality

4

5.14
J$ — J0(cos gz + cos q,) (5:14)

X’(q) <

At intermediate doping this inequality is usually satisfied. However, at low doping
x°(q) is enhanced at the nesting vector Qar =~ (w,m), so that at sufficiently low
doping the inequality breaks down for q ~ Qur. This indicates that at low doping
the system becomes unstable against a long-range Néel order with (S) # 0.

We analyzed x*F4(q) numerically using the parameters ¢/J0 = 3 and J} /J; = 0.2.
We found that for these parameters the AF instability occurs at a doping = ~ 0.08.
We are mostly interested in the regime close to the AF instability, i.e. £ 20.08, which
is characterized by strong (incommensurate) peaks in the renormalized susceptibility
x®PA(q) at the nesting vector q = Quf =~ (m, 7 £ 22). This feature of x**4(q) has
been studied extensively by Tanamoto and co-workers for a generalized ¢-J model
that included next-nearest neighbor hopping terms to simulate the band structure of
different cuprates [72]. Their analysis was for a single CuO; plane, and did therefore
not include any inter-plane interactions. They emphasized that the critical doping

x. at which the AF instability occurs depends strongly on the details of the band
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structure.

The physical susceptibility that one measures in neutron scattering experiments

is proportional to 3=, ..(n'|x|n), which gives

cos?(5¢.d) sin®(3¢.d)

RPA Y + Y %
T+ 0@+ 79) 1+ 5x°(J(a) - J9)

Xphys (@) @z tWn) =

%(q,iwy,).
(5.15)
Here we used that J9(g,) = J9e*=?. This expression shows that xRFA(q,q,) has a
modulation as a function of g, with a period 27/d. The maxima occur at ¢, = n/d
(mod 27/d) and the minima at ¢, = 0 (mod 27 /d). This modulation is especially
pronounced close to the AF instability with q ~ Qap. In that case the maxima
can be significantly larger than the minima. This corresponds well with the neutron
scattering experiments of Tranquada et al, who measured x"(Qar,¢.) as a function
of g, [66]. They indeed observed a modulation of period 27/d, with maxima at
g. = *n/d that were approximately twice the value of the minimum at ¢, = 0.
We will now use the expression for x®P4(q) in Eq. (5.13) to calculate the effective
spin-spin interaction, that we denote by Jlfﬁ(q) and J¢f(q,q,). Within RPA the

effective interaction can be written in matrix notation as
Jeff — JO _ iJOXRPAJ()) (516)

where the 2 by 2 matrices J° and x®F4 are given by Egs. (5.12) and (5.13). Evaluating

the matrix products gives

Jo(a) (1+ X0 (@) - x99 (517)
(L+ 2x°T(@)? — (§x°72)? '

3 7o .

e q) = _ L (5.18)
- (1+ x0T (@)? — (Gx0JL)?

Ji%(a)

Note that J¢F always has the form Je(q, ¢.) = J$T(q)e®?¢. Close to the AF instability
Je(q) and J5¥(q) are both strongly peaked at the nesting vector q = Qar, and the

width of this peak is related to the correlation length 7y over which the spins are Néel
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Figure 5-2: The effective in-plane coupling J(q) (left axis) and the effective inter-
plane coupling J$%(q) (right axis) for various values of the doping z. The right axis is
blown up by a factor of 5 in order to show the features of J¢f(q) more clearly. Close
to the AF instability at z. = 0.08, J*¥(q) and J$f(q) have strong incommensurate
peaks at Qap ~ (7,7 £ 0.19). These peaks fade away at higher dopings = > z..
Notice that for ¢ — z. the inter-plane coupling J¢f(Qar) is more enhanced than
Jl‘fff(QAF). As a result J¢¥ and J”eff become comparable in strength, even though

initially J9 < J).
ordered. Let us first study Egs. (5.17) and (5.18) in the important limit J? < J{.
In that case Jf is enhanced by a factor (1 + 1x°J°)~!, while J< is enhanced by
the square of this factor. We conclude that for q ~ Qar, J<f(q) is much stronger
enhanced by antiferromagnetic correlations than Jlef(q). It is interesting to note
however, that J$T(q) will never exceed |J¢%(q)|, assuming that J$ < |J(q)|. In
the limit 1x°(q)(J%(q) — J9) — —1, JT approaches J¢f(q), even if J$ was initially
much smaller than JO. This implies that close to the AF instability J¢T and Jof are
approximately equal in strength.

We analyzed J%(q) and J5¥(q) numerically using the parameters t/J = 3 and
JY/ Jl? = 0.2. We focused in particular on doping slightly above the critical doping
z. ~ 0.08 at which the AF instability occurs. In Fig. 5-2 we show plots of Jlfﬂ(q)
and J¢f(q) for « = 0.09, 2 = 0.12 and =z = 0.20. The three curves show that

close to the AF instability there are strongly pronounced incommensurate peaks at
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Qar =~ (m, 7 £+ 2z). By analyzing the width of the peak we find that for z = 0.09 the
correlation length 7y is roughly 3 lattice spacings, i.e. 7o /a ~ 3. These peaks fade away
when the doping is much higher than z.. Notice that for z = 0.09, J¢f(q) is much
smaller than J”eff(q) over most of the Brioullin zone, but close to the incommensurate
peaks J5¥(q) is more strongly enhanced than J;%(q), so that the J$%(q) and J;®(q)
become comparable in strength at @ ~ Qur. This means that the inter-plane coupling
can not be ignored when the spins of the electrons exhibit strong antiferromagnetic

correlations.

5.3 Inter-plane pairing

In the previous section we showed that the inter-plane coupling J¢f(q) is strongly
enhanced around q ~ Qur due to antiferromagnetic correlations. We will now show
that this enhanced coupling leads to inter-plane pairing at a much higher energy scale
than before. The physical picture that we have in mind is that the spins on both
planes form patches of correlated spins, so that the system can create extended Cooper
pairs that consist of patches of spins on one plane that pair up with corresponding
patches of spins on the other plane. This inter-plane pairing is characterized by the
order parameter A (r;;) = (fi(l)f(z) f(l)f(z))

Consider the Hamiltonian in Eq. (5.8), but with the bare in-plane and inter-plane
couplings J° and J) replaced by the effective couplings Jeif and J¢f. Each of these

interaction terms can be written in the form

T ey (817 S0 — jmuny) =
——%ng: (rij) (fi(Tﬂ)Tf(n " f‘_(ln)’ff](? )T) (f(n )f(n) f(n )f(ln)) ) (5.19)

The coupling constants J¥,(r;;) are the Fourier transforms of the functions Jif(q)
and J¥(q) in Egs. (5.17) and (5.18). The terms in Eq. (5.19) can be decoupled in
the particle-particle channel by defining a Hubbard-Stratonovich field A("") on the
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bond (i, 7), under the condition that Jy,,/(r;;) > 0. This gives the Hamiltonian

S fw + 1 Y ()
k,n

(m jn')

x DA;;."’f = At (5P - £ - c.c.] : (5.20)

where the indices n and n' denote plane 1 or 2. The prime in }_' denotes that the
sum is only over the bonds (%, §) for which J,n:(ri;) > 0. This means that for J(r;;)
we only include bonds (3, j) with ¢ and j on different sublattices, while for J¥(r;;) we
only include bonds (¢, ) with 7 and j on the same sublattice. At the mean-field level
the fields A?j"' are replaced by their saddlepoints, i.e. constant values that minimize
the total free energy. Assuming that A?j"' = Aun(ri;) is real, we can write the

Hamiltonian in momentum space in the matrix form

- -
1Y a Ay 0 A o
H = Z f(llzi Ay —ex A 0 f(llﬂ
" f(2) 0 AL & A f(2)
f(2)T - A, 0 A, —ex | f(2)’f
Z [Jeﬁ r)A(r) +Jiﬁ(T)AJ_(I')2] ; (5.21)
where
ex = —3&J)(cosk, + cosky) — p; (5.22)
Ajk) = Z’cosk r)JeT(r) A, (r); (5.23)
r
Ark) = Y cos(k-r)J(r)AL(r). (5.24)
r

