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Abstract

A one-dimensional spin model, recently introduced and solved exactly,
is studied. The solution, showing the appearance of a first-order quan-
tum phase transition, is explicitly carried out and verified. Moreover,
new results are found by generalizing the model to include anisotropy,
thereby giving additional phases with both first-order and continuous
quantum phase transitions. These transitions are shown to coincide at
the critical point of the original model, thus explaining its behaviour.
The one-dimensional quantum compass model is shown to be a special
case of this generalized model, and is described by a spin liquid with a
quantum Ising type of behaviour. The entanglement present in the gen-
eralized model is also calculated, showing the absence of concurrence,
but large localizable entanglement, for spins that are not nearest neigh-
bours. The block entropy is shown to be fully equivalent to that of the
corresponding quantum Ising model.
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Chapter 1

Introduction

This thesis will focus on a one-dimensional spin model recently intro-
duced by Brzezicki, Dziarmaga and Ole$ [1], with emphasis on the quan-
tum phase transition it exhibits. The study of quantum phase transi-
tions, where the ground state changes in some fundamental way as a
parameter is varied [2], and in particular their relation to the concept
of quantum entanglement, i.e. completely non-classical correlations be-
tween different parts of a system [3], have attracted much attention.
New phases of matter, often with exotic behaviour, have been found in
many systems, and in the search for new tools to describe the transitions
between them, entanglement is seen as a promising alternative [4]. It
not only captures the correlations that inherently show up near phase
transitions, but is also recognized as a valuable resource that enables
new technologies such as quantum computing and quantum communi-
cation [5]. In the search for systems that can serve as building blocks
in possible quantum computers, recent results [6] have shown that a
spin model, the two-dimensional quantum compass model, which can
be realized as an array of superconducting Josephson junctions, has
properties making it suitable as a noise-protected qubit. This model,
which has not been solved exactly, shows a first-order quantum phase
transition, with discontinuous correlation functions [7]. As the model
has been suspected to exhibit effective dimensionality reduction into
one-dimensional spin chains [8], it has been found necessary to better
understand the nature of first-order quantum phase transitions in one-
dimensional spin models. The model we shall study was designed to
show how such transitions can occur.

The thesis is organized as follows. In this introductory chapter, ba-
sic theory of quantum phase transitions and entanglement is reviewed.
Chap. 2 introduces the two-dimensional quantum compass model, stud-
ied in the context of protected qubits. In Chap. 3, the one-dimensional
“XX-ZZ” model, introduced and solved by Brzezicki et al., is investi-



gated. The solution of the model, by mapping onto the exactly solvable
quantum Ising model in different subspaces and proceeding with a se-
ries of transformations, is explicitly carried out. In Chap. 4 new results
are presented by generalizing the XX-ZZ model to include different cou-
pling constants of the spin z and z components, showing the emergence
of new phases and phase transitions. By this generalization, the na-
ture of the quantum phase transition in the XX-ZZ model is elucidated.
Chap. 5 treats the one-dimensional quantum compass model, shown to
be a special case of the generalized XX-ZZ model, and therefore its so-
lution is easily accessible. The entanglement in the generalized XX-
77 model is calculated in Chap. 6. Finally, the concluding remarks in
Chap. 7 summarize this thesis.

1.1 Quantum Phase Transitions

A quantum phase transition, as opposed to a classical phase transition,
takes place at the absolute zero of temperature [9],[2]. This means that
the quantum ground state of the system changes in some fundamen-
tal way as we cross the phase boundary by varying not the tempera-
ture, but some parameter in the Hamiltonian. Note that classical phase
transitions are driven only by thermal fluctuations, therefore they can-
not occur at zero temperature since the classical system then freezes
into a fluctuationless ground state. Quantum systems however do have
fluctuations due to the Heisenberg uncertainty principle even in the
ground state. These purely quantum fluctuations can then drive phase
transitions at zero temperature. Quantum phase transitions, QPTs, are
therefore qualitatively different, and their critical behaviour must be
treated quantum mechanically.

As an example, let us consider a lattice Hamiltonian H(g) that de-
pends on a dimensionless coupling constant g, and where g only couples
to a conserved quantity. This means that the Hamiltonian can be writ-
ten as H(g) = Ho + gH1, where Hy and H; commute, and therefore H
and H; can be simultaneously diagonalized so that the eigenfunctions
will be independent of ¢ although the eigenvalues will depend on g. We
can then have a level crossing at a point ¢ = g. where an excited level
becomes the ground state, and this will create a non-analyticity of the
ground state energy as a function of g. We may also have an avoided
level crossing, where the levels do not actually cross in a finite lattice
but where the ground state energy at this point becomes non-analytic in
the infinite lattice limit, called the thermodynamic limit. For a general
Hamiltonian, a quantum phase transition can be identified as a point of
non-analyticity in the ground state energy of the infinite lattice system.
In analogy with classical phase transitions we may define a quantum



phase transition having a discontinuous first derivative of the ground
state energy as being “first-order”. If the first derivative of the ground
state energy is continuous but higher order derivatives are discontinu-
ous, the QPT is called “continuous”.

In contrast to the quantum phase transitions at zero temperature,
all non-zero temperature continuous phase transitions are to be con-
sidered as classical. At a continuous phase transition the correlation
time diverges, meaning that the coherent fluctuations in the order pa-
rameter become increasingly slower. Therefore the frequency associated
with the critical fluctuations vanishes at the transition. Since a quan-
tum system behaves classically if the temperature is much larger than
all frequencies of the the system, we conclude that at non-zero tem-
peratures the critical fluctuations will behave classically. This is true
even in such highly quantum mechanical systems as superconductors
and superfluid helium, because it is only the mere existence of the order
parameter that is due to quantum mechanics. At long wavelengths the
order parameter is governed by classical thermal fluctuations, which
therefore govern the critical behaviour, for example by doing classical
statistical mechanics with the Ginzburg-Landau free energy functional.

To see what happens when the temperature T goes to zero, we focus
our attention on the partition function Z

Z(B) =tre PH, (1.1)

where H is the Hamiltonian of the system, and § = 1/kgT. All other
thermodynamic quantities can be obtained from Z. We now notice that

the operator e~ # is equivalent to the time evolution operator e~ /%
if we identify the time interval ¢ with the imaginary value ¢t = —ih3. So
when we write the partition function as

Z(B) = _ (nle”"n), (1.2)

n

where n runs over a complete set of states, we see that Z is the sum
of imaginary-time transition amplitudes for the system to return to the
same state after imaginary time ¢ = —ih3. So calculating the thermody-
namics of a quantum system is the same as calculating the dynamics in
imaginary time. This is very different from the case in classical statis-
tical mechanics, where the dynamics and thermodynamics of a system
always can be treated separately, i.e. where the position and momentum
sums in the partition function are totally independent. In the quantum
case position and momentum do not commute, and therefore we will not
be able to separate dynamics and thermodynamics, making the situa-
tion more elaborate.
Taking things one step further, we may write

efﬂH — (6757'H/FL)N7 (13)
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where 47 is an imaginary time interval that is small on the relevant
time scales, and N is a large integer such that Nér = h3. Then we can
insert a complete set of states between every factor in the expression for
Z in Eq. (1.2), which gives

2B = > (nle " Mmy)x

n. mi,ma,..,my

< (m|e 0T M ma) (ma| -+ [m) (mu|e 077/ n) . (1.4)

This expression for the quantum partition function has the same form
as a classical partition function expressed in terms of a transfer matrix
T, if we identify T with e %77/ The imaginary time dimension of the
quantum system may therefore be treated as an additional spacial di-
mension of a classical system. So if we have a d-dimensional quantum
system, it will have a partition function that looks like a classical parti-
tion function for a classical system in d + 1 dimensions. This extra spa-
cial dimension will however be finite in extent, its size limited to /S in
units of time. But when 7" — 0 the size of the additional spacial dimen-
sion diverges and the dual classical system gets fully d + 1-dimensional.
We may thus conclude that a quantum system in d dimensions at zero
temperature is closely connected to a classical system in d + 1 dimen-
sions (note however that this does not imply that the quantum system
behaves classically, since one of the d+1 spacial dimensions corresponds
to time in the quantum system). We may therefore expect to be able to
describe quantum phase transitions using the same tools as for classical
phase transitions. In particular, since diverging correlation lengths are
a generic feature of classical continuous phase transitions, this implies
diverging correlation length £ and correlation time £, at the continuous
QPT, since both are effective correlation lengths in a dual classical sys-
tem. We also expect that as the system approaches the quantum critical
point by letting the parameter ¢ move towards g., they will diverge ac-
cording to some critical exponents

E~lg—g™", (1.5)
fT ~ €Z ’ (16)

where v is the correlation length exponent and z is the dynamical-
scaling exponent. The characteristic energy scale A, given by the en-
ergy gap to the lowest excitation above the ground state, then vanishes
as

A~ g —gel™ (1.7)

when g — g..
We now shortly remark on the effect of a non-zero temperature. Af-
ter all, this is always the case when doing a physical experiment. Since
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the size L. of the extra spacial dimension is given by /3, this means that
as the temperature is increased, L, decreases. As long as g is far enough
away from the critical point g. for the correlation time &, to be smaller
than L., the non-zero temperature does not affect the behaviour of the
system. That is, the system is quantum mechanical since the character-
istic fluctuations obey 7w > kT at low temperatures. But when g — g,
we will eventually have &, > hf3, and the system will then effectively be
a d-dimensional classical system rather than a d+1-dimensional system,
and the transition may therefore be of a different universality class than
at T' = 0. The formal theory of the effect of reduced dimensionality near
critical points is known as “finite-size scaling”. Close to the quantum
critical point g = g. at T' = 0, the transition from the 7" = 0 behaviour to
the T' # 0 behaviour is controlled by the physics at the quantum critical
point [2]. That is, when the temperature is larger than the energy gap,
T > A, the system will be excited, and the physics is governed by the
thermal excitations of the quantum critical point. Quantum and ther-
mal effects will here play an equal role, so that the system will not be
classical, but described by a continuum quantum field theory. This re-
gion above the quantum critical point is known as “quantum critical”,
cf. Fig. (1.1), and has many unusual features that are accessible to
experiments.

\ 7
\ 7
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Figure 1.1: Typical phase diagram of a system near a quantum critical
point at g = g. and T = 0. The quantum critical region is bounded below
by the energy gap A, Eq. (1.7), and its properties are universal. There
is also another class of systems where the quantum critical point at the
same time is the end point of a classical phase boundary.

Let us conclude by giving some examples of systems exhibiting quan-
tum phase transitions. The insulators CsCoBr3 and CsCoCls behave as
one-dimensional Ising magnets, and when placed in a magnetic field
they are described by the one-dimensional quantum Ising model. This



model (which we will come across later on) has a continuos QPT at a
critical value of the magnetic field strength. The heavy fermion material
CeCug_,Au, shows a continuous QPT at a critical value of the doping =,
where the material goes from being magnetically ordered to magneti-
cally disordered. Quantum Hall systems, i.e. two-dimensional electron
systems in transverse magnetic fields, show a rich phase diagram with
a number of QPTs. First-order QPTs are found in the itinerant-electron
magnets MnSi and UGey, at a critical pressure, where the exponent de-
scribing the temperature dependence of the electrical resistivity, and
the magnetization, respectively, are discontinuous [10].

1.2 Entanglement

As we have seen, both classical and quantum continuous phase transi-
tions show diverging correlation lengths. However, quantum systems
have additional correlations that have no classical analogues, namely
the correlations between presently noninteracting particles that have
interacted in the past, as appearing in the famous EPR effect. These cor-
relations come from the phenomenon of entanglement, a very counter-
intuitive part of quantum mechanics that contradicts locality, one of the
cornerstones of classical physics [3],[11],[12],[13]. It is now recognized
that these non-local correlations, shown to be a physical reality, are
a precious resource, enabling quantum computing and quantum com-
munication [5]. Entanglement also seems to be a fundamental feature
of quantum phase transitions in many-body systems [14], which have
given rise to intense research on the borderline between condensed mat-
ter physics and quantum information during the last years. Since the
ground state of a many-body system typically consists of a superposi-
tion of a huge number of product states, understanding this structure is
equivalent to understanding how different subsystems are interrelated,
i.e. entangled [15]. The long-range correlations that appear near a con-
tinuous QPT must be due to long-range entanglement in the ground
state of the system, since an unentangled state always has vanishing
correlation functions [16]. We may therefore expect entanglement to
characterize the QPT. Actually, it has been shown that quantum phase
transitions in a wide class of systems are signaled by the behaviour
of the entanglement near the critical point [17]. There has even been
hopes that entanglement may provide a unified framework for the un-
derstanding of complex quantum systems, since a large number of seem-
ingly different quantum states turn out to be equivalent regarding their
entanglement content [4]. Then one could possibly develop universal
principles governing the behaviour of entangled states, just as the laws
of thermodynamics govern the behaviour of the energy, independent of



the particular physical representation.