The sum Y, denotes a sum over bonds, which means that r and —r should be counted
only once and r = 0 is counted half. The Hamiltonian in Eq. (5.21) can easily be

diagonalized, which gives the quasi-particle energy dispersion

Ei(k) = +Je + As(k)?; (5.25)
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Airk) = Ayk) £AL(k). (5.26)

The order parameters A;(r) and A (r) are determined by the condition that the free

energy is at a local minimum. The free energy is given by

F=Y [%T“(r)A.,(r)z+Ji‘*(r)AL(r)2}

r

_oT E / (2 75 0g [cosh(B,(K)/2T)]. (5.27)
Putting 8F /OA™ (r) = 0 for all A™ (r), we obtain the following set of self-consistency
equations:
&2k 5" A, (K) E, (k)
' —_— . 2
Apn(r) = 2 ﬂ (2 72 cos(k - r) ( E. (k) ) tanh ( oT (5.28)

This set of self-consistency equations has in general several solutions, depending on
the symmetry that one chooses for the order parameter, i.e. the relative signs of the
order parameters A,,/(r) on different bonds r. Close to half filling one can find the
most favorable symmetry of the order parameter, by studying the free energy in Eq.

(5.27) in the limit A,,/(r) — 0. This gives

F(A) - F(0) = Z’ [TE(x) 8 ()2 + TS (r) A L (r)?)]

d’k tanh(ey/2T)

%)2 - (5.29)

24 AL(k)

The gain in free energy is largest if all the terms in the expression for A, (k) in
Egs. (5.23) and (5.24) add constructively for the momenta k that give the largest
contribution to the integral in Eq. (5.29). Close to half filling the momentum integral
in Eq. (5.29) is dominated by the k vectors at the four corners of the Fermi surface,
i.e. the points k = (%, 0) and k = (0, +n), because close to half filling the density
of states diverges at those four points. At the corner k = (,0) the gap A, (k) is
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given by
At (1,0) = 3 (= 1) Tt (£) A (1). (5.30)
r

Because the summation Y. is only over vectors r for which J,./(r) is positive, the
terms in Eq. (5.30) add constructively if we let the sign of A,,/(r) alternate depending
on whether 7, and r, are even or odd. We will measure r, and r, in units of the lattice

constant a. To be more explicit, the gain in free energy is largest if we choose

0 for r, even and 7, odd;

>
Ay(r)=4¢ < 0 for r, odd and r, even; (5.31)

fl

0 for r, +r, even;

> 0 for r, and r, even;
< 0 for 7, and r, odd,; (5.32)
= 0 forr,+ry odd.

Ay(r)=

Notice that A (7, 7y) = —A(ry,7;) and A (rz,7y) = +A 4 (ry,7z). This implies that
A (k) has an extended s-wave symmetry [i.e., Aj (k) = A (ky) for ki = (ky, k.)],
while A (k) has an extended d-wave symmetry [i.e., A, (k) = —A(k.)]. The prefix
“extended” indicates that A (k) and A,(k) can be anisotropic around the Fermi
surface, with peaks at the corners (£, 0) and (0, %+m). This should be contrasted to
a pure s-wave symmetry [A, (k) = constant] or a pure d-wave symmetry [A(k) o
cosk, — cosk,).

We can now explain why superconductivity is enhanced when the effective coupling
J°%(r) extends over several lattice spacings. Suppose that J*f(r) falls off over a
correlation length 7y, for example J*f(r) = J% /. In that case there are of the
order of r2 terms A(r) that add constructively in the expression for the gap A(k) in
Eq. (5.30) for k = (£m,0) or (0,%m). Therefore the second term in the free energy
in Eq. (5.29), which corresponds to a gain of free enery, is essentially enhanced by a
factor 3. On the other hand the first term in Eq. (5.29), which corresponds to a cost
of free energy, is only enhanced by a factor r3. We therefore obtain a net gain of free

energy which becomes larger and larger if the correlation length 7y increases. As a
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result superconductivity is enhanced. We would like to emphasize that our arguments
for the behavior of A(k) and A, (k) are only valid close to half filling, and under
the condition that T <« J and A(k) < J. These conditions are needed to make sure
that the momentum integrals in Eqgs. (5.28) and (5.29) are dominated by the corners
of the Fermi surface. Away from half filling the corners of the Fermi surface become
progressively less important, and therefore superconductivity will not be as strongly
enhanced in that case.

From this point on we will focus on the order parameter A (r), and ignore A (r).
The motivation for this is twofold. The first reason is that the inter-plane order pa-
rameter A is more efficient in taking advantage of the antiferromagnetic correlations
than A,, which is partly due to the fact that J¢f(q) is stronger peaked at q = Qar
than J(q), as we explained after Eq. (5.18). But our main motivation for ignoring
A, is that the gauge field is very effective in destroying the in-plane gap A, (k) at low
doping [10]. This is the region we are interested in, because the spin-gap phase is ob-
served at low doping. We anticipate that the gauge field is less effective in destroying

the inter-plane gap A, (k), which we will discuss in more detail in Sec. 5.5.

5.4 Numerical analysis of inter-plane pairing

The numerical results presented in this section are meant for underdoped cuprates
in the spin-gap phase. Within our model this corresponds to the situation in which
A, is finite, but A, = 0. We solved the self-consistency equations for A (r) in Eq.
(5.28), using the RPA-enhanced inter-plane coupling J¢¥(r) that we calculated in Sec.
5.2. We performed the calculations at a doping = 0.085, which is close to the AF
instability at « ~ 0.08. In this calculation we assumed J} = 0.2 J}. For this amount
of doping J¢¥(r) falls off over a correlation length of approximately 3 to 4 lattice
spacings, which is quite typical for high-7, cuprates in the spin-gap phase.

In Fig. 5-3 we show a plot of (—1)™ A | (r) versus |r| for the discrete set of bonds on
which A, (r) is defined, i.e. r, + 7, is even. Note that A (r) falls off over a coherence

length of approximately 3 to 4 lattice spacings, and that A (r) is positive on the
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Figure 5-3: The pairing order parameter A (r) for £ = 0.085. Due to the antifer-
romagnetic correlations A (r) is also nonzero for r # 0, and A, (r) decays over a
correlation length of approximately 3-4 lattice spacings. Notice that A (r) alter-
nates sign from one sublattice to the next, as indicated by the squares (+A ) and
the diamonds (—A ). Also notice that A (r) is relatively strong along the diago-
nals r, = +r,. This implies that in momentum space A (k) is enhanced around
the diamond-shaped Fermi surface.

sublattice with 7, even [denoted by squares|, and negative on the sublattice with 7
odd [denoted by diamonds]. This alternating sign was anticipated in the previous
section in Eq. (5.32). Also notice that |A(r)| is relatively large on the diagonal
r = (j,j), which means that in momentum space A (k) will be enhanced along the
diamond defined by k, + k, = *m.

In Fig. 5-4 we show a two-dimensional plot of A (k) in momentum space. Observe
that A (k) is indeed enhanced at the Fermi surface, and that A (k) is especially
large at the four corners of the Fermi surface. This anisotropy of A, (k) is easier
to see in Fig. 5-5, which shows a plot of A (k) around the Fermi surface for three
different values of doping. Note that A (k) has an (extended) s-wave symmetry
without nodes, and that the anisotropy of A (k) is quite pronounced for z = 0.085,
but less pronounced for z = 0.09 and ¢ = 0.10. Let us first look at the results

for « = 0.085 (solid line). At the corners of the Fermi surface the value of A (k)
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Figure 5-4: A contour plot of the gap A (k) for ¢ = 0.085 and J? = 0.2 J{. The
diamond-like Fermi surface is indicated by the black dotted line. Notice that the gap
A (k) has an extended s-wave symmetry, with peaks at the four corners k = (+, 0)
and k = (0, =), and without nodes. At the corners of the Fermi surface the gap is
approximately A | (k) ~ 0.032 Jlfff ~ 4 meV. Also notice that A (k) is significantly
larger at the Fermi surface than in the middle of the Brioullin zone.

is approximately 0.032 JI? ~ 4 meV. In the middle of the Fermi surface the gap
is approximately two third of this value. We also calculated the pairing transition
temperature Tp at @ = 0.085, which gave the result T ~ 0.016J0, which is of the
order of 20 K. We emphasize that these numbers depend strongly on the specific
values of the parameters in the model, and how close the doping is to the critical
value z.. Although the magnitude of the gap A, (k) is still too small, we believe it is
plausible to identify the spin gap observed in YBa;Cu3O¢¢ with A, (k), and the spin-
gap phase transition with T#. In Fig. 5-5 we also show A (k) for a slightly higher
doping # = 0.09 and z = 0.10. Notice that further away from the critical doping
z, = 0.08 the magnitude of A, (k) decreases rapidly, and the anisotropy of A, (k)
is less pronounced as well. This result shows that the antiferromagnetic correlations
are essential to make inter-layer pairing possible at a reasonably high energy scale.

In the RPA treatment the antiferromagnetic correlations are tied to the band
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Figure 5-5: The inter-plane gap A, (k) around the Fermi surface for  — 0. 085,
z = 0.09 and z = 0.10. The gap A, (k) has an extended s-wave symmetry, and is
anisotropic around the Fermi surface, with peaks at the corners of the Fermi surface,
This anisotropy is quite pronounced for ¢ = 0.085, which is close to the AF instability
at . = 0.08. At the corners of the Fermi surface the gap is approximately 0.032.J; eff ~

4 meV for z = 0.085. For higher doping z = 0.09 and z = 0.10 the amplitude of the
gap decreases rapidly, and the anisotropy almost disappears. The conclusion is that
the antiferromagnetic correlations are essential for the enhancement of A 1(k).

structure in a way that may not be quantitatively correct. To study the dependence
of the gap A, on the correlation length 7 and the coupling constant J?, we consider

an effective inter-plane pairing parametrized by
Ji(r) = JY (—1)" e/, (5.33)

where r/a = (4,7), and ry should be interpreted as the correlation length of the
antiferromagnetic correlations. The dependence of the gap on the coupling constant
J? is shown in Fig. 5-6, which is a logarithmic plot of AT versus (J9)7!. We defined
AT** as the value of A (k) at the corner of the Fermi surface. We did the calculations
for a correlation length 7o — 0 [O1], 7o = 3 [A], and 7o = 6 [V]. The case 7y — 0 is
the situation when J$¥(r) and A (r) are only nonzero for r = 0, which corresponds

to a pure s-wave symmetry. Observe that the data points lie on straight lines with
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Figure 5-6: A logaritmic plot of the gap AT** at the corner of the Fermi surface
as a function of the inter-plane coupling constant (J9)~!. In this calculation we
assumed that the effective coupling is given by J¢¥(r) = +J9 exp(—r/ry), and we
fixed the doping at ¢ = 0.09. We performed the calculations for a correlation length
ro = 3 [A] and ro = 6 [/, and compared the results with an “on-site” interaction,
which corresponds with 79 — 0 [O]. The straight lines show that AT** depends
exponentially on (J9)~!. The functional form is given in Eq. (5.34). Notice that for
rg = 3 the slope of the line is 2.7 times smaller than for 7y — 0, and that therefore
AT*(rg = 3) > AT*(rg — 0). The finite correlation length has the effect of
enhancing Jﬁ by a factor of 2.7.

different slopes. We conclude that AT**(k) has the functional form

1.14 JO exp (—1.56 J?/J9)  for ro/a — 0;
AT™ ~ § 0.48 J) exp (—0.58 JI?/JE) for ro/a = 3; (5.34)
0.41 J? exp (—0.44 Jl‘l’/JE) for ro/a = 6.

This BCS-like functional form is not surprising, because A, (k) is determined in a
way that is very similar to BCS theory. Notice however that the coefficients Eq.
(5.34) change dramatically when the correlation length 7y/a increases from 0 to 3.
For r9/a 2 3 these coefficients do not change much anymore, because the system can
only take advantage of very long correlation lengths if there is perfect nesting of the

Fermi surface. This calculation was done at a finite doping z = 0.09, and thus the
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nesting is not perfect. First consider the coefficient in the exponent, which drops from
1.56 to 0.58 when 7y /a increases from 0 to 3. The physical explanation for this is that
when patches of spins cooperate to form extended Cooper pairs, JO gets effectively
renormalized by a factor which increases with ro/a. This renormalized J' is the
coupling constant that enters the exponent in Eq. (5.34), i.e. J| = g22J? ~ 3J? for
ro/a = 3. Now consider the prefactor in Eq. (5.34), which is proportional to J?. In
BCS theory this prefactor would be equal to the Debye frequency, which provides a
cutoff in the energy integrations. In the calculation that led to Eq. (5.34) there was
no cutoff in the energy integrations, so the Debye frequency is replaced by J,?, the
overall energy scale. If the correlation length 7y increases an effective energy cutoff
is introduced, because A (k) becomes anisotropic with peaks that have a width
proportional to a/ry. Therefore the “Debye frequency” Jl? gets replaced by roughly
(a/ro)J}. We would like to mention that this calculation did not take any frequency
dependence of J*(q,w) into account. Millis and Monien argued that the frequency
dependence of J*f(q,w) introduces another cutoff in the energy integrations, of the
order of (a/ro)?J) [59, 73], and is therefore more important than the cutoff provided
by the momentum dependence of J*f(q,w). This argument does not modify the
coefficients in the exponents in Eq. (5.34), and thus ASf is still strongly enhanced

when the correlation length increases.

5.5 Pair-breaking effects of the gauge field

We have argued in a previous paper that for a single CuO, plane a fluctuating gauge
field destroys the in-plane pairing order parameter A, above the Bose-condensation
temperature Tpg [10]. This explains the absence of a spin-gap phase in single-layer
materials. In this section we will argue that the gauge field is not as effective in
destroying the inter-plane order parameter A, so that the spin-gap can survive in
multi-layer materials.

In the previous sections we discussed a mean-field approximation of the ¢-J model.

To go beyond mean-field theory we will now introduce a gauge field, that takes a

119



I1(q) = ’_‘_Q_“ + 6
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M@= <

Figure 5-7: The diagrams for the gauge field propagators II;(g) and II,(¢g). The
indices n and n’ indicate plane 1 or plane 2 (and n # n'). The propagator II, (q) is
only nonzero if there is a coupling between the two planes. In Sec. 5.5 we show that
the in-phase propagator II; = II; + II; becomes massive when an inter-plane gap
A opens up, while the out-of-phase propagator II_ = II; — I, remains massless.

certain class of fluctuations around the mean-field result into account. The gauge

field is the phase of the RVB-order parameter
&y = e, (5.35)

where £ is given by Eq. (5.7). We refer to other papers for a more comprehensive
discussion of the properties of this gauge field a;; [10, 23, 33, 34, 35, 54]. In our
model for two CuO, planes there are two gauge field modes per unit cell, because
each plane has its own gauge field, denoted by a,(.Jl-) and ag‘-’). Suppose that the two
planes are coupled by a nonzero inter-plane order parameter A, as described by the
Hamiltonian in Eq. (5.21). In that case the two gauge field modes are coupled as

well, and the total gauge field action has the form

i
Sla] = T 3 (5 5 — .qfiq_ﬁ) agle My(g) T.(9) ag? (5.36)
2 p q? a((]2)a H_L(Q) H,,(q) a((}2)ﬂ

where ¢ denotes (q, 12,) and iv, is a Matsubara frequency. The propagators II;(g) and
II, (q) are given by the diagrams in Fig. 5-7. Notice that IT, (§) = 0 when A = 0,
because in that case the two planes are uncoupled, and thus the diagram in Fig.
5-7(b) vanishes. The eigenmodes of the action in Eq. (5.36) are the in-phase mode
a{" = (al!) + a{P))/v/2 and the out-of-phase mode a{”) = (a{!) — a{?)/v/2. We will

120



denote the propagators of these two eigenmodes by I1.(q) = I1,(q) £ II_ (g).