In order to quantify the entanglement of a system, let us start with
the basic building block in quantum information, the qubit, being a
state vector in a two-dimensional Hilbert space. Letting |0) and |1) be
the orthogonal basis of this Hilbert space, the qubit can be in any com-
plex linear combination of these two basis states,

V) = a|0) + 311), (1.8)

where |a|? + |3 = 1. By writing a = cos(/2) and 8 = €"sin(6/2),
where 0 € [0, 7] and ¢ € [0,27), we see that the single qubit can be rep-
resented as a vector on a sphere, called the “Bloch sphere”. One of the
most obvious ways to physically realize a qubit is as the spin of a spin-
1/2 particle, and this is indeed what we will do in subsequent chapters.
However, as we also shall see, an entire many-body system may also
serve as a qubit.

Now, let us consider composite systems, i.e. systems made up of
many components, e.g. several qubits. A general composite system
is said to be in an entangled state if it cannot be written as a tensor
product of states of its components. That is, it cannot be written as
|¥) = |¢1) |p2) - - |¢n), Where |¢;) is the single-component state of part
i (we will use the notation [¢;) [¢;) = [¢i) ® |¢;)). There will then be
correlations between the subsystems, since a measurement on one sub-
system will affect measurements on the others, and these correlations
are seen to be purely quantum mechanical.

The state |¥) = (1/v/2) (|0)]0)+|1)|1)) is an example of an en-
tangled state, since it cannot be written as a tensor product of single-
qubit states. In fact, it is maximally entangled, since the outcome of a
measurement on one of the qubits completely determines the outcome
of a subsequent measurement on the other. The state is one of the four
maximally entangled two-qubit states, the “Bell states”

[0) = (1/v2) (100) + [11)),
[T2) = (1/v2) (J01) + |10)),
Ts) = (1/v2) (100) - [11)), (1.9)
[Ts) = (1/v2)(J01) — |10)),

where we use the notation |11) = | 1) |1). When we quantify the amount
of entanglement in a general system the minimum value will correspond
to an unentangled state, and the maximum value to some (generalized)
Bell state.

The amount of entanglement is generally difficult to define, but in
the case of a bipartite system, i.e. a system consisting of only two com-
ponents, it turns out to be fairly easy. Consider first a pure bipartite



state | V), i.e. the density operator is given by p;; = |¥)(¥|. The reduced
density operators of the subsystems i and j are given by p; = tr;(p;;)
and p; = tr;(p;;) respectively, where tr,, is the partial trace over subsys-
tem « = i,j [5]. For a pure bipartite state |¥) it turns out that there
is only one unique entanglement measure, namely the von Neumann
entropy, S, given by [11]

S(\P) = _tr(pa 10g2 pa) = - Z )\n 10g2 )\n s (110)

where « is either i or j, p, is the reduced density matrix of subsystem «,
and )\, is the nth eigenvalue of p,. We see that the amount of entangle-
ment in the system is completely determined by the eigenvalues of any
of the two subsystems.

Next we consider mixed bipartite states. As subsystems of a many-
body system generally are in a mixed state, these are of particular im-
portance. Things are now a bit more complicated though, as there is no
unique entanglement measure for mixed states. We will consider some
of the more common ones. The first one is the entanglement of forma-
tion. A pair of quantum systems in a mixed state will have a density
matrix p;; that can be decomposed in an infinite number of ways into
ensembles of pure states |V,,) with probabilities p,, so that

Pij = Z P [V ) (Wa] - (1.11)

The entanglement of formation Er(p;;) of the mixed state p;; is then
defined as the average entanglement of the pure states of its decompos-
tion, minimized over all possible decompositions [11],[13]

Ep(pij) =min Y pp S(¥,), (1.12)

where S(¥,,) is the von Neumann entropy of the pure state |¥,,). The
physical idea behind this entanglement measure is that it quantifies the
amount of entanglement needed to create the mixed state p;;, without
transferring quantum states [13].

For a system p;; of two qubits the entanglement of formation can be
expressed as a function of a quantity called the concurrence, C(p;;),
according to [18]

1 1 — C%(pij
EF(Pij):h< - 2C (’”)> , (1.13)

where the function A, called the “binary entropy function” is given by

h(z) = —xlogyx — (1 —z)logy(1 — z). (1.14)
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As Er(C(pi;)) is monotonically increasing from 0 to 1 as C(p;;) goes
from 0 to 1, we may just as well use the concurrence as entanglement
measure. For a pure state |V) of two qubits, the concurrence is defined
as [19] .

C(V) = (T|w)], (1.15)

where the tilde denotes the flipped state |¥) = (0¥ @ ¢¥) |¥*), where |¥*)
is the complex conjugate of |) when expressed in a given basis. o de-
notes the Pauli matrices. In a spin system the flipped state of course
corresponds to the time-reversed state. So we see that for a pure state
the concurrence measures the overlap between the states before and af-
ter the qubits have been flipped. For a product state there is of course no
overlap, so the concurrence will be 0, and for the Bell states in Eq. (1.9)
there is total overlap, so the concurrence will be 1. For a general state
of two qubits we have to consider the density matrix p;; and the flipped
density matrix

pij = (0 @ a¥) pi; (0¥ @ 0¥), (1.16)

where p;; is the complex conjugate of p;; in a given basis. The concur-
rence C(p;;) is then given by [11],[18]

C(pij) =max{0, A\ —Ada— A3 — A\a }, (1.17)

where Ay > Xy > A3 > )\ are the non-negative real eigenvalues of the
Hermitian matrix

R= w/pij,aij«/pij . (118)

Equivalently, the ;s are the square roots of the eigenvalues of the non-
Hermitian matrix p;;p;;.

It has been shown for a quite general class of systems that the con-
currence, and therefore also the entanglement of formation, has a strong
connection to quantum phase transitions [17]. For these systems, a dis-
continuity in the concurrence is both necessary and sufficient to signal
a first-order QPT. Similarly, a discontinuity or divergence in the first
derivative of the concurrence is both necessary and sufficient to signal
a continuous QPT.

Another set of entanglement measures arises when quantifying the
amount of entanglement that can be localized to a pair of qubits by
doing measurements on the rest of the system. The localizable entan-
glement, £ (p;;), is defined as the maximal amount of entanglement
that can be localized in this pair by doing local measurements, where
the measurement basis only consists of single site states, on the rest of
the system [20]. In contrast, the entanglement of assistance, A(p;;),
is similarly defined except that we now allow global measurements,
where the measurement basis may also consist of states composed of
many single site states, on the rest of the system [20]. Therefore the
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entanglement of assistance provides an upper bound for the localizable
entanglement. Both can formally be written as [20],[21]

E(pij) = mgxzpn S(¥,), (1.19)

where Q = {p,,|V,)} are the pure state ensembles of the pair specified
by each measurement basis, and p,, denotes the probability that the pair
will be in state |V,,) after performing measurements on the rest of the
system. In analogy with Eq. (1.19) the concurrence of assistance is
defined as [22]
Calpij) = mngpn c(¥v,), (1.20)
n

where C(V,,) is given by Eq. (1.15). Given the square root X of the
reduced density matrix p;;, such that p;; = XX, the concurrence of
assistance is equal to [20]

Calpij) =tr(| XT (0¥ @ a¥)X |). (1.21)

Since for a pure state all entanglement measures are essentially equiv-
alent, we may as well measure the localizable entanglement by the con-
currence according to Eq. (1.20), and then it will be easy to at least give
lower and upper bounds to the localizable entanglement. There exists a
theorem stating that it always exists measurements of the other qubits
such that the classical correlations Q%’ﬂ = <a?af ) — (o8) (af ), where
a,B = z,v,z, do not decrease on average [20]. Then it follows that a
lower bound to the localizable entanglement is provided by the maximal
correlation function, and an upper bound is given by the entanglement
of assistance [20]

max(|Q”1) < Br(piy) < Calpi) (1.22)

provided that E7(p;;) is measured in concurrence in the same way as
the concurrence of assistance in Eq. (1.20).

We finally consider the entanglement between an entire block of
qubits and the rest of the system. Let us restrict ourselves to a one-
dimensional system. When the entire system is in its ground state |V,),
the block and the rest of the system constitute a pure bipartite system.
Therefore we measure the entanglement between the two subsystems
as the von Neumann entropy, which we now call the block entropy,
S1, being a function of the number of qubits in the block, L. The inter-
esting thing is that the block entropy as a function of L obeys a univer-
sal scaling law close to a continuous quantum phase transition. More
precisely, at criticality S;, diverges as [15],[23]

Sp = glogQ L+A when L — oo, (1.23)

10



where c is the “central charge” of the underlying conformal field theory
that describes the universal properties of the continuous QPT, and Ais a
non-universal constant. For the universality class of the Ising model we
have that ¢ = 1/2, whereas for the universality class of the Heisenberg
model ¢ = 1. Away from the critical point S; will saturate to a finite
value as L — oc.
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Chapter 2

The Two-Dimensional
Quantum Compass Model

The two-dimensional spin-1/2 quantum compass model, defined on a
square nxn lattice, is given by the Hamiltonian

— xr xr z z
H = _Jm E O—i,jo—i,j-‘y-l — JZ E Ui,j0i+1,j 5 (2.1)
2 2%

with periodic boundary conditions. We see that the first term couples
the z components of adjacent spins in the same row of the lattice, while
the second term couples the z components of adjacent spins in the same
column.

This spin model has not been solved exactly, and its properties still
remain mostly unclear. It was introduced in 1982 by Kugel and Khom-
skii [24] as a simple model of orbital interactions in Mott insulating
transition metal compounds. When modelling these types of systems
the spin operators o in Eq. (2.1) are actually pseudospin operators T,
describing orbital occupation so that e.g. the dg.»_,> and d,_, orbitals
corresponds to states where the eigenvalues of 7% are 1/2 and -1/2, re-
spectively [25].

The two-dimensional quantum compass model can also be physically
implemented by a superconducting Josephson junction array [6]. For a
Josephson junction array implementation of a spin-1/2 system the ba-
sic building block that is to operate as the “spin” at each lattice point
can be realized as a loop of Josephson junctions, i.e. junctions that the
Cooper pairs can only tunnel through, where the loop is penetrated by a
magnetic flux ®y/2. If the loop consists of, say, four junctions, the phase
differences between the superconducting condensates must be an odd
multiple of +7/4 across each junction in the loop, for the gauge invari-
ant phase difference (i.e. including a phase difference = coming from
the magnetic flux) across the entire loop to be an integer multiple of 2.
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This will then give two (nearly) degenerate ground states of this loop,
where the phase difference between two opposite sides of the loop is ei-
ther 7/2 or —x /2, that are the representations of “spin up” and “spin
down”. For an isolated loop these states will only be close to degenerate
due to transitions between them that lift the degeneracy.

Recently the two-dimensional quantum compass model has been pro-
posed as a realistic model to create protected qubits, i.e. qubits pro-
tected from external noise [6]. In order to protect a qubit from outside
noise the two lowest states |0) and |1) need to be separated from the
higher states by an energy gap, but they also must be degenerate. If
there were an energy difference between |0) and |1) it would clearly be
affected by fluctuations in the physical quantity that determines the en-
ergy scale. Stable degeneracies are mostly due to some symmetries of
the system. So when using a lattice system to implement a qubit, it is
necessary that these symmetries remain even if some parts of the sys-
tem are perturbed by noise.