In order to decide whether the combined effect of the two gauge field modes is
pair breaking or not, one has to calculate the total free energy of each gauge field
mode, and study whether the free energy increases or not when a gap A, opens
up. This is outside the scope of this paper, and we will instead limit ourselves to
qualitative arguments why it is less costly to have an inter-plane gap A, than to
have an in-plane gap A;. Our qualitative argument is based on the fact that in the
case of inter-plane pairing one of the two gauge field modes remains massless, while
in the case of in-plane pairing both modes become massive. The fact that a certain
mode becomes massive is generally an indication that this mode is pair breaking.

Evaluating the diagrams in Fig. 5-7 in the presence of an inter-plane gap A, (k)

gives

&k (. Oe Oe'\ €€ —w,w! £ AN
Oi(q,iv,) = C+2TZ/ (qx 8k) (q ak) (2 T B (o 1 B (5.37)

where iw,, = (W, — Wy; €,€ = €xagp2; A, A' = A (k£ q/2); and E = Ve + A% The
first term in Eq. (5.37) is a constant given by the first diagram in Fig. 5-7(a), which

is equal to
d2k 326k €k
= .38
ZTZ:/(?/r?@k2 El + w2 (5.38)

For A = 0 this constant C exactly cancels the second term in Eq. (5.37) forq — 0

and i, = 0. Thus the gauge field is massless in the normal state. Note that the
functional form of the in-phase propagator Il (q) is similar to the BCS expression
for the propagator of the electromagnetic gauge field in the presence of a gap [65],
except that the coupling constants are very different. It is very well known that
this propagator becomes massive when a gap opens up, i.e. II(0,0) oc A% which is
responsible for the Meissner effect in BCS superconductors.

The out-of-phase mode ag_), on the other hand, has a propagator II_(q) with a
different coherence factor, proportional to e’ —w,w! —~ AA’. One can easily check that
due to the minus sign in the coherence factor the second term in Eq. (5.37) exactly

cancels the constant C' in Eq. (5.38) in the limit q — 0 and iy, = 0, even when
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A # 0. In other words, the out-of-phase propagator II_(g) remains massless when
an inter-layer gap opens up. The physical reason why the out-of-phase mode a{~
remains massless is related to gauge invariance. Without pairing the Hamiltonian is

invariant under the local gauge transformation

O T (5.39)
T (5.40)
A finite gap A generally breaks this gauge invariance, which implies that the gauge
field mode becomes massive. This is usually refered to as the Higgs mechanism. In
order to see what happens to the out-of-phase gauge field mode afl‘), we only consider
gauge transformations that satisfy <p( ) = —<p(»2) One immediately observes that the
inter-plane order parameter A; = ( f(l) f(z) f(l) f(2)) is invariant under this class
of gauge transformations. The Higgs mechanism does not apply because the gauge
invariance is not broken, and therefore the out-of-phase gauge field mode ag") remains
massless.
For a more detailed analysis of the pair-breaking effects of the gauge field modes
a™ and a{7), one has to study the contribution of the gauge field to the free energy,
given by [10, 55]

Fé;fl)ge = T logIli(q,iv,)
q,vn

- Z/ —[ZnB v) + 1] arctan (E:}Eg:;i:g) : (5.41)

In the normal state the gauge field gives a rather large negative contribution to the free
energy. It has been shown that the free energy from free fermions and bosons is much
too large, and that the negative contribution from the transverse and longitudinal
gauge fluctuations yields a free energy which is in much better agreement with high-
temperature expansions [55].

Let us now ask what happens when a gap opens up in the fermion spectrum. We

can calculate Féﬂge(A) by substituting the propagator II.(q,v,A) into Eq. (5.41).
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Let us first consider Fg(;:)ge(A). For A # 0 a gap appears in Im I, (q,v), elimi-
nating the contribution of modes with » < 2A. For v > 2A, —(ImII, /Re I1,) is
still suppressed compared to its normal state value, causing a significant increase in
F{) .(A). It was shown in Ref. [10] that F{)(A) o< A3 if T > Tgp. This cost in
free energy is so large that it destroys the possibility of fermion pairing for T > Ty,
therby eliminating the spin-gap phase in single-layer cuprates.

The story is quite different for Fg(;l)ge(A). Again a gap appears in Im [I_(q,v),
but for » > 2A the coherence factor in Eq. (5.37) is such that —(Im II_ /ReIl)
is actually enhanced [10], which overwhelms the loss of free energy from frequencies
v < 2A. Considering that Fé;l)ge(A) decreases when a gap opens up, we conclude
that the gauge field mode a,(l“) is pair enhancing. The pair-enhancing nature of ag“)
can also be understood in another way. The fermions on the two planes couple to
the a{~) mode with opposite charge, so that the exchange of an a(~) mode leads to
an attraction, analogous to what happens in the ¢-#-J model [31, 75]. In our case
we expect that the effects of the af]“ and ag‘) gauge fluctuations largely cancel each
other, so that the mean-field treatment of inter-plane pairing may be quite reliable.
As a result it is likely that over a certain temperature range the in-plane gap A (k)

is completely destroyed by gauge field fluctuations, while the inter-plane gap A, (k)

still survives. This region can be identified with the spin-gap phase.

5.6 NMR-relaxation rates

Experiments on YBa;Cu3Og6 show that quantities that probe the spin-degrees of
freedom of the system, such as the NMR-relaxation rate, the echo-decay rate, and
the Knight shift, are strongly reduced below a certain crossover temperature. In
this section we will show that our model can reproduce the unusual temperature
dependence of these quantities. The two main ingredients to obtain our results are
the presence of strong antiferromagnetic correlations, and the opening of a spin gap
A, due to the pairing of fermions on adjacent CuO, planes. We will mainly focus on

the calculation of the NMR-relaxation rate (7T37)~!, whose temperature dependence
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contains information about both the magnitude of the spin gap and the presence of
antiferromagnetic correlations.
The NMR-relaxation rate is directly related to the susceptibility according to the

formula
1

1 . X”h s(q,w)
- = F 1 ZPhysy B 7
o7~ i o T i

” (5.42)

The form factor F(q) depends on the direction of the magnetic field, and whether
one probes the copper sites or the oxygen sites. Following Millis et al. and Monien

et al. [76, 77|, the form factors are given by

3 3
BF(q) = 5 [A; + 2B(cos g,a + cos g,a)]* + 3 [AL + 2B(cos g,a + cos g,a)]”
3
BF(q = 1 [A} + 2B(cos g,a + cos g,a)]’ (5.43)

VF(@) = SCH1+cosgea),

where “63” denotes the *Cu site, and “17” denotes the 7O site. The constants A4,

A, and C are approximately equal to [77]

A, = 084B, (5.44)
C = 1.68B,

and B ~ 40.8 kOe/pp. The main feature of these form factors is that " F(q) vanishes
at q = (m,m), while ®F,(q) has its maximum at q = (m, 7). This implies that the
relaxation rate on the copper sites will be strongly enhanced due to antiferromagnetic
correlations, while this enhancement will not be seen in (1"Ty7T)7!.

In order to find (T1T)~! we will use the RPA approximation to calculate the
susceptibility Xphys(q,w). Within the RPA approximation one can express x5ra in
terms of the bare susceptibility x°(q,w), similar to the expression in Eq. (5.15). The
only difference is that we now have a finite spin gap A (k) coupling the two planes,

which implies that the bare susceptibility x°(q,w) is now a 2 by 2 matrix instead of a

number. Following the derivation of Eq. (5.15), and replacing x° by a 2 by 2 matrix
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x° at each step, we obtain

cos’(1g.d)  sin’(3¢.d)
1+ J+X+ 14 J_X_

Xphys(q) Qz,w) = X+(q’w)’ (5'45)

where
— 0:’: 0
X+ X T X1
Jy = J,£J,.