In general, states are degenerate if there are symmetry operators
that commute with the Hamiltonian but not with each other. To see
this, suppose that we have two symmetry operators A and B, and that
the state |0) is a simultaneous eigenstate of A and the Hamiltonian H,
with A|0) = a|0). Then the state |1) = B|0) will be degenerate with |0),
since H|1) = HB|0) = BH|0). We also get

[A, B]|0) = AB|0) — BA|0) = AB|0) — aB|0) = (A —a)|1).  (2.2)

This applies to all eigenstates of A. Thus if [4, B] # 0, the states |0) and
|1) are not equivalent, i.e. we cannot write |1) o |0), and therefore each
eigenstate of H is degenerate.

Local noise introduces terms in the Hamiltonian that might not com-
mute with some symmetry operators. So in order to preserve the de-
generacy we need two non-commuting sets, {P;} and {Q;}, of symme-
try operators, so that if the noise fields only affect one P; and one Q);
each, the degeneracy will only be broken if all noise fields act simul-
taneously. Also, the symmetry operators should of course not result in
higher than twofold degeneracy for the system to be a qubit. It turns
out that the two-dimensional quantum compass model has these prop-
erties, as shown by Doucot et al. [6].

The Hamiltonian in Eq. (2.1) has two sets, { P;} and {Q;}, of symme-
try operators, where

p=]]e, (2.3)
J

Q; = Ha;fj . (2.4)
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We see that P, flips all  spin components in the ith row, and that @, flips
all z spin components in the jth column. These Hermitian operators are
clearly seen to commute with the Hamiltonian, [P;, H] = 0 and [Q;, H] =
0 for all i. We also have that

PLP] = 0 Vij, 2.5)
(PQ;} = 0 Vij. (@.7)

Note that P; and Q; anticommute with each other. These conditions
are sufficient for each state to be doubly, and only doubly, degener-
ate (with the exception of possible accidental degeneracies, of course).
We now prove this claim. Noting that [Q;, P,P,] = 0, Vi,m,n, we
see that the operators H, {Q;}, {Q:Q;} and {P;P;} can all be diag-
onalized simultaneously. Thus if we start with an eigenstate |0) of
the Hamiltonian that is a simultaneous eigenstate of all these opera-
tors, we have that Q;|0) « |0), Q;Q;|0) < |0) and P;P;|0) o |0), ¥V i,].
But P;|0) will be linearly independent of |0) since [P;,Q;] # 0. Let
us define P;|0) = |1). Since [P;, H] = 0, |0) and |1) will be degener-
ate. We have that P;|1) = P P;|0) « |0), since |0) is an eigenstate of
{PLP]} Therefore PZP1|1> = PLP1P1|0> = P1 (PZP1)|O> 0.8 P1‘0> = |1>
Then |1) « PPi|1) = P,PiP|0) x F;|0), Vi. Thus P;|0) « |1) for all
i, and not just for 7 = 1. So, no matter which symmetry operator
that acts on |0), we only get back the states |0) or |1). Furhermore,
Qi|l) = Qi P1|0) = —P1Q;]0) o< —P1|0)  |1), Vi, and since |0) is an eigen-
state of {P;P;} we have that P;|1) = P,P|0) « |0), Vi. Thus, no matter
which symmetry operator that acts on |1), we only get back the states
|0) or |1). Therefore, when acting with the symmetry operators on the
states |0) and |1), we never leave the subspace spanned by these two
states. A completely similar argument can be given if we instead start
with an eigenstate of the operators H, {P;}, {Q;Q;} and {P;P;} (since
[Pi, Qm@n] = 0, ¥V i,m,n). The conclusion is therefore that, apart from
accidental degeneracies, every state will be doubly, and only doubly, de-
generate.

The total Hilbert space of the system can be divided into symme-
try sectors, i.e. subspaces that are not mixed with each other by the
Hamiltonian, which are characterized by the eigenvalues of the P; (or
QQ;) operators that clearly are integrals of motion. Numerical diagonal-
ization of finite systems have shown that in each symmetry sector of the
Hamiltonian (2.1), there exists a finite energy gap between the ground
states and the lowest excited states. However, this gap closes exponen-
tially fast as the size n of the system grows. It was first thought that
this gap would remain finite even in the thermodynamic limit close to
the isotropic point J, = J., but later calculations have shown that the
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gap vanishes exponentially up to the isotropic point [7]. But for medium
size systems (4 x4 or 5x5 lattice points) the results indicate that these
systems would provide a good protection from outside noise, suppress-
ing its effect by many orders of magnitude [6].

The properties of the quantum compass model, Eq. (2.1), are partic-
ularly interesting near the isotropic point J, = J,. At this point the
system becomes intrinsically frustrated, leading to enhanced fluctua-
tions, that possibly might destroy long-range order altogether leading
to a “spin liquid” state, and an increased ground state degeneracy in
the thermodynamic limit. In fact, numerical results indicate that there
is a first-order quantum phase transition at J, = J,, with diverging
spin fluctuations and discontinuous correlation functions [7]. The sys-
tem goes from spin ordering in the z direction for J, > J, to spin order-
ing in the z direction for J, > J,. These indications have been further
strengthened by recent analytical results using both a mean-field ap-
proximation and perturbation theory [8].

The symmetries of the model may actually suggest a one-dimensional
type of behaviour of the system [8],[26]. This is clearly seen if we con-
sider the limits J, = 0 and J, = 0. In these limits we simply get n
decoupled one-dimensional Ising chains. When the other coupling con-
stant is slightly increased we can treat these transverse couplings as
small perturbations, leading to separate excitations in the chains [6].
In the two-dimensional classical compass model, it has been shown
both numerically and in the spin-wave approximation that the system
shows spontaneous dimensionality reduction by essentially decoupling
into one-dimensional chains in either the = or the z directions at low
non-zero temperatures [27].

Altogether, these developments provide us with a clear motivation
for a better understanding of possible mechanisms behind first-order
quantum phase transitions in one-dimensional spin systems.
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Chapter 3

The One-Dimensional
XX-ZZ Model

3.1 The Hamiltonian and its Symmetries

We now consider the one-dimensional spin-1/2 model recently intro-
duced by Brzezicki, Dziarmaga and Oles [1]. Following these authors
we will refer to the model as “the XX-ZZ model”. It was designed to
show, by exact solution, a mechanism behind a first-order QPT in a one-
dimensional spin model, and to clarify the properties of the ground state
of the one-dimensional quantum compass model.

The XX-ZZ model for a chain of N spins, and with a parameter
a € [0,2], is defined by the Hamiltonian

N/
H(a) = JZ [(1 = @) 03105 + a 05105 + 05,051 ] (3.1)
i=1
for0<a<1,and
N/
H(a) = JZ (05105 + (2 — @) 05,054 + (@ = D) o505,,]  (3.2)
i=1

for 1 < a < 2, where N’ = N/2. It is assumed that the number N’ is
even, and that the boundary conditions are periodic, o1 = 01. We
also assume that J is positive. Note that the spin-1/2 operators o have
a mixed fermionic and bosonic character,

{0000} = 20,5, (3.3)
[0207) = 0 i#j. (3.4)

Thus o operators on the same lattice site obey fermionic anticommu-
tation relations, and o operators on different lattice sites obey bosonic
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commutation relations.
The model interpolates between the Z Ising model at oo = 0,

N
H(0) = JZ 0707 (3.5)
i=1
and the X Ising model at o = 2,
N
H(?2)=J> ofol,,. (3.6)
i=1

In the middle, at o = 1, we have the one-dimensional quantum compass

model
N

H(1) = JZ [03i-10% + 05,05:41] (3.7
i=1
which is intrinsically frustrated. Calling the {2i,2i + 1} pair an even
bond, and the {2i — 1,2i} pair an odd bond, we see that the 1D quan-
tum compass model favours antiferromagnetic ordering on the z spin
component on odd bonds, and of the z spin component on even bonds.
These two orderings are clearly incompatible, and give rise to a very
interesting behaviour at this point. Since the XX-ZZ model makes an-
tiferromagnetic order on the z spin component more favourable when
a < 1, and on the x spin component more favourable when o > 1, we
might suspect that there will be a QPT at o« = 1, and as we shall see
this is indeed the case. Note that the model we consider in this chapter
has the same coupling constant J for both the x and z spin components.
In later chapters the model will be generalized to include different cou-
pling constants for the two components.
First of all, we note that the Hamiltonian (3.1) for 0 < o < 1, and the
Hamiltonian (3.2) for 1 < o < 2, actually are mapped onto each other by
the simultaneous symmetry operation

T
a; [

)

Vi, 21— 21—1 Vi, (1—a)« (a—1). 3.8)

So we only need to solve the model for 0 < o < 1, Eq. (3.1). Then the so-
lution for 1 < a < 2 is simply given by applying the symmetry operation
of Eq. (3.8).

Before we solve the model, Eq. (3.1), let us take a look at the symme-
tries of this Hamiltonian. We readily identify the Hermitian symmetry
operators

Pi = 0-52'—10-57:3 (39)
N

Q = [[ot (3.10)
=1
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since P;HP; = H due to that 07070} = —o} and similarly QHQ = H

because o007 = —o?. By applying these basic symmetry operators
one after another we can create composite symmetry operators, like e.g.
p=][P=]]¢; and PQ=]]<’. (3.11)

i J J

Clearly, since the Pauli matrices form a group under multiplication, so
do the total number of symmetry operators. Now, the P; operators com-
mute with each other, and also with @), since

V4 z X X V4 z __ X X
02i—-102;02;-102;02;-102; = 02;-102; - (3.12)

Thus the symmetry operators form an Abelian group. This has the im-
plication that every eigenstate of the Hamiltonian of the XX-ZZ model
in general is non-degenerate, apart from possible accidental degenera-
cies, cf. Eq. (2.2). However, at the special points « = 0 and « = 1, where
the Hamiltonian is given by Eq. (3.5) and Eq. (3.7), respectively, the
symmetry group gets larger. Here there will be non-commuting symme-
try operators, resulting in degeneracies at these points.

When we now solve the model for a € [0, 1], it is most convenient to
do so in the eigenbasis of the Z Ising model at a = 0, Eq (3.5). That is,
we will work in the basis {|1),| | )} of eigenstates of the o7 operators.

The fact that the Hamiltonian (3.1) has the symmetry operators P;,
Eq (3.9), is crucial in our solution of the model. It clearly implies that
the eigenvalues of P;, Vi, are constants of motion. Or to put it more ex-
plicitly, the Hamiltonian does only flip the spins in odd bond pairs. The
only terms in the Hamiltonian that alter the spins are those who con-
tain o* operators, and these terms all have the form o3, ;073;, so that the
only transitions that can occur flip spins on {2i — 1,2i} bonds, i.e. odd
bonds, simultaneously. A state where a particular odd bond is parallel,
[11) or |]]), will not be mixed with a state were that bond is antipar-
allel, | 7] ) or | [T). This means that the Hilbert space of the spin chain
can be divided into subspaces that are not mixed by the Hamiltonian.
Each subspace can be labelled by a vector s = (si1,s2,...,sy7), Where
the element s; = 1 when the odd bond {2i — 1,2i} is parallel and s; = 0
when it is antiparallel. The Hamiltonian can then be diagonalized in
each subspace §independently.

3.2 Mapping onto the Quantum Ising Model
In each subspace §, the contribution to the energy from the terms in-

volving 03, _,03; in the Hamiltonian (3.1), will be a constant. Since every
antiparallel odd bond is contributing —J(1 — «/), and every parallel odd
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bond is contributing J(1 — «), to the energy, this constant is given by
Cs( J(1—-a 2022 105, =—J(1 —a)(N' —2s), (3.13)

where s = ZZN:' 1 $i 1s the number of parallel odd bonds in the subspace
5. The Hamiltonian (3.1) may then be written as

N/
Hy(o) = JZ [a05;_10%; + 03,05;1] + Cs(a). (3.14)
i=1

Since, in each subspace s, the Hilbert space of each odd bond in effect
is only two-dimensional ({|11),|]])} for s; = 1 and {|1]),|]T)} for
s; = 0), each odd bond actually can be seen as a spin-1/2 entity itself,
being the eigenstate of a 77 operator and being flipped by a 7" operator.
We define

o= (DU ETD

o= (=D (T = [T

o= —(DEES (DO = T (3.15)
for the antiparallel (s; = 0) odd bond {2: — 1,2i}, and

o= = (LT

o= (=) L = LT

7= —(=DEES (T = LD, (3.16)

for the parallel (s; = 1) odd bond {2i — 1,2i}. It is seen that the 7 opera-
tors are completely analogous to the o operators, in that

{r2,7} = 20ap, (3.17)

[re )] = 0 i (3.18)

With this choice of nonlocal 7 operators, the Hamiltonian (3.14) can be

reduced to a quantum Ising model. To see this, let us consider the dif-
ferent terms in the Hamiltonian. For the first term, we have that

0%-10% = —T,; , (3.19)

since 03, ,05; merely consists of simultaneously flipping the two spins

on the odd bond {2i — 1,2i}. For the second term, which includes two

adjacent odd bonds, we must be more careful. When all odd bonds are

antiparallel, i.e. in the s=0 subspace, we have that 03, | = —77 and
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o5, = 17, giving 05,05, | = —7777,, . When s#0, there are odd bonds that
are not antiparallel. Every time a parallel odd bond appears, say at lat-
tice index j, all subsequent operators 77, Vi>j, acquire an additional mi-
nus sign due to the factor —1Zi=1% in Egs. (3.15)-(3.16). This additional
minus sign takes care of the effect of the bond being parallel. Therefore
the construction of the 77 operators leads to that 05,05, | = —7777,, for
all s and for all 7, except at the boundary. For the boundary term, o3, 07,

we must compensate for that ¢f does not contain the factor —nEit *i by
inserting a factor (—1)®. So the Hamiltonian (3.14) is reduced to

N'—1
Hy(o) = =J Y [a7f +7775:] — Jloti + (=1)* %] + Co(a) . (3.20)
=1

This is recognized as the Hamiltonian for the ferromagnetic quantum
Ising model, with periodic boundary conditions when s is even and an-
tiperiodic boundary conditions when s is odd.

3.3 Exact Solution

The solution to the quantum Ising model is very well known, and the
fact that this relatively simple model may be solved exactly makes it
somewhat of a prototype system in the study of QPTs. Its exact solution
was found in 1961 by Lieb, Schultz and Mattis [28] in the context of the
XY model, and by Katsura [29] in 1962 who generalized their solution
to include the transverse term that couples to the parameter «.

3.3.1 Jordan-Wigner Transformation

The Hamiltonian (3.20) is solved by first making the Jordan-Wigner
transformation of the 7 operators:

T =1-— 20302- , (3.21)

R () a2
j<i

77 =—(c; +c) ] —2cke)), (3.23)
j<i

where cj and c; are fully fermionic creation and annihilation operators
at lattice site ¢, obeying

{Ci,C;r-} = 5i,ja
{eive;b =0, (3.24)

1

{c.d} = 0.
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The meaning of the ¢ operators is easier to appreciate when instead

looking at the raising and lowering operators in the = spin direction,
+ —

T =—(rf—i7/)/2and 7, = — (77 +i7/)/2 (rotation z — —z and z — x

of spin z raising and lowering operators). Then 7;” and 7, are given by

Tt o= TH 1—2cc (3.25)
i<t

o= ¢ [J-2cc)). (3.26)
i<t

Therefore the c operators are acting like raising and lowering operators
in the = spin direction. The crucial feature of the Jordan-Wigner trans-
formation is that it will transform the Hamiltonian (3.20), expressed in
7 operators with mixed fermionic and bosonic properties, into a Hamil-
tonian that is expressed in fully fermionic ¢ operators.

It is readily checked that the fermionic anticommutation relations,
Eq. (3.24), for the c operators implies that the Jordan-Wigner transfor-
mation, Egs. (3.21)-(3.23), preserves the commutation and anticommu-
tation relations, Egs. (3.17)-(3.18), for the T operators. We get

et = 2(1—2de)(1 - 2de,)
= 2(1—4cTc +4cle,cle,)

771711
= 2(1-— 4cTc + 4CTC - 4c;rc;rclcz) =2, (3.27)
where the anticommutation relations, Eq. (3.24), for the ¢ operators
were used. Note that these relations lead to cZTcZT = 0 and c;c; = 0,
always. Further,

= (g +C;r) H(l — QCTC )(1 — 2c c;)
1<
= —(¢ +c)(1—2(:c)H(1—20}cj)
i<
= (1 —2de)(e; + ) [T —2ele;) = =777
1<
= {77 : (3.28)

where we used that

(¢; + c})(l - 2c;rcl-) = ¢+ cJr - 2ch;cm - 201L ;[ ¢
= ¢+ cT —2¢; + 26:6161 — QCT + QCTC cj
= —(1- 2c;rci)(ci + CI) . (3.29)
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For {77,77}, we get

{7, 77} = 2(c¢; + c;r) H(l — 2c}cj)(ci + cj) H (1- 20},cj,)

j<i <
= 2 H (1- 20 ¢ H (1-— 2c},cj,)(ci + CI)(CZ. + c;r)
Jj<i 7' <1
= 2 H(l - 2c}cj)(1 - 20;0]-)(0 c; + cTc +c¢; c + cJr Jr)
j<i
= 2, (3.30)
since
(¢ +c;-r)(ci +c;-r) = ¢ +cTc + ¢ cT#—c;f ZT
= C}LCZ- + cicj =1, (3.31)
and
(1-— 20301.)(1 — 201.01.) = 1- 20201; — 20201. + 4c;-rcicjci
= 1—dcle +4cle; =1. (3.32)

Also, for different sites, 1 # j, we get (assuming here that i > 7)

mirt = (c;+ch) T 0 —2ehe)(e + ) ] (1 - 2che,)

m<j n<i
- (cj—i—c})(c —i—c)H(l_QcT >H(1—261ncm)
n<i m<j
= e+l + ) [T0-2de) TT 0= 2des)
n<1t m<j
= (e +e) [T =2chen)(e; + (A - 2cfey) [] (1= 2ches)
n;l m<j
n#j
= (e, + ) [T -26he)(e; +ch) T (1 - 2chen) = 777
n <t m<j
= (75,771 =0 Vi#j, (3.33)

where again we used Eq. (3.29). Similar calculations for the other com-
mutation and anticommutation relations show that the Jordan-Wigner
transformation with fully fermionic c operators indeed preserves the an-
ticommutation, Eq. (3.17), and commutation, Eq. (3.18), relations of the
T operators.

Applying the Jordan-Wigner transformation, Eqs. (3.21)-(3.23), to
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the Hamiltonian (3.20), gives

N'—1
Hz(a) — Cs(a) = —J Z a7 + 1777 = Jlary + (—=1)° 13071 ]
N'—1
= —J Z (1- 2c c;)+(c; + c;r) H(l - 2c;r-cj)
i<t
(i tebn) [T (0 —2chen)]
m<i+1

—J [e(1 = 2¢l,en0) + (=1)3(cpn + i)

x T (1 =2che,)(e; + )]
n< N’
N'—1

= —JaN' —J Z 2ac ¢; + (¢ +CT)(Ci+1+Cj’+1)

x(1— QCZ-LCZ») H (1- 2c c;)(1— QCTC )]

j<i

1
—J [—2ac}rv,cN, —(=1)*(cpr + cJ]r\,,)(c1 + c{)

X H (1—2cle,)]

n< N’
N'—1
= —JaN’—i—JZ 2acc — (¢ +c)(1—2cc)(ci+1+cz+1)]
i=1
+J [2ack,ep + (=1)*(eps +ch) (e +eb) T (1 —2ce,)]
n<N’
N'—1
= —JozN’+JZ 2acc + (¢ —cT)(ci+1+cZT+1)]
i=1
+J [QOéC}rV,CN, — (=1)*(cps + C}LV,)
« T =26k, + )]
n< N’/
N'—1
= —JaN'+J Z [2040;[0 cjcwrl czcjﬂ +eici + cl-cjﬂ]
i=1
+7 [2ac)y ey, + (=1 (e —ey)(ep +¢) J] (1= 2¢fe,)]
n< N’
(_1)Z§V:/1“;r‘cj
N'—1
= —JaN'+J Z [QQC;[CZ- - c;-rci_H - c}c;r_s_1
i=1

.I_
—Ci11C; — €G]
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+J [2@0%,01\,, + (c}r\[,c1 + c}rv/cl{ — i€y — CN,CJ{)

X (1) (—1) %=1
N'—1

= —JaN' +J Z [20zcgci - cchiH —Ci1Ci — CZT-Hci — C;[CLrl]
i=1

+J [Qacjv,cN, + (—C}L\,,c1 —CiCpnr — cJ{cN, - c}L\,,cJ{)( 1)1+S+ZJ 1eje; ],
(3.34)

where the relations
(1-— 2czci)(ci + cj) = —(¢+ cj)(l - ZC}Lci) , (3.35)
(eyr+e) = (ch—en)—2eycy)  (3.36)

were used. Thus the result of the Jordan-Wigner transformation of the
Hamiltonian (3.20) is

N'—1

Hy(a) = J Z 2040 Ci z Cit1 — Cit16i — CZT+1C¢ - CZTCZTH]
i=1
+7 [2ach,en, + (—chiey = erens = cley, — el
(=) ) Z a4 Cy(a).
(3.37)

Note the appearance of the factor (—1)1+5+2J 1% in the Hamiltonian
(3.37). This is an integral of motion, since it only depends on whether
the number of ¢ particles, ZN ,cle;, is odd or even, and as seen in the
Hamiltonian (3.37) the ¢ particles can only be created or destroyed in
pairs.

In order to simplify the Hamiltonian (3.37), projection operators P+
are introduced, given by

1iH 1—206], (3.38)

i=1

thereby projecting states onto the subspaces with even (+) and odd (—)
number of ¢ particles, thus splitting the Hamiltonian into

Hy(a) = PYH} (a)PT + P H ()P~ . (3.39)

Then the Hamiltonian (3.37), given by H_ (o) and H; (a) in the + and
— subspace, respectively, can be written as

n B f PR
Hﬂ () = JZ 2ac ¢ Z Cit1 — Cip1C; — Cip1C — Cici+1]
1=1

—JaN' + Cs(a). (3.40)
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The boundary terms have here been included in the general sum, and
therefore the boundary conditions must be specified for the different
subspaces. In the Hamiltonian (3.37), we see that the boundary condi-

tions are determlned by the factor (-1 )1+S+Zﬂ 1<% Thus it is clear that
when s + Z <c c;) is even, the boundary conditions are antiperiodic

(cN, 41 = ) and when it is odd, the boundary conditions are periodic

(CN/+1 = Cl)

3.3.2 Fourier Transformation

The next step in the solution is to make a Fourier transformation of the
c operators, defined by

= chk , (3.41)

giving for c}, the Hermitian adjoint of ¢;,

e ki (3.42)

where ¢, are c operators in k space, obeying fermionic anticommutation
relations. The quantized k values depend on the boundary conditions.
By

Cnrpl = \ﬁ Z ce k(N'+1) \ﬁ e’ k gikN'! (3.43)

it follows that, since we have assumed that N’ is even, k takes the values
2T 2w

k:(), iﬁ7i2ﬁ77ﬂ- (3.44)

for periodic boundary conditions, and

127 32m 1 27
=4+-"— 4+ . (N —-1)=— 4
K 2N 2N ’2( )N’ (3.45)
for antiperiodic boundary conditions. Clearly, the Fourier transforma-
tion preserves the fermionic anticommutation relations of the ¢, opera-
tors, since

{c e} = N/Z{Ck>ck/}e ikm ik'n _ N/Zezkn m g

kK’
Ok i

(3.46)
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and similar calculations show that {c,,c,} = 0 and {cl,,ch} = 0 with
fermionic ¢, operators.
The sums that appear in the Hamiltonian (3.37) now become

N/
Z CICi-&-l = Z [(\/:;V Z 026’““ \ﬁ Z cpe® U )]
i=1

_ t ik’ 1 ’L] (k'—
= D _cepe WZ chck )

k, k' j=1

Skt

(3.47)

N/
1
Zcmci = Z{(chk HUHD)(
=1
- zckck,e%zew

kK’ j=1

Ok, k!