(5.46)

[For x4+ = x— = x° this reduces to the expression in Eq. (5.15).] The susceptibilities

X+ are determined by evaluating a single fermion bubble, which gives [65, 78]

o d’k 1[, f(E)-f(E)
x+(qw +1i6) = (2m)2 2 [li E—F +w+il
» 1— f(E') - f(E)
* E+F +w+il

J +|w+il > —(w+iD)], (5.47)

where € = €142, € = €x_g/2, and E = /€2 + A2. The coherence factors {1 and p}
are defined by

Bo= 1(1+gaa), (5.48)
o= F(1-<EpA).

In BCS theory one only obtains the “plus” coherence factors {2 and p? [65]. In our
case the “minus” coherence factors /2 and p? are due to the fact that the pairing
is between fermions on different planes, which can be in-phase or out-of-phase with
each other.

We included a finite scattering rate I' in the expression for x1 [78], in order to
remove a logarithmic singularity in x'.(q,w)/w in the limit w — 0. In conventional
superconductors this logarithmic singularity, cut-off by a small scattering rate I’ < T,
is responsible for the Hebel-Slichter peak in (717)~! just below the pairing transition
temperature. For the cuprates it is well-known that there is an anomalously large
scattering rate I', which can be a sizable fraction of the temperature T'. Within our
treatment of the ¢-J model this scattering rate is due to strong gauge-field fluctuations
[35]. The large value of I" implies that the Hebel-Slichter peak will be significantly

smaller in the cuprates than in conventional superconductors.
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Before presenting our numerical results, we will first discuss the value of the gap
A, (k) that enters the calculation of x+(q,w). The gap A, has to be quite large
in order to identify A, with the temperature scale below which (737')~! decreases,
which happen at about 150 K for underdoped YBa;Cu3Og¢. As was discussed in
Secs. 5.3 and 5.4, the inter-plane gap A, (k) is strongly enhanced by the antiferro-
magnetic correlations in underdoped cuprates. Within our RPA treatment we can
only obtain a sufficiently large value for A(k) if the doping is very close to the critical
doping z, ~ 0.08 at which the antiferromagnetic instability occurs. However, experi-
ments show that the antiferromagnetic correlations remain rather strong over a wide
range of doping. Unfortunately the RPA approximation is not powerful enough to
capture this physics. We will therefore in this section use a value of A, that fits the
observed temperature dependence of (T;T) "}, keeping in mind that the antiferromag-
netic correlations are responibie for such a large value of the gap. Although A (k)
is anisotropic around the Fermi surface, this anisotropy does not play an important
role in the calculations below. The reason for this is that the expression for (7,7~}
is dominated by wave vectors q ~ Qar, and the integrand for x4+ (Qar,0) is only
large when k + ;Qar and k — 2Q,r are both on the Fermi surface. This condition is
only satisfied when k+ 1Qar = £1Qur. Thus we can safely put A, = A| (3Qar) in
the calculation of (T1T)~!. Notice that it is important that A, (k) has an (extended)
s-wave symmetry, because A (3Qar) would nearly vanish if A, (k) had a d-wave
symimetry.

We will now discuss the temperature dependence of the gap A, (7). The most
straightforward approximation would be to assume that A, is a mean-field order
parameter with a BCS-like temperature dependence. In that case A, (T) = 0 for
T > Tp, and A, (T') increases with an infinite slope just below T’p, as is shown in the
insert in Fig. 5-8. However, this BCS picture assumes that there is a long coherence
length, so that A, can be interpreted as a long-range order parameter. As was pointed
out by McMillan [79], this is not the appropriate picture if there is a relatively short
coherence length, which is clearly the case for cuprates in the spin-gap phase. If

the coherence length is small the long-range order parameter (A (r)) vanishes, and
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Figure 5-8: The NMR-relaxation rate (T;7)~! on the copper and the oxygen sites
for two values of the scattering rate I'. This calculation uses a BCS-like temper-
ature dependence for the spin-gap A (7). The Hebard-Schlichter peak gets less
pronounced when I increases. For T' > Tp the relaxation rate (63T1”T)_1 rises when
T decreases, while (1"T)T)! remains constant. This rise in (37}T)! is due to
antiferromagnetic correlations. Notice that there is a sharp change in behavior for
T < Tp and T > Tp, which is not observed in experiments.

instead one should identify the gap with the local order parameter (|A (r)|?). Thus
we are not dealing with a true gap, but with a pseudo gap. This implies that there
is not a sharp transition at which the gap disappears, because above the mean-field
transition temperature the local orderparameter (|A,(r)|?) remains nonzero. This
is indicated by the insert in Fig. 5-9, which shows a tail in the pseudo gap A, for
T > T3. For most purposes this tail in A (T) is not very important, because it
will be washed out by thermal fluctuations. However, the tail in A (T) will have a
significant effect on the Hebel-Slichter peak in (737)~!, which will be smeared out
if the gap A (T') is smoothly varying instead of dropping down to zero at T = Tp.
This can explain the absence of a Hebel-Slichter peak for the high-7, cuprates at the
onset of the spin-gap phase.

In Fig. 5-8 we show plots of the NMR-relaxation rate (T17)~! on the copper and

the oxygen sites for various values of the scattering rate I'. This calculation assumes
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Figure 5-9: The NMR-relaxation rate (737')~! on the copper and the oxygen sites,
using a pseudo-gap A | (T') which has a finite tail for T > T3, as is shown in the inset.
The main difference with Fig. 5-8 is that the Hebard-Schlichter peak gets smeared
out over a wider range of temperature. As a result (737)~! varies smoothly as
a function of temperature, which agrees well with measurements on underdoped

YBayCuzOg6.
a BCS-like behavior for the gap A (T'), and Tp is chosen to be equal to 0.1J. For
small values of the scattering rate I' the Hebel-Slichter peak is quite pronounced, but
the size of this peak gets smaller and smaller when I' increases. However, even for a
large value of I" one still observes a drastic change in the behavior of (T37)~! when
T crosses the transition temperature Tp. Also notice that for T > Tp, (83T\T)™!
increases when T' decreases, while (}77yT)~! remains almost constant. The reason
for this difference is that the form factor 3 F(q) is finite at q = (w, 7), while 1" F(q)
vanishes at q = (m, 7) according to Eq. (5.43). Therefore only the copper sites can
take full advantage of the enhancement of x,,.(q,w) for g ~ Qar, which becomes
stronger and stronger at lower temperatures.

In Fig. 5-9 we again show (T,T)~! as a function of temperature, but this time
we assumed that A, (T) has a finite tail for T2 T3, as is shown in the inset. The
main difference between Figs. 5-8 and 5-9 is that the tail in A (T') smears out the

Hebel-Slichter peak. As a result the temperature dependence of (TT')~! in Fig. 5-9 is
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Figure 5-10: The echo-decay rate T, ' as a function of temperature for two values of
the scattering rate I'. The dashed lines assume & BCS-like temperature dependence
of the spin-gap A (T), and the solid lines assume a pseudo-gap behavior. The tail
in the pseudo-gap removes the singular behavior of Tz_1 at T = Tp. Changing the
value of I' does not have a significant effect on the behavior of T; '

smooth over the entire temperature range, which agrees much better with experiments

than the plots in Fig. 5-8. As explained earlier in this section, we think that a tail in

the pseudo gap A (T) is closer to the truth than a BCS-like behavior of A (T').
We now turn to the calculation of the spin echo-decay rate rate Ty *, which has

been measured experimentally by Takigawa [80]. It is given theoretically by [81]

1/2

1

T (Z Xphys (9 0)2) - (5.49)
2 q

In Fig. 5-10 we plot T; ' versus temperature for various values of the scattering
rate I'. Notice that in contrast to Figs. 5-8 and 5-9, introducing a finite I' does not
modify Ty significantly. Comparing the solid lines and the dashed lines we see that
a tail in the pseudo-gap A (T') smears out the singular behavior of T; ! at T = T9.
Notice that for T' > T, the echo-decay rate 7, increases upon lowering 7', which is

due to antiferromagnetic correlations. This resembles the temperature dependence of
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Figure 5-11: The Knight shift as a function of temperature. In this calculation
we used I' = 0. The dashed line assumes a BCS-like temperature dependence of
the spin-gap A (T'), and the solid line assumes a pseudo-gap behavior. The Knight
shift decays exponentially when T'SA | (T).

(83T, T)~* in Fig. 5-9. However, for T < T} the temperature dependences of (T, T)™*
and T, ' are very different, because (737)~! vanishes exponentially for 7' — 0, while
T,! remains finite.

For completeness we show in Fig. 5-11 the temperature dependence of the Knight
shift, which is proportional to Xpnys(q — 0,w = 0). This quantity essentially probes
the density of states around the Fermi surface, and vanishes exponentially when a
spin-gap opens up. We conclude that our calculation of 77!, T3 and Xpnys(0,0)
exhibits spin-gap behavior qualitatively similar to experiments, and that in order to
explain the onset of the spin gap at 150 K~ 0.1J), a spin gap of the order A, ~ 0.2J]

is required.

5.7 Discussion

In this paper we studied a model for two CuO, planes, coupled with a small an-

tiferromagnetic inter-plane interaction J? 3 S,(l) . ng). This model is relevant for
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multi-layered high-T;. cuprates, that have two (or more) CuO; planes in a unit cell.

Using a random-phase approximation we showed that close to half filling the
susceptibility x®FA(q,g,) is strongly peaked at the the nesting vector q ~ Qap,
due to short-ranged antiferromagnetic correlations of the spins in each plane. Our
expression for x®FA(q, ¢,) explains the strong modulations as a function of ¢, that
have been observed in neutron scattering experiments for underdoped cuprates [66].
Within the same RPA analysis we showed that the effective coupling constants Ji(r)
and J¢f(r) are also strongly enhanced by antiferromagnetic correlations. As a result
Jef(r) and J5T(r) can extend over several lattice spacings. Close to the AF instability
Je® and J5T become comparable in strength, because J5(q) is stronger enhanced than
J¢f(q) for q = Qur.

Due to the fact that the inter-plane coupling J¢f(r) is longer ranged, the system
can form Cooper pairs that consist of fermions that are separated by several lattice
spacings, characterized by the order parameter A | (r). We solved the self-consistency
equations for the order parameters A, (r), and found that the inter-plane pairing
is indeed strongly enhanced by the antiferromagnetic correlations. An interesting
aspect is that the gap A, (k) has an extended s-wave symmetry without nodes. A
similar treatment of the in-plane pairing would lead to a gap A (k) with an extended
d-wave symmetry with nodes at four points on the Fermi surface. The gap A, (k) is
enhanced close to the Fermi surface, and is in particular large at the corners of the
Fermi surface. How much can we trust the numbers that come out of this calculation?
First of all the value of the gap is quite sensitive on the exact value of the parameters
of the model. One also has to keep in mind that the RPA approximation is a gross
oversimplification when the system is close to an AF instability. We can however
state that our results are in qualitative agreement with the observed spin gap in
underdoped YBa;Cu3Og6.

We propose that the enhanced inter-plane pairing provides a mechanism for the
observed spin-gap phase in multi-layer cuprates. To support this we argued that
the gauge field, which destroys the in-plane gap A, in a single CuO; plane close
to half filling, is less effective in destroying the inter-plane gap A,. The physical
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argument for this is that the out-of-phase mode a{”) = (a{) — a{?)/v/2 remains
massless when the inter-plane gap A (k) opens up. This implies that the gauge
field mode a{~) is not pair breaking. A more detailed calculation in Ref. [10] of the
free energy of a gauge field indicates that the gauge field mode afl‘) actually favors
pairing, and will partly cancel the pair-breaking effects of the in-phase gauge field
mode a{t) = (a{) + a{?)/v/2. The physical consequence of this is that at low doping
the inter-plane gap A (k) can survive at a higher temperature than the in-plane gap
A, (k). This makes it possible that inter-plane pairing is responsible for the observed
spin-gap phase in multi-layer cuprates.

Our model is able to explain the unusual temperature dependence of several phys-
ical quantities that are related to the spin susceptibility. We calculated the NMR-
relaxation rate (TyT)~!, using a value of the inter-plane gap A, that corresponds
with the observed spin gap in underdoped YBa;CiizOg6. Our numerical result show
that at high temperatures (37,T)~! increases when T decreases, while (*"T1T)~! re-
mains almost constant. Below the pairing transition temperature Tp, (*7:7)! and
(*"TyT)! both decrease rapidly. The Hebel-Slichter peak is reduced by the assump-
tion of a pseudo-gap behavior and the presence of inelastic scattering, presumably
due to gauge field fluctuations. The physical reason why there is a pseudo gap instead
of the usual BCS gap, is because there is a rather short coherence length, so that the
gap should be interpreted as a local order parameter [79], which does not undergo any
sharp transitions.

So far we have ignored any inter-layer hopping of the form ¢ ch,)tcg). From the
analog of Eq. (5.3) it is clear that ignoring ¢, is reasonable provided that zt;, < J,.
If this is violated we expect inter-layer pairing to be suppressed, but we have not
studied this quantitatively. Not enough is known about ¢, and J,, but our guess is
that «t, and J, are comparable. However, even a small ¢, will lead to coherence
between bosons on the two planes immediately below Tgg, so that the fermion pairing
becomes genuine superconducting pairing between electrons on the two layers.

The possibility of inter-plane pairing has interesting consequences for the sym-

metry of the superconducting gap in bi-layer materials. In Fig. 5-12 we show a
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Figure 5-12: A schematic phase diagram for bi-layer cuprates. We predict that the
spin-gap phase is due to inter-layer fermion pairing, enhanced by antiferromagnetic
correlations. Below the superconducting transition (thick solid line) the s-wave
inter-plane pairing and the d wave in-plane pairing coexist. We expect that for
underdoped samples A | (k) dominates over A;(k), giving rise to a nodeless super-

conducting state, indicated by the shaded region. At higher doping the four nodes
of a d-wave superconductor are split into eight nodes.

schematic phase diagram for these materials, in which the thick solid line denotes
the onset of superconductivity. At low temperatures the in-plane d-wave and the
inter-plane s-wave pairing will co-exist, giving rise to a quasi-particle dispersion
Ek) = (e(k)? + A+(k)?)Y?, where Ai(k) = A (k) + Aj(k). If A, is indeed as
large as 150 K, as the experiments seem to indicate, it is likely that for underdoped
materials A; > |A| for all k, which implies that the superconducting gap is nodeless.

This is indicated by the shaded region in Fig. 5-12. As doping is increased, A de-

creases rapidly with the loss of antiferromagnetic correlations, and we crossover to a
superconducting state with nodes. We expect that in fully doped systems the d-wave

order parameter A, dominates, but as long as A, remains finite the four nodes for a

conventional d-wave superconductor will be split into eight nodes.
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Appendix A
Decoupling of S, - S;

We like to discuss a recipe that helps to decide how to decouple the four-fermion term
S; - S; into the different channels [30]. By means of a Hubbard-Stratonovich trans-
formation any four-fermion term f;‘ fi f;‘ f; can be decoupled into either “exchange”
terms of the form f;' fj, “pairing” terms of the form f;f;, or “direct” terms of the
form f]f;. We like to take advantage of the freedom one has in taking combinations
of these three decouplings.

The idea is to write

S;-8; =1vg +Up + Up, (A1)

and to use introduce Hubbard-Stratonovich fields to decouple 9g, ¥p and ¥p into,
respectively, exchange, pairing and direct terms. The way to determine ¥g pp is to
require that decoupling 9¥p + Up into exchange terms will not generate terms already
generated by ¥g. A similar condition is imposed on ¥p + ¥ and vg + Up. These
three conditions can be viewed as self-consistency conditions for the decoupling into
the three terms 9g pp.