1 . )
= 3 [Z cpC_ e+ Zc_k,ck,e*”“ ]
k %

1

— _5 [c—kck (eik_efik)]
k

= - Z [(isink)c_,c.], (3.48)

k

Nl

a 1 i 1
;czci = Z[(W%:cze k])(\/ﬁzk,:ck,ekj)

j=1

N/

= Z czck, % Z (K —k) Z chk . (3.49)
k

k, kK Jj=1

Ok i

The remaining two sums are given by the Hermitian adjoints of already
calculated sums:

N’ N’ t '

Z Cj—l—lci = (Z 6362’—1—1) = Z Czckeﬂk ; (3.50)
i=1 i=1 k

N’ N’ t

ZCICLA = (Z ciHci) = —Z [(isinkz)cikcz]. (3.51)
i=1 i=1 k
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Summing the terms in the Hamiltonian (3.40) then gives
HjE = JZ 2ozckck - elkclck +isinkc_,c,

—e ’kc};ck+zsmkc kck] JaN' + Cs(a), (3.52)

which can be simplified as
Hi = JZ 2(a — cos k) ckck+z51nk(c kcl—kc xCr) |

—JaN' + Cy(a). (3.53)

3.3.3 Bogoliubov Transformation

The Hamiltonian (3.53) has the same form as the model Hamiltonian
appearing in the BCS theory of superconductivity, and it can therefore
be diagonalized using the procedure of Bogoliubov transformation. It
consists of transforming the ¢, operators according to

Cp = UkVk — iU—kVT_k , (3.54)

where the v operators are fully fermionic

Ot = Ok,
vt = 0, (8.55)
{’7]17’7]1;/} = Oa

and where the real constants u; and v, obey

U_k = Uk, 5 (3.56)
’U_k = —’Uk s (3.57)
up +vi = 1. (3.58)

These relations give the transformations of all the different types of c,
operators as

¢, = uk’Yk—i’Ufk’YT_k’

o= wl vy, (3.59)
cp = wy_p—iv, (3.60)
= wal +ivgy,. (3.61)

It is now easily seen that the inverse of the Bogoliubov transformation
(3.54) is given by
Vi = UpCp — ivch_k . (3.62)
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The Bogoliubov transformation preserves the fermionic anticommuta-
tion relations for cL and c,, as is readily verified:

{CL cut = {“k’yii F Y Up Vg — iv,k,yik,}
= UpUp {7]17 ’Yk/} _iukv—k’ {’7117 ’YT_]C/} +ivfkuk’ {77]@7 7]4}
5k,k' 0 0
+”U_kl)7k/ {,y_ka ’YT,]C/}
N——

Ok ke

= (U +}) Ok s = Ok - (3.63)

Similar manipulations show that {c,,c,, } = 0 and {cL, cL,} = 0 also still
hold.

Applying the Bogoliubov transformation to the ¢, operators in the
Hamiltonian (3.53) gives

Hite) = I Y[ - okl +iv o vl

+isink ((uy!y + vy (u + vy )
gy, — i) (weye — v_gy! ) )] = JaN' + Cy(a)
= J Z (a —cosk (ukfyl];fyk + Zukvk7117T e~ WURUEY Vg

+vk’y_k7T_k) +isink (uzfﬁ_k’y}i — iukvkvikv_k + iukkayk’y;
FOR Vg + U e T i“kvk’Y_k'YT—k - iuk”ﬂl%
+oiyial) — al + Cu@)
= JZ ozfc%k:(uk'y;’yquvkv k’ka)
——
1_7T_k7_k
+isin k’(—iukkaik’Lk + dugvy, 'ykv};
~——
1=,
+iug vy ’Y_k’YT_k —iuk’UWl’Yk) —a]
——
I_VT Y~k
—i—JZ o —cosk (zukvkvzfyik — TULULY 1Y)
+isink (uk 771{}’11 'H)l% Ve V—k
——

——

77}171k YV

+uy_ v, + oAl )] + Ci(a)
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= JZ [(2(c — cos k) (uj — v3) + 4sink (uvy) ) 711716
k

+(2(a — cos k)vi — 2sink (uyvy,) — a )]

—|—JZ [(2i(a — cos k)u,v, — isink (uz — vi) )VZVT &
k

(—2i(a — cos k)uyvy, + isink (uj —vi))v .7, ] + Cs(a)
= JZ [(2(a — cos k) (uj — v2) + 4sink (u,v) ) 7117/%
k
+( 2(a —cosk)vi —a —2sink (uvg))]

—(a—cos k)(u2 —vZ)—cos k

+JZ [(2i(a — cos k)uyv,, — isink (uz —v3)) VZVik
k
(—2i(a — cos k)uyvy, +isink (uj —vi))v_ .7, ] + Cs(a)

= JZ 2(av — cos k (uk—vk)+4s1nk(ukvk))(7117k_1)]

2
() — J Zcosk
——
+7 Y [(2i(a — cosk)uyvy, —isink (uf —vF)) (L, — 75
k (3.64)

Thus the Bogoliubov transformation, Eq. (3.54), diagonalizes the Hamil-
tonian (3.53) if the coefficients of the nondiagonal terms vanish, i.e. if

2i(a — cos k)uyv, — isink (ujp —vi) =0,

which leads to the condition

2u,v, sin k
5 5 = (3.65)

U, — V., «o—cosk

on v, and v, for the Hamiltonian to be diagonalized. Then the Hamil-
tonian (3.53) becomes

1
HZ (o) = Zk: & (i — 3) + Cs(a), (3.66)
with
er = 2J(a — cosk)(u — vi) 4+ 4T sink (uvy,) . (3.67)

The eigenenergies ¢, and the constants u, and v, are then fixed by Egs.
(3.58), (3.65) and (3.67). However, Eqs. (3.65) and (3.67) can be replaced
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by two simpler equations, known as the Bogoliubov-de Gennes equa-
tions. These two coupled equations for ¢, u;, and v, are general for any
Hamiltonian of the form of (3.53), but we will derive them for the special
case of our model. For the Hamiltonian (3.53), we get

[ck,Héc(a)] = JZ (o — cos k' [ck,cz,ck,]

+isink’ ([, cf k/CL] + [, c_pici]))

= JZ (a — cos k' (ckcL,ck, - cL,ck,ck)

+isink’ (cch_k,cL, — cT_k,cL,ck
+C4C_ 1 Chr — C_ 1 CriCr ) )
= JZ (o — cos k) (¢ 0p o — c,t,ckck, - cz,ck,ck)

N~

0

+isink’ (ck/ék W cT_k,ckcL/ — cT_k,c;L,ck

~~

t
_C_k/‘sk,k’

—C_1CpChs — C_piChiCy ) )

0
= J(2(a—cosk)c, —2isink CT_k ). (3.68)

T

Inserting ¢, = upy, —iv_p7y! . and cik = u,ﬂik + 1v, 7y, this becomes

[ck,Hsit(a)] J(2(a—cosk)ck—2isinkcik)
= [2J(a —cosk)uy +2Jsink v ],
+[2iJ (a0 — cos k) vy, — 2iJ sink uy, | ’)/T_k . (3.69)
But at the same time, as the v particles diagonalize the Hamiltonian,
with eigenenergies ¢, cf. Eq. (3.66), we get

lep HE(@)] = [wyy — vy ), HE ()]
= Uy [ Hs(a) | —iv_y [’YT,;C,HS*(@)]
————

—_———

xRV, —e_ivl

= Up€rY — ivke,k'yT_k. (3.70)

Equating the coefficients of , and fyi  in Egs. (3.69) and (3.70), gives

uger = 2J(a—cosk)uy +2Jsink vy, (3.71)
—tvge_ = 2iJ(a—cosk)v, —2iJsinkuy. (3.72)
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Letting k¥ — —k in Eq. (3.72) and simplifying, gives us the Bogoliubov-
de Gennes equations

epu, = 2J(a—cosk)uy + 2Jsinkuv,, (3.73)
exv, = 2Jsinkuy, —2J(a — cosk)vy. (3.74)

These two coupled linear equations, together with Eq. (3.58), completely
determine ¢, u, and v,. We now readily see from Egs. (3.73) and (3.74)
that Eq. (3.58) gives

€ = \/(Ekuk)Q + (ekvk)g

= 2J\/((a —cosk)u, +sinkv,)? + ((a — cosk) v, —sinku,)?

= 2J\/(a—cosk:)2+sin2k = 2J\/1+a2—2acosk, (8.75)

and, when &k # 0 and k # 7, that

(e —2J(a —cosk)
Uk} = < 2J Sinkj Uk, . (3.76)

Egs. (3.58) and (3.76) now give us v, as

5 7 i
w, = V2 sink . (3.77)
Ver(ex — 2J (o — cosk))
For future reference, these relations imply that
2 - (&= 2J(a — cos k) \ 2 2J2sin% k
ko 2J sink ex(ex — 2J (o — cosk))
1 1 (o — cos k) ’ (3.78)
2 V/(a —cosk)? +sin’ k
and
er — 2J (o — cos k) 2.J2sin? k
UpVp = -
2Jsink er(ex — 2J (o — cosk))
_ sin k (3.79)

2v/(a — cosk)? +sin’k

The special cases &k = 0 and k£ = 7= must be treated separately. For k£ = 0,
the Bogoliubov-de Gennes equations become

1-a)y, = —(1-a)y,,
(1-a)y, = (1-a)y,,
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which gives

uy = 0, (3.80)
vy = 1. (3.81)
Similarly, for £ = 7 the Bogoliubov-de Gennes equations become
1+a)u, = (1+a)u,,
1+a)y, = —(1+a)y,,
which gives
[t | 1, (3.82)
v, = 0. (3.83)

To summarize, the Bogoliubov transformation has diagonalized the
Hamiltonian (3.53), bringing it on the form

1
HZ(a) = Xk: e (1, — 5) + Csla), (3.84)

with the eigenenergies ¢, given by

e = 2JvV1 +a? —2acosk. (3.85)

3.3.4 The Physical Spectrum

The ground state of the Hamiltonian (3.84) will be the state that is an-
nihilated by v,, V £, called the “Bogoliubov vacuum” |¥).

For antiperiodic boundary conditions (where sin & # 0 for all allowed
k values) the Bogoliubov vacuum is given by

) = T (g +ivelel ) 10), (3.86)
k>0

where |0) is the ¢ vacuum, i.e. the state that is annihilated by c,, Vk.
This is shown by calculating

”)/k‘\:[](()ap)> = (ukck — ivch_k) H (Uk/ + ’l.’l)k/C‘II;./CT_k/) ’0)
k'>0
= H (upr + ivk,cz,cik,) (ugey — ivkcik)(uk + évkcgcik) |0)
E' >0
K +k
= H (up + ivk/cz/cik,) (uicy + tuguy, ckc}; cT_k,
, ~~~
k' >0 f
Ktk l—cle,
—iuogel ol elel 1 )10)
——
_CT—kCL
- 0. (3.87)

32



Note that \\I/[()ap )> contains an even number of ¢ particles, since they al-
ways are created in pairs cch_ i» ¢f. Eq. (3.86). Thus antiperiodic bound-
ary conditions imply an even number of ¢ particles in the Bogoliubov
vacuum.

For periodic boundary conditions, we must take extra care of the ¢,
and ¢, particles. Note that the Hamiltonian (3.53) can be written as

HZ () = J [2( = D)ceg +2(a + e, + > ()] (3.88)
k#0
k#m
Thus, since for 0 < a < 1 we get (¢ — 1) < 0 and (o + 1) > 0, the ground
state will contain the ¢, but not the c., particle, as this will lower the
energy. Therefore the Bogoliubov vacuum for periodic boundary condi-
tions is given by

Oy = e T (up + ivgelel ) 10) - (3.89)

k>0
k#m

Since Eqgs. (3.62) and (3.80)-(3.83) give v, = —z’vocg) and v; = urcr, We
easily prove that |\I/(()p )> is the Bogoliubov vacuum by calculating

’yo\\ll(gp)> = —iv, cgcg H (ug, + iUkCLCT_k) |0y =0, (3.90)

k>0
S e

'yw\\ll(()p)> = uwcﬂcg H (uy, + ivkc]tcT_k) |0) =0, (3.91)

k>0
k#m

and by observing that for all other k values, 7k|‘11(()p )) = 0 follows from Eq.
(3.87). We now note that ]\Ilép )) contains an odd number of ¢ particles,
since the ¢, particle has been added to the state of even numbers of ¢
particles. Thus periodic boundary conditions imply an odd number of ¢
particles in the Bogoliubov vacuum.