To implement the above recipe, we take g pp of the form

3
tp,pp = 3l pp(Fhotsfis)(Fluok s fisr) (A.2)
k=0

(o0* are Pauli matrices and ¢° is the identity matrix). We specify a priori that we
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want to end up with a decomposition that contains exchange terms of the specific
form f} afit+ fi \fj1 and pairing terms of the specific form fi; f;; — fi; fir-

We now have to determine the coefficients c¥ ®,p.p» Such that the conditions of the
recipe above are satisfied. We take the decoupling into exchange terms as an example.
By commuting fermion fields one can write each 95 p p as a sum of squares of exchange

terms:

7 = —%(cO + 4 &) [(Fifn+ S )Gt + fif) —n] - (A3)
(@ = =) [(hfr — BED S~ Fif) -] (A9)
(¢t = ) (o + L+ Fif) —n]  (AS)
(@ =+ =) [(Fhfa ~ P e~ Fhf) — . (A6)

In order that ¥z decouples into exchange terms of the form f} aFit + f,lf, 1, we need
(A.4)-(A.6) to vanish. That implies ¢k, = ¢, (k = 1,2,3). In order that 9p + 9p does
not generate exchange terms already generated by 9g, we need (A.3) to vanish for
o =10p +Op, ie ch+ch=—33_(ch+cb).

Using the same arguments for the decoupling into pairing terms, we find c& = —c%
and ¢% +c% = 3 _,(ck + c&). Finally remark that Eq. (A.1) gives the relationships
¢k +ch+ch =0andcl+ck+ch =1 (for k =1,2,3). Putting everything together,

the coefficients ¢}, p ;, are determined uniquely:

0o _ 3 E _ 3

e = 10 CB T 1
0 — 3 k _ 3

Cp = —16° Cp = 16° (A7)
0o _ Eo_ 1

CD -_— 0, CD —_ _8.

Having found all coefficients cf, 5 ;,, we can now rewrite 95 pp as

b = —3(fhfin + FLHDFfa + £ F) + Bmg,
op = —3(fFNfL = FAFD Bk — Fiufa), (A-8)
ip = -18;-8,.
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For self-consistency we need that ¥g + Up does not generate any direct terms at the

mean-field level. This is equivalent to (S;) = 0.
The last step is to introduce three Hubbard-Stratonovich fields, to decouple ig p p

into quadratic terms. This finally leads to the following decomposition of S, - S;:

3
e T 585 oc [ ] dgdnsudSyidts [T [T dpke™ 2oen 480 (a9)
(

i,5) i k=1
37 .
A = + [|in|2 + A1 = Xu(f], fio) — cc 4+

—A%(firfa — ki) — e (A.10)

+£ | ‘IZ_i kret kg
2 Pi pi(fjo- f]) .
k=1

137



Appendix B

Diagonalization of HW

By going to Fourier space the mean-field version of the Hamiltonian (2.4) can be

written in matrix form:
HMF = 7S i My + IS (INGG (B.1)
k k

(3=, denotes a sum over half of the Brioullin zone and J' = 3/4J). In the above

formula
fr
frran by
Me = ¢ ’ Ck = ) (BZ)
fley br+Q
fik—Q,l
and M and Ny, are the matrices [27]:
—pf — XYeCOsO  —ixppsind —Aaj 0
IXr sin @ —pf + XYk cOs 6 0 Aaj
M; = ,
—Aay 0 My + XYeCOs8  —ixppsind
0 Aay, iXprsin®  pg — X7y cosf

N —pp — 2txyr cos 6 —2itxpr sin b
k =
2itx ey sin 0 — iy + 2txyi cos 6
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(ar = yecOST + i sinT, v, = cosk, + cos ky and @ = cosk, — cosky). All energies
are written in units of J' = 3/4J.
The matrices M and N;, can be diagonalized by means of a Bogoliubov transfor-

mation. This leads to the diagonal Hamiltonian in Eq. (2.8).
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Appendix C

Calculation of pZ,

In this Appendix we evaluate the expression for pZ,(u/2,R) in Eq. (3.33). This
expression is different from the non-interacting density matrix pl,(u/2, R) due to the
constraint 0 < z; < ... < Zyy2—1 < R, which lowers the entropy of the particle.
[Note: we renamed the variables zy_, to z,.] We will approximate the integrals in

Eq. (3.33) by calculating successive integrals of the form

Prns1(Tny1) = / dmnp(llD(wmnTtb)p(l)D(an_xn’Td’)

exp (2(n+1)f¢) wntt de, [n+1

27r(n +1)1y/M V0 V2T nte/M
n+1 n:cn+1)2
- — C.1
X exp [ oy M (m" n+t1 } (G1)

Tn
= Pp(tnss, (n+1)7) X Fo (22 /r/M )

where the correction factor F;, is defined by

Ve dy

Fole)= [~ e T (C.2)

Notice that F,(c) approaches 1 for @ > 1, so that the non-interacting result is
recovered for & > 1. The approximation that we make is that we replace the argument

of the correction factor F, by its average value, i.e. we replace z,.1/(n + 1) by
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R/(N/2), so that the argument of F,(c) becomes (a) = 2R/N/\/7',T/J\-l. After this
replacement F), is independent of the integration variable z,,;, which allows us to
take F,, outside the integrals, and to repeat the integral in Eq. (C.1) successively for
n=1,2,...,N/2—1. This leads to the following approximation for pZ, in Eq. (3.33):

N/2-1
pralu/2.R) = Ao/, B) 11 () (©3)

In the limit N — oo we can obtain an asymptotic expression for pf,, by using the

following approximation for F,(a):

Fl(a) ~ _‘:L % -4y :[ G )]F(a) (C.4)

where in the limit N — oo the constants F and v’ are given by

o dy
F(a) \/2—7r
V(@) = — e (C.5)

2F (a)ﬁ

Substituting Eq. (C.4) into Eq. (C.3), and using that [],(1+ 7'/n) ~ (N/2)"', one

obtains
' LNlo
pri(u/2,R) ~ pip(u/2, R)NY esV1o6F
,YI
~ PlD(“/2 R) ( ) e_c'u/w, (C.6)
T
where ¢’ = -—%log F. The last two factors in Eq. (C.6) have the following physical

interpretation. The exponential exp(—c'u/7,) gives rise to a shift in the band edge
of the density of states, which is equivalent to a shift in the chemical potential. The
factor (u/74)”" is more important, because it modifies the nature of the singularity of
the density of states near the band edge. This is discussed in more detail at the end
of Sec. 3.4. In Fig. C-1 we show a plot of the exponent %' as a function of «, using the

estimate in Eq. (C.5). Notice that for large o the exponent 4’ vanishes exponentially.
g Y
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Figure C-1: The exponent 7' as a function of a = 2R/N//74/M. This exponent
modifies the enhancement of the density of states near the band edge. For o > 1

one approaches the non-interacting limit, and lLience 4’ ~ 0. In this paper we use
a =1, so that 4’ ~ 0.144. This is indicated by the diamond < in the figure.

This is not surprising because this corresponds to the situation in which the boson
has very little time to get from 0 to R in imaginary time u, so that the typical path
will be almost straight. That means that the constraint 0 < z; < ... < Zyj2-1 < R
is essentially irrelevant, and therefore one should recover the non-interacting result,
i.e. v = 0. For our choice of R in Eq. (3.35), « is exactly equal to 1, and in that case

v' and ¢’ are approximately
N~ 0.144;
C.7
¢ ~ 0.086. (e

This particular value of 4’ is indicated by the diamond in Fig. C-1.