The solution on the form of the Hamiltonian (3.84), H ;}(a), is for
each + and — subspace, i.e. the subspaces with even and odd number
of ¢ particles, separately. Since fy,i = ukc}fC + 1v,c_,, the addition of a
~ particle would make the system leave the subspace of even or odd
number of ¢ particles it belonged to. But due to the projection operators,
Pt and P, in the decomposition of Hz(«) in Eq. (3.39), the physical
Hamiltonian Hz(«), will only let H} (o) and H; (a) act on states with
either even or odd number of ¢ particles. Thus the physical spectrum of
H;f(a) will only contain states with the same parity (i.e. odd or even) on
the number of y particles. In fact, when s is even, the spectrum of Hz(«a)
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will only consist of states with an even number of v particles, and when
s is odd the spectrum will only consist of an odd number of v particles.
To see this, note that:

e When s is even and the number of ¢ particles is even, the
boundary conditions are antiperiodic. This means that the
Bogoliubov vacuum contains an even number of ¢ particles. In
order to stay in the + subspace of even parity on the number of ¢
particles, we can only add an even number of v particles to the
vacuum.

e When s is even and the number of ¢ particles is odd, the boundary
conditions are periodic. This means that the Bogoliubov vacuum
contains an odd number of ¢ particles. In order to stay in the —
subspace, we can only add an even number of ~ particles to the
vacuum.

e When s is odd and the number of ¢ particles is even, the boundary
conditions are periodic. This means that the Bogoliubov vacuum
contains an odd number of ¢ particles. In order to be in the +
subspace, we can only have an odd number of v particles.

e When s is odd and the number of ¢ particles is odd, the boundary
conditions are antiperiodic. This means that the Bogoliubov
vacuum contains an even number of ¢ particles. In order to be in
the — subspace, we can only have an odd number of v particles.

This proves the assertion. Note that when s is odd, the ground state is
not the Bogoliubov vacuum, but a state with one ~ particle with minimal
energy ¢x. As seen in Eq. (3.85), ¢; is minimized by £ = 0 in a + subspace
(s odd and + subspace give periodic boundary conditions, cf. page 25),
and by k = +7 /N’ in a — subspace.

Thus, the energy levels of the Hamiltonian Hz(«), given by

1 /
HE (o) = zk: er (Y, — 5) — (L= a)J (V' —2s), (3.92)

where the k values depend on whether the boundary conditions are
periodic or antiperiodic, and 0 < « < 1, are given by, for each s =
0,1,2,..., N’ and for periodic and antiperiodic boundary conditions, hav-
ing even numbers of v particles for even s, and odd numbers of v parti-
cles for odd s. The energy levels for 1 < o < 2 are, by the symmetry of
the model, Eq. (3.8), given by letting o — (2 — «).

Let us take a finite system as an example. When N = §8,i.e. N' =4,
we get for even values of s, s = 0,2, 4, that the number of possible exci-
tations is 8 (the number of ways of picking an even number of k values
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among a total number of 4 values of k) per s value, and since we also
have the two possible boundary conditions, this gives 3 x 8 x 2 = 48 num-
ber of energy levels. For odd s, i.e. s = 1, 3, we get 8 possible excitations,
together with two possible boundary conditions, giving 2 x 8 x 2 = 32
number of energy levels. In total we therefore get 80 (degenerate) en-
ergy levels for N = 8. Plotting these energy levels gives the energy
diagram of Fig. (3.1). Note that each s value is (N'!/((N' — s)!s!))-fold
degenerate, giving (1 + 6 + 1) x 8 x 2 = 128 states with even s, and
(4+4) x 8 x 2 = 128 states with odd s, i.e. in total 256 states, in agree-
ment with the size of the total Hilbert space of the system (28 = 256).

Figure 3.1: Eigenspectrum of the XX-ZZ model, for a chain of N=8 spins.

In general, at o = 0, where ¢, = 2J, the Hamiltonian (3.92) becomes

HE(0) =27 ~jn, +2J5s — 2JN', (3.93)
k

so the spectrum will at this point go from the lowest lying energy level
(s=0, <vbk> = 0, & subspace, i.e. twofold degeneracy) at £ = —2JN' =
—JN, in discrete steps of AE = 4J to the highest energy level at £ =
2JN’ = JN. By the symmetry (3.8) of the model, this result also applies
to the point o = 2.

At the other special point, @ = 1, where ¢, = 2Jv/2v/1 — cos k, the
Hamiltonian (3.92) becomes

1

HE(1) = 2J\/§Z[(\/l — cos k:)(’y,ivk - 5)] , (3.94)
k
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so at this point the spectrum will go from the lowest energy level at £ =

—JV23, V1 —cosk, to the highest level at £ = Jv2)_, v/1 —cosk . In

the thermodynamic limit, N — co, we get

N/ ™ Nl

Z\/l—cos — 2/ V1 —coskdk = 2—4\/5, (3.95)
T T

k' —T

so then the spectrum at a = 1 will be quasicontinuous, going from E =
—2JN/m to E = 2JN/x, with the separation between the levels going to
Zero as

T 1/ 7m\2
AE ~ 2JV2 1—cosﬁ ~ 2JV2 §(ﬁ)
1 1

when N — oc.

3.4 The Quantum Phase Transition

The ground state of the Hamiltonian (3.92) is, for 0 < a < 1, readily seen
to be in the s=0 subspace and with no ~ particles (<7,17k> = 0), whence
the ground state energy is given by

Eo = —% zk:ek —(1—a)IN. (3.97)
It is easily checked numerically that, for finite V, the term —(1/2) >, €
is minimized for antiperiodic boundary conditions. Thus, for N < oo, the
ground state will be in the {s = 0,+} subspace. Therefore the ground
state is non-degenerate for finite N. In the thermodynamic limit how-
ever, where the summation over &k can be replaced by an integral, the
lowest energy eigenstates in the {s = 0,+} and {s = 0, —} subspaces
become degenerate, resulting in double degeneracy of the ground state.
The ground state energy for o € [0, 1] is then

1 (™ 1
Eoz—JNQ/ \/1+oz2—2acos/€dk—§(1—a)JN (3.98)
T Jo

when N — oo. For a € [1,2] we simply do the symmetry transforma-
tion @ — (2 — «), cf. Eq. (3.8). When plotting this ground state energy
for a € [0, 2], together with its derivative 0E/0a, we clearly see that
the ground state energy has a discontinuous first derivative at o = 1,
cf. Fig. (4.2). Thus the XX-ZZ model has a first-order quantum phase
transition at o = 1.
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Figure 3.2: Left: The ground state energy Ey(«) of the XX-ZZ model in
the thermodynamic limit (N — oo). Right: The first derivative 0F,/0«
of the ground state energy with respect to the parameter . The discon-
tinuity in OEy/0a at o = 1 shows that there is a first-order QPT at this
point.

o

As previously noted, the ground state is twofold degenerate at
a = 0 and o = 2, and non-degenerate for 0 < a < land 1 < a < 2,
when N < co. In the thermodynamic limit the ground state degener-
acy is twofold for 0 < o < 1and 1 < a < 2. At the QPT at o = 1,
however, there is large degeneracy. Eq. (3.94) shows that the energy
eigenvalues are independent of s at &« = 1, and therefore all subspaces
5 will contribute to the ground state degeneracy. For even values of s,
all states with no « particles and, for N — oo, both the + and — sub-
spaces, will contribute. For odd values of s, every state will contain at
least one ~ particle, cf. page 34. In the + subspaces, where the bound-
ary conditions then are periodic, the eigenenergy of the 7, particle will
be e, = 2Jv/T+ 1 — 2 = 0, thus the states with (y{~,) = 1 will never-
theless be ground states. In the — subspaces, the minimal eigenenergy
will be mine;, = 2.J4/2 — 2cos(2r/N) which goes to zero as 1/N when
N — oo, cf. Eq. (3.96), so that these states with v particles of momen-
tum k = £7/N’ also are ground states. Therefore, in the thermody-
namic limit each subspace § with s even contributes two states to the
ground state degeneracy (the states {(v,7,) = 0,%}), and each subspace

§ with s odd contributes three states (the states {(’yg'yo> = 1,+} and
{<’YL IN Ve /N,> = 1,—1}). Therefore the ground state degeneracy d will

be on the order of the total number of § subspaces, i.e. d ~ 2V = 2V/2,

The state with the second lowest energy, i.e. the first excited state,
will for a € [0,1] be given by {s = 2, <7,17k> = 0Vk}, and also by the
{s =1, (7370> = 1} state, with eigenenergy E;. The energy gap A that
separates these lowest excited states from the ground state is (cf. Eq.
(3.92))

A:El—EO:E0+(1—a)2JX2—E0:4J(1—CM) (3.99)
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when 0 < a < 1. For 1 < a < 2, the symmetry (3.8) of the model then
implies that we simply need to let (1 — a) — (a — 1), so that the gap is
then given by

A=4J(a—1) (3.100)

when 1 < a < 2. This enables us to write
A=4]|a—1| acl0,2], (3.101)

which obviously is on the form A ~ | — |, cf. Eq. (1.7), with zv = 1.
The first-order QPT of the XX-ZZ model therefore has an energy gap
that goes to zero as in a continuous QPT in the universality class of the
quantum Ising model.

3.5 Correlation Functions

To understand the nature of the QPT in the XX-ZZ model, we must
quantify how the ground state changes as « is varied. For 0 < o < 1,
the ground state |V) is given by the Bogoliubov vacuum in the s=0
subspace, i.e. by |‘I!(()ap)) (Eq. (3.86)) in the + subspace and by |\IJ(()7’)>
(Eq. (3.89)) in the — subspace.

Since the ground state is in the s=0 subspace, this means that there
will be no magnetization of the system in any spin direction for any «,
because all spins are paired with another antiparallel spin. Further-
more, the expectation values of the spin components on each lattice site
are all zero, i.e. for all ¢,

(Wolof|Wg) = 0, (3.102)
(Tolo?|Wg) = 0, (3.103)
(Wolo?|Ty) = 0. (3.104)

For o7 and o7, this is easily recognized since these operators flip a single
spin, thereby making the odd bond of the site i parallel, thus o7 |¥) and
o!|¥y) will not belong to the s=0 subspace, making these states orthog-
onal to |¥y). For o7, we have that ¢, 77 = —(¢; + cI) [[.(1— 2cj.cj),
containing an odd number of ¢ operators, therefore o3;, as well as 03, _;
05;, changes the parity of the number of ¢ particles, and takes states out
of the + subspace they were in. However, we know that at the point
a = 0, the two ground states are eigenstates of the o operators. This
simply means that at this point it is possible to make linear combina-
tions of the two degenerate ground states ]\I/[()ap )} and |\I/(()p )}, that are
eigenstates of both the Hamiltonian and the o7 operators. So, we do not
get any information about the changes in the ground states by looking
at simple expectation values. Instead we must look at the correlation
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functions (Vo|of'o’/|Wo) — (Tolof|Wo)(Wolo]| o) = (To|ofo)|Po).

In the s=0 subspace, it is trivial that (Uy|o3,_,05;|¥o) = —1, since in
this subspace all odd bonds are antiparallel. The correlation function
(Wol|og;_105:|Wp) is, by Eq (3.15), given by — (V|77 |¥¢), thus

(Wolo3;_10%;1T0) = —(Wo|7F[Wo) = —(Wo|(1 - 2cle;)|Wo)

1 T —ijk 1 ijk’
— _1+2<‘I’0‘(WZ%€ J )(N/Zk;ck,eﬂ )| o)

k

= -1+ — Z [6i(k/_k)j<\llo|(uk'y}; —vEY_)
koK

X (Uk/’}’k/ + ivk/fyik/)‘\:[/0> ]

2 i(k'—k)j
= 1+ > [ W Ry (Woly_y! [ Wo) ]
k7k 6k,k/
2
_ _1+ﬁzvz‘ (3.105)

For spin pairs {i,j} on different odd bonds, one gets (Vo|o70o7|¥o) = 0,
since oo} then flips two spins on two different antiparallel odd bonds,
making these two bonds parallel, thus taking the state out of the s =0
subspace, and therefore ofo7|¥o) will be orthogonal to (Vo). We write
this as (o|o3,_,,05;_,[Vo) = 0, where ¢ # j and m,n = 0,1. The re-
maining type of correlation functions, namely between the z spin com-
ponents of spins on different odd bonds, is more involved. By Eq. (3.15),
(Wolo3; 05 nWo) = (=1)""(Wo|7777|Wo), when i # j and m,n = 0, 1.
Writing j = i + r, this becomes

(o777 W0y = (Rol(cf +¢;) [] (1= 2¢le))
i<t

X H (1— 20},0]-,)(03” + ¢ ) Wo)
Jj <idr

= (Dol +¢;) [ (—=2cle))(cl,, +cp)1%0)
i<j<itr

= (Tol(c] —¢;)(cliy + i) (el —epn) -

X (Cj‘+r—1 + Ci—l—r—l)(C;‘r—i—r—l - Ci+r—1)(CzT+r + Cz‘+7~)\‘1’0>

= (Yo|BiAis1Biy1Air2Bito ... Aiyr_1Bitr—14i4r|¥0) ,
(3.106)
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where

A; te, (3.107)

o
J
B; = ci—g¢. (3.108)

Since the A; and B; operators obey fermionic anticommutation rela-
tions,

{A A} = 0 i#j, (3.109)
(Bi,Bj} = 0 i#j, (3.110)
{Ai,B;} = 0  Vij, (3.111)

we can use Wick’s theorem to calculate the expectation value (3.106) as
the sum of all possible products of contractions of pairs of the operators:

(Uo|Bj ... Ajgr|Po) = Z [(=1)P H (contractions of pairs)] .
all possible all pairs
pairings
There are three types of contractions that need to be calculated, 4, A/,
B;'B; and B; A/, where the contraction is defined as

XY = XY - N[XY], (3.112)

where N| | is the normal ordering operator; here the normal ordering
is with respect to the v operators, since they can annihilate |¥j). Now,
since

+cle —cncfn—c

.|_
m n-m

BoAm = (ch—cp)(ch+ep) = che

ncm
= CILCIrL + ijcm + C;rncn + CmCn — 6m,n
= chel +cle,, + (che,) T+ (chet )T =, (3.113)
we need to calculate the contractions of the first two terms.
1 . . . g
dheh = 5 2 ) — ey )e ™ (s — iy _je)e ]
k., k'
1 . )
= v [(ukukﬁ;iv,i, — kak/%b,k/ — TUy U, 'y_kv;i,
k,k/ SN——
67,6’,9/—
*'YZ,/'Y,;C
_vkv_k/,y_k,y_k/)efiknefik/m]
1 : -
= N[CLCIn] — /Lﬁ Z [uk’vké—k‘,k‘/eilkneflk m]
k., k'
= Nichel]+ z— Z w0, e M) (3.114)
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and

1 . i . -
CILCm = N [(Uiﬂl - wk’Y_k)e lkn(uk"yk/ + Z%/’YT_k/)elk ]
kK
1 t : tot :
= N [(ukzuk"yk'yk/ + WUV VY g — WU VY Vi
kK

_i_vkvkl,y_k,yikl)efikneik m]

1 Ty
= N[CLCm] -+ ﬁ Z ['Ukvk,lfs_k’_kle anelk m]
k, k'

1 .
= Nicle, ]+ N Z vie hn—m) (3.115)
k

gives for Eq. (3.113)

1 z n— 1 —ik(n—
k k
N’ Z vy, Z— Z uy v e Fmmm s
2
= N[B,An] + N Z v? cos(k(n —m))

—% > wgsin(k(n —m)) — - (3.116)
k

Thus the contraction becomes

. 2 2 )
B, A, = —6mn+ — N Z v? cos(k(n —m)) — N Z uvy sin(k(n —m)),
k k
(3.117)
which can be written as
By Ajy = —0p 0+ ]\27/ Z vi cos(kr') + N Z ugvg sin(kr’) . (3.118)
k
Similar calculations show that
A Ay, = dmn (3.119)
B,B,, = —0mn - (3.120)

Since we do not have any two A;s or B;s with the same 7 in the expres-
sion for 7777 ., Eq. (3.106), all contractions of two A;s or B;s will give
zero, due to Eqs. (3.119) and (3.120). Thus only the terms where only

41



A;s are contracted with B;s, and vice versa, will contribute to the sum.
Since the operators must stand next to each other to be contracted, and
since all operators anticommute, every time we interchange two opera-
tors the term acquires a minus sign. We get all the different terms by
holding the B;s fixed, and permuting the A;s amongst each other, and
then contracting the nearest neighbours. The sign of a particular term
is then decided by how many times we have permuted the A;s amongst
themselves. This procedure is what makes a determinant. Further, in
every term, the sum of the index differences ' must always add up to
r. The result (which was outlined in Ref. [28]) is that the correlation
function (¥o|7777 .| W) is given by the Toeplitz determinant

i fo fs oo fr
Jo fi [
(Wo|ri e, |Wo) =| -1 o S , (3.121)
f—;«+2 fi

where f.. = B;A; ..

For nearest neighbour spins on two different odd bonds, the above
results for 0 < o < 1 give that
(Wolo3;09;41|¥0) =0, (3.122)
and
(Wol03i05i411%0) = —(Yo|ri 751|¥0) = —f1
= —%Z v} cosk — %Z UV Sink .
' ' (3.123)

In summary, the nearest neighbour spin correlation functions for 0 <
a < 1 are given by

(Wolog;_105;|¥0) = —1, (3.124)
(Wolog 105 W0) = —1+ 155 0k, (3.125)
k
(Wol03,0%i11|%0) = 0, (3.126)

(Wologio5i11|Wo) = —% v cosk—%z U sink .
k k (3.127)

When calculating (¥o|o3;_,05;|¥o) and (¥o|o5,05,,,|¥o), the expressions
for v} and w, v, are given by Egs. (3.78) and (3.79). For 1 < a < 2, the
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Figure 3.3: Correlation functions in the ground state of the XX-ZZ model,
calculated in the thermodynamic limit (N — oo). Note the discontinu-
ities in (Wo|o3;05; 1| Wo) and (¥o|o3;_,03;|Wo) at the QCP at o = 1.

symmetry (3.8) relates the correlation functions to those already calcu-
lated. Plotting the correlation functions for nearest neighbour spins,
Eqgs. (3.124)-(3.127), gives the curves shown in Fig. (3.3). The corre-
lation functions (¥o|o3;_,03,|¥o) and (¥g|o5,05,,,|¥o) are continuous at
the QCP (« = 1), as is seen by applying Eqgs. (3.78) and (3.79) to Eqgs.
(3.125) and (3.127):

5 (™ 2
i (Wolog;_y0%[ o) = ;;/ Vi—coskdk ==, (3.128)
_ L . V2 [T 2
ali}nlli <\IJ0‘O'22'0'21‘+1|\I/0> = —E v1— cosk dk = —; s (3129)

so that, by the symmetry (3.8), (Vo|o3;_,05;|Vo) and (¥o|o3;03;, 1| ¥o) are
continuous at o = 1. In contrast, (¥o|o5;_;05,|¥o) and (¥o|o3;05; |Wo)
are obviously discontinuous at the QCP. Thus the QPT is due to a level
crossing at & = 1 where the ground state abruptly changes from or-
dering in the z spin direction on odd bonds to ordering of the z spin
component on even bonds.

As previously noted, the only long-range correlations for o € [0, 1)
are between the z spin components. Since (Vo|o3;_,,05;_,|¥o) = (—1)"*"
x(Wo|7777|Wo), where i # j and m,n = 0,1, this correlation function be-
haves as in the quantum Ising model, where it is well known that the
correlation length ¢ of the 7777 correlations diverges as { ~ |1 — a7t
as « — 1. Thus the z spin components have a correlation length which
diverges in the Ising universality class as « — 17, but due to the sym-
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metry (3.8) their correlation length vanishes for a € (1,2]. Instead the
correlation length of the spin x components diverges when o — 1.

The conclusion is thus that the first-order QPT at o = 1 is character-
ized by a number of discontinuous correlation functions, together with
a vanishing excitation gap and diverging correlation length, both in the
Ising universality class.

When the temperature T is larger than the excitation energy gap
A, the system will be excited. Since the lowest excitation is given by
78 X ¢y o Zj < and by Eq. (3.26) the c; operators act as lowering op-
erators on the 7 spins, it is seen that these excitations will destroy the
z spin correlations for o spins on different odd bonds. This is consistent
with the general fact that quantum critical regions are described by the
physics of the quantum critical point (cf. page 5), since the long-range
correlations are undefined at the QCP. Further, excitations to degen-
erate states in different s subspaces will lead to non-trivial correlations
between spins on the same odd bonds for energies larger than the gap A.
Therefore, combining the expression for the excitation gap, Eq. (3.101),
with the results for the correlation functions, the phase diagram of the
XX-ZZ model may be constructed, and is shown in Fig. (3.4).

This concludes the derivation of the results in Ref. [1].
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Figure 3.4: Phase diagram of the XX-ZZ model. The dashed line is the
excitation energy gap A = 4J|a — 1|, separating the phases where the
system is in its quantum ground state from the quantum critical phase,
where the system is excited. A vanishes at the QCP at o = 1, marking
the phase boundary between ordering of z spin components on odd bonds
and ordering of x spin components on even bonds.
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Chapter 4

(Generalization of the
One-Dimensional XX-ZZ
Model

4.1 Introducing Different Coupling Constants

The one-dimensional XX-ZZ model, as defined by Eqs. (3.1) and (3.2),
can be generalized by introducing different coupling constants J, and
J, for the interactions in the = and z spin directions, respectively. The
generalized model, which we then can refer to as “the anisotropic XX-ZZ
model”, will be given by the Hamiltonian

N/
H(a) = Z [J. (1= a)03,_105; + Jea 05,105 + J.05,05, 4] (4.1)
i=1
for0 <a<1,and

N/
H(a) = Z [ J205;_105; + J. (2 — @) 05,05, 1 + Jo (@ — 1) 05,05, 1 | (4.2)

=1

for 1 < o < 2, where as before N’ = N/2. The symmetry, Eq. (3.8),
relating the Hamiltonians for 0 < o < 1 and 1 < « < 2, is now modified
to include the exchange of the coupling constants. Thus the symmetry
transformation relating the Hamiltonians (4.1) and (4.2) is

of « o Vi, 20-2i—-1Vi, (l1-a)e(a—-1), Jy<J.. (4.3)

Thus, once again only the Hamiltonian for 0 < a < 1 needs to be

solved. In every subspace 3, of the Hamiltonian (4.1), the terms in-
volving o3, 05, will only give a constant contribution C;(«), now given

45



by (cf. Eq. (3.13))

Cs(a) = J.(1 —a) ZUQZ 105, = —J,(1 —a)(N' —2s). (4.4)
=1

The Hamiltonian (4.1) then becomes

N/

Hy(a) = Z [Jza 03i-10%; + Jzagiagz#l] + Cs()
=1

J- Z [ a0y 105+ 05051 | — J(1 — a)(N' —2s).