142



Bibliography

[1] J.G. Bednorz and K.A. Miiller, Z. Phys. B 64, 189 (1986).
[2] K.A. Miiller, Physica C 185-189, 3 (1991).
3] S.S.P. Parkin et al, Phys. Rev. B 38, 6531 (1988).
[4] A. Schilling, M. Cantoni, J.D. Guo, H.R. Ott, Nature 363, 56 (1993).
[5] B. Keimer et al., Phys. Rev. B 46, 14034 (1992).
[6] C.L. Kane, P.A. Lee, and N. Read, Phys. Rev. B 39, 6880 (1989).
[7] M.U. Ubbens and P.A. Lee, Phys. Rev. B 46, 8434 (1992).
[8] M.U. Ubbens, P.A. Lee, and N. Nagaosa, Phys. Rev. B 48, 13762 (1993).
[9] M.U. Ubbens and P.A. Lee, submitted to Phys. Rev. B (1993).
[10] M.U. Ubbens and P.A. Lee, to appear in Phys. Rev. B (1994).
[11] M.U. Ubbens and P.A. Lee, submitted to Phys. Rev. Lett. (1993).
[12] M.U. Ubbens and P.A. Lee, M.I.T. preprint (1993).
[13] P.W. Anderson, Science 235, 1196 (1987).
[14] G. Baskaran, Z. Zou, P.W. Anderson, Solid State Commun. 63, 973 (1987).
[15] A.E. Ruckenstein, P.J. Hirschfeld, J. Appel, Phys. Rev. B 36, 857 (1987).

[16] G. Kotliar, Phys. Rev. B 37, 3664 (1988).

143



[17] G. Kotliar, J. Liu, Phys. Rev. B 38, 5142 (1988).

(18] I. Affleck, J.B. Marston, Phys. Rev. B 37, 3774 (1988).

[19] J.B. Marston, I. Affleck, Phys. Rev. B 39, 11538 (1989).

[20] 1. Affleck, Z. Zou, T. Hsu, P.W. Anderson, Phys. Rev. B 38, 745 (1988).
[21] J. Ye, S. Sachdev, Phys. Rev. B 44, 10173 (1991).

[22] T. Dombre, G. Kotliar, Phys. Rev. B 39, 855 (1989).

[23] L.B. Ioffe, A.L. Larkin, Phys. Rev. B 39, 8988 (1989).

[24] P. Lederer, D. Poiblanc, T.M. Rice, Phys. Rev. Lett. 63, 1519 (1989).
[25] P.W. Anderson, Phys. Scr. T27, 60 (1989).

(26] P.B. Wiegmann, Phys. Scr. T27, 160 (1989).

[27] F.C. Zhang, Phys. Rev. Lett. 64, 974 (1990).

(28] G.J. Chen, R. Joynt, F.C. Zhang, C. Gros, Phys. Rev. B 42, 2662 (1990).
[29] G.J. Chen, R. Joynt, F.C. Zhang, J. Phys.: Cond. Mat. 3, 5213 (1991).

[30] J.W. Negele, H. Orland, Quantum Many-Particle Systems, p. 335 (Addison-
Wesley, 1988).

[31] P.A. Lee, Phys. Rev. Lett. 63, 680 (1989).

[32] M. Grilli and G. Kotliar, Phys. Rev. Lett. 63, 1170 (1990).
[33] N. Nagaosa, P.A. Lee, Phys. Rev. Lett. 64, 2450 (1990).
[34] N. Nagaosa and P.A. Lee, Phys. Rev. B 45, 966 (1992).
[35] P.A. Lee and N. Nagaosa, Phys. Rev. B 46, 5621 (1992).

[36] N. Nagaosa and P.A. Lee, Phys. Rev. B 43, 1233 (1991).

144



[37] L.B. Ioffe and G. Kotliar, Phys. Rev. B 42, 10348 (1990).

[38] M. Reizer, Phys. Rev. B 39, 1602 (1989).

[39] L.B. Ioffe and V. Kalmeyer, Phys. Rev. B 44, 750 (1991).

[40] K. Kuboki, J. Phys. Soc. Jpn. 62, 420 (1993).

[41] J.M. Wheatley and T.M. Hong, Phys. Rev. B 43, 6288 (1991).

[42] J.M. Wheatley, Phys. Rev. Lett. 67, 1181 (1991).

[43] J.M. Wheatley and A.J. Schofield, Int. J. of Mod. Phys. 6, 665 (1992).

[44] R.P. Feynman, Statistical Mechanics (Addison Wesley, Redwood City, CA, 1972),
Chap. 3.

[45] B.L. Altshuler and L.B. Ioife, Phys. Rev. Lett. 69, 2979 (1992).
[46] D.S. Fisher and P.C. Hohenberg, Phys. Rev. B 37, 4936 (1988).

[47] V.N. Popov, Theor. Math. Phys. 11, 565 (1972), Functional Integrals in Quantum
Field Theory and Statistical Physics (Reidel, Dordrecht, 1983), Chap. 6.

(48] D.A. Bonn et al, Phys. Rev. B 47, 11314 (1993).
[49] Z.-X. Shen et al, Phys. Rev. Lett. 70, 1553 (1993).
[50] T.R. Thurston et al, Phys. Rev. 46, 9128 (1992).

[51] S.E. Barrett et al, Phys. Rev. Lett. 66, 108 (1991); N. Bulut and D.J. Scalapino,
Phys. Rev. Lett. 68, 706 (1992).

[52] W. Hardy et al, PhysRev. Lett. 70, 3999 (1993).
[53] D.A. Wollman et al, Illinois preprint.
[54] G. Baskaran and P.W. Anderson, Phys. Rev. B 37, 580 (1988); G. Baskaran,

Phys. Scr. T 27, 53 (1989).

145



[55] R. Hlubina, W.O. Putikka, T.M. Rice, and D.V. Khveshchenko, Phys. Rev. B
46, 11224 (1992).

[56] S.E. Barnes, J. Phys. F 6, 1375 (1976).

[57] P. Coleman, Phys Rev. B 29, 3035 (1984).

[58] S. Sachdev, Phys. Rev. B 45, 389 (1992).

[59] A.J. Millis and H. Monien, Phys. Rev. Lett. 70, 2810 (1993); E 71, 210 (1993).
[60] T. Holstein, R. Norton, and P. Pincus, Phys. Rev. B 8, 2649 (1973).

[61] B.I. Halperin, T.C. Lubensky, and S.-k. Ma, Phys. Rev. Lett. 32, 292 (1974).
[62] D.C. Mattis and J. Bardeen, Phys. Rev. 111, 412 (1958).

[63] P.B. Miller, Phys. Rev. 118, 928 {1960).

[64] A.A. Abrikosov and L.P. Gorkov, Soviet Phys. JETP 35, 1090 (1959).

[65] For a derivation see for instance J.R. Schrieffer, Theory of superconductivity,

(Addison-Wesley, Menlo Park, CA, 1964), section 8-4.
[66] J.M. Tranquada et al., Phys. Rev. B 46, 5561 (1992).
[67] B.J. Sternlieb it et al., Phys. Rev. B 47, 5320 (1993).
[68] S. Shamoto et al., Phys. Rev. B (in press).
[69] B.L. Altshuler and L.B. Ioffe, Solid State Commun. 82, 253 (1992).
[70] H. Fukuyama, Prog. Theor. Phys. Suppl. 108, 287 (1992).
[71] J.M. Tranquada et al., Phys. Rev. B 40, 4503 (1989).

[72] T. Tanamoto, H. Kohno, and H. Fukuyama, J. Phys. Soc. Jpn. 61, 1886 (1992);
J. Phys. Soc. Jpn. 62, 717 (1993).

[73] A.J. Millis, Phys. Rev. B 45, 13047 (1992).

146



[74] We are grateful to N. Bonesteel for a discussion on this point.

[75] P.B. Wiegmann, Phys. Rev. Lett. 60, 821 (1988); Physica (Amsterdam) 153-
155C, 103 (1988); X.G. Wen, Phys. Rev. B 39, 7223 (1989).

[76] A.J. Millis, H. Monien, and D. Pines, Phys. Rev. B 42, 167 (1990).
[77] H. Monien, D. Pines, and M. Takigawa, Phys. Rev. B 43, 258 (1991).
[78] J.P. Lu, Phys. Rev. Lett. 68, 125 (1992).

[79] W.L. McMillan, Phys. Rev. B 16, 643 (1977).

[80] M. Takigawa, to appear in Phys. Rev. B.

[81] A. Sokol and D. Pines, Phys. Rev. Lett. 71, 2813 (1993).

147