(4.5)
Comparing Eq. (4.5) with Eq. (3.14), given by
N/
Hia) = JZ [oz 0% _105; + GSZUSH_J —J1 - a)(N' —2s), (4.6)

i=1

it is readily seen that the anisotropic model simply corresponds to mak-
ing the transformation

a%ﬁa, J—J, 4.7)

everywhere in the Hamiltonian, except in the constant term C;(a), where
only the transformation J — .J, is made. Since the term C(«) is only

a constant, this difference will only add an a-dependent shift to the

energy spectrum, without influencing any correlation functions or any

other properties of the ground state. Thus the fact that this constant

obeys another transformation is of no importance. The solution to the

anisotropic model is hence given by simply applying the transformation

(4.7) to the solution, Eq. (3.84), of the isotropic model, giving

HE) = X alb- 5+ Cla)
= 2J, Z \/1 (Jo/ J)a)? — 2( T/ J:)acosk (), — %)]
—J.(1 —a)(N' - 2s). (4.8)

This solution readily gives the energy spectrum. In order to determine
whether to have an odd or even number of v particles, we express the
Hamiltonian in ¢ operators, by applying the transformation (4.7) to the
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Hamiltonian (3.53), giving
H;f(a) = J, Z [2(%@ — cos k:)c};ck +isink (cT_kcL +c_ic) ]
k 4
—JzaN' + Cs(a). 4.9)

Recognizing that the ground state still will be in the s=0 subspace for
a € [0,1), we see that antiperiodic boundary conditions (where k # 0, )
implies an even number of ¢ particles in the Bogoliubov vacuum (cf.
page 33). For periodic boundary conditions, the terms in the Hamilto-
nian involving the ¢, and ¢, particles become

T (2020~ el + 2020+ Deke, ]

Thus in the ground state (c;rrcw) =0, and

(chey) = 1 when %ag, (4.10)
<C$CO> = 0 when %aZl (4.11)

Then we get

e s even and BCs antiperiodic = even number of 7 particles

s even and BCs periodic and %a < 1 = even number of s

s even and BCs periodic and %a > 1 = odd number of 7 particles
¢ s odd and BCs antiperiodic = odd number of v particles

e s odd and BCs periodic and ‘}—ja <1 = odd number of v particles
e s odd and BCs periodic and ﬂ—:a > 1 = even number of 7 particles

Thus, in the thermodynamic limit, for (J,/J,)a < 1 both {ka) =0,8s=
0,+} and {<V,17k) = 0,s = 0, —} will be ground states, i.e. double degen-
eracy. For (J,/J.)a > 1, only {(fy,ifyk> = 0,s = 0,4} will be a ground
state, i.e. no degeneracy.

In Fig. (4.1) the energy spectrum at J,/J, = 2 for a finite system
of N = 8 spins is plotted, and when comparing with the spectrum for
J./J, = 1in Fig. (3.1), we clearly see how the level crossing at & = 1 per-
sists for J,/J. # 1, whereas no level crossing is present at (J,/J,)a =1,
for a < 1, in this finite system (as we shall see, there is an avoided level
crossing at this point).
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Figure 4.1: Energy spectrum of the generalized XX-ZZ model at J,/J. =
2, for a chain of N=8 spins.

4.2 The Quantum Phase Transitions

The ground state energy for 0 < a < 1 is, in the thermodynamic limit
where the summation over & in Eq. (4.8) is replaced by an integral,
given by

Eo(a,% = —J. / V14 (o) J)a)? = 2(J, ) J.)acos k dk
—J.(1—a)N'. (4.12)

The integral appearing in Eq. (4.12) is the same as the one appearing
in the ground state energy of the quantum Ising model (QIM), with pa-
rameter (J,/J,)a. Thus we immediately see that the generalized XX-ZZ
model will exhibit a continuous QPT at (J,/J.)a = 1 when a € [0,1),
and, by the symmetry (4.3), at (J./J;)(2 — a) = 1 when « € (1,2]. The
ground state energy Ej and its first derivative 0Fy/0a with respect to
« are plotted in Fig. (4.2). The discontinuous first derivative indicating
a first-order QPT is seen to be present at o = 1 for all values of J,/J..
In Fig. (4.3) we see a divergence in the second derivative 9> Ey/0a?, and
a discontinuity in the third derivative 9°FEy/0a?, at (J,/J.)a = 1 when
a€[0,1),and at (J,/J,)(2 — «) = 1 when « € (1, 2], confirming the pres-
ence of a continuous QPT at these points (cf. the definition on page 3).
The behaviour of the ground state energy at these points of continuous
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QPTs is completely determined by the integral

= /7r 1+ ((TafJ)a) — 2T/ J.)accos kdk, (4.13)
0

which is also found in the quantum Ising model, and is plotted in Fig
(4.4). Here the divergence in the second derivative, and the discontinu-
ity in the third derivative, at (J,/J.)a = 1 is clearly visible.
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Figure 4.2: Left: Ground state energy Eq of the generalized XX-ZZ model,
as a function of c and J,/J,. Right: The derivative 0F,/0a of the ground
state energy with respect to a. Note the discontinuity in OEy/0a at o = 1

for all values of J,,/J,, showing the presence of a first-order QPT at these
points.

B[]

Figure 4.3: Left: The second derivative 0*Ey/da? of the ground state
energy with respect to a. Right: The third derivative 03Ey/0a? of the
ground state energy with respect to o. Note the divergence of 0°Ey/0a?,
and the discontinuity in 93FEy/0a?, at (J./J.)a = 1 when a € [0,1),
and at (J,/J;)(2 — ) = 1 when «a € (1,2], showing the presence of a
continuous QPT at these points.
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Figure 4.4: Upper left: The integral I(x), defined in Eq. (4.13), which
determines the ground state energy, plotted as a function of v = (J,/J.)c.
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4.3 Energy Gap and Correlation Functions

Calculating the gaps between the ground state and the low lying excited
states in the thermodynamic limit, using Eq. (4.8) and the following
discussion, gives

{<7(J§FYO> = 17 <712W/N/fyi2ﬂ./N/> = 173 = O} :

4J,(1 — Z2q) when Zza < 1
Al — ( J. ) ji
2J,(1 —a) when £a > 1

(i) =0Vk,s=2}:  Apy=4J.(1-a)
{<’7(-§’70> =1,s= O} : Ag = 2JZ(%O{ — 1) when #Ox >1.

(4.14)

Note that the state {(fygfyo> = 1,5 = 0} can only exist for (J,/J,)a > 1.
For all a € [0, 1), the energy gap A = min A;, is thus given by

47,(1 — ) when % <1

N 4J.(1—%a) when % >1and %a <1
QJZ(%Q —1) when ‘}—j > 1 and ﬁ—:a >land a < %2“
2J.(1 - «) when ‘}—j > 1 and i—:a >1and a > %QH

(4.15)
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This gives the gap as a function of the parameters « and J,/J,, and is
plotted in Fig. (4.5). Gapless states occur not only for all a = 1, but also
for (J,/J.)a = 1 when (J,/J.) > 1 and a € [0,1), and, by the symmetry
(4.3), for (J./J;)(2 — a) = 1 when (J,/J,) < 1 and « € (1,2]. Thus both
the first-order and continuous QPT's are associated with vanishing ex-
citation energy gaps.

The correlation functions of the isotropic XX-ZZ model, Eqs. (3.124)-
(8.127), are easily generalized to the anisotropic model by the transfor-
mation (4.7). They then, for 0 < « < 1, become

(Wologi_105:|%0) = -1, (4.16)
(Wologi_103;| o) = —14— ka
_ (Jp/J,)oe — cosk ]
\/1 (Jo)J)a)? —2(Jy ) J.)acos k ’
(4.17)

Figure 4.5: Energy gap A (Eq. (4.15)) in the generalized XX-ZZ model
as a function of the parameters « and J,/J,, when N — oco. Note how
the gap not only vanishes for all o = 1, but also for (J,/J.)a = 1 when
(Jo/J2) > 1and o € [0,1), and for (J./J;)(2 — o) = 1 when (J,/J,) < 1
and a € (1,2].
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(Vol03;05;41|%0) = 0, (4.18)

(Wologio5i11| Vo) = N Z U]% cosk — N Z UV, Sin k
k k
B 1 [ 1—(Jy/J)acosk ]
= —— ’
N L+ (1 1)0)? — 2,/ T )acos k

(4.19)

which are related to the correlation functions for 1 < a < 2 by the
symmetry transformation, Eq. (4.3). These nearest neighbour corre-
lation functions are shown in Fig. (4.6), for a representative number
of values of the anisotropy parameter Q = J,/J.. (Vy|o3;_,03;|¥o) and
(Volog;05;,1|Wo) are unaffected by the anisotropy, whereas the correla-
tions | (Wo|o3;_;03;|¥o) | increase, and the correlations | (¥o|o3;05; ;| ¥o) |
decrease, for larger values of J,/.J,. We note that both of the correlation
functions (Wo|o3;_,03;|¥o) and (Vg|o3;05;, . ,|Wo) are continuous at o = 1,
since

> < >
2i-1%2i” 7 ~%2i%2is1

<o

Figure 4.6: Correlation functions between nearest neighbour spins in the
ground state of the generalized XX-ZZ model for some different values of
the anisotropy parameter (Q = J,/J,. Note how increasing coupling J,
relative to the coupling J, leads to increased correlations between o*s on
odd bonds and decreasing correlations between o*s on even bonds, while
the correlations between o*s on odd bonds and o*s on even bonds remain
unaffected by variations in J,/J,
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(Jz/J:) — cosk

14 (Jo/J.)* = 2(Jy/J.) cos k
1—(Jy/J,)cosk

V14 (o) T)* = 2(Jo) ) cosk

I

lim (Woloy;_10%;|Wo) = —+

a—1—

s

I

lim <‘I’0|05105i+1|‘1’0> = %7
a—1—

. - 1 1 — (J2/Jz) cosk
ali>nll+<\1J0|02i_lo-2i|\I]0> = TN zk: [ \/1 N (Jz/Jz)z _ Q(JZ/Jx)COSk]
_ 7i (Jp/J,) —cosk
/zk:[ Lt (Jof J2)* = 2(Ja/ J. cosk]’
VU a2 =200,/
Jim (Wolog,05;11|Wo) = _i/ K [\/1+(Jij1§z)—_20(3il/€Jx)COSk]
T B 107,

F L (a) 1) = 2(0) 0. cosk

4.4 Emergence of a New Phase

The correlation functions, as shown in Fig. (4.6), reveal the nature of the
first-order and continuous QPTs in the generalized XX-ZZ model. It is
clearly seen that the continuous QPT at (J,/J.)a = 1 when (J;/J,) > 1
and a < 1, is due to a continuous transition from dominating antipar-
allel ordering of spin z components on even bonds for (J,/J,)a < 1, to
dominating antiparallel ordering of spin x components on odd bonds for
(Jz/J.)a > 1, while maintaining the perfect antiparallel ordering of spin
z components on odd bonds and total non-ordering of spin x components
on even bonds. This new type of ordering did not occur in the isotropic
model, since the constraint .J,/.J, = 1 makes the condition (J,/J,)a =1
impossible to fulfill for a < 1. Note that this new phase of the system is
equivalent to the magnetically ordered phase in the QIM for the 7 spins,
cf. Eq. (3.20), since 03;_,03; = —7; and 05,03, | = —7777, in the ground
state.

It has now been shown that the generalized XX-ZZ model possesses
four distinct phases, apart from the frustrated “spin liquid” phase at
a = 1. The two phases for @ < 1 were considered above. For 1 < o < 2
the phases are given by the symmetry of the model, Eq. (4.3). Thus, here
there will, for J,/J. < 1, be a separation between a phase with dominat-
ing ordering of spin z components on even bonds for (J,/J;)(2 — a) > 1,
and a phase of dominating ordering of spin x components on odd bonds
for (J./J.)(2 — «) < 1, both with perfect antiparallel ordering of spin x
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components on even bonds and total non-ordering of spin z components
on odd bonds. As pointed out on page 47, for « € [0,1), the “magneti-
cally disordered” phase for (J,/J,)a < 1 has a doubly degenerate ground
state, while the “magnetically ordered” state for (J,/.J.)a > 1 has a non-
degenerate ground state. At a = 1 the ground state degeneracy d will
be on the order of d ~ 2V/2 since the Hamiltonian (4.8) becomes in-
dependent of s. The characteristics of the different phases and phase
transitions of the generalized XX-ZZ model are graphically summarized
in Fig. (4.7), for three representative values of J,/J..

By considering the 7 spins, it is clearly seen that at the continu-
ous QPT (where (J,/J.)a = 1 for a € [0,1)) the effective quantum Ising
model (Eq. (3.20) with o — (J,,/J,)a) for the 7 spins is critical, meaning
that (¥o|7777.,|¥o), and therefore also (\Ilolagiag(i +7,)]\Ifo>, show diverg-
ing correlation length. On the other hand, at the first-order QPT at
a = 1 there will be no diverging correlation length since the 7 spins are
then controlled by a non-critical QIM.

We may now also gain further insight into the nature of the QPT at
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Figure 4.7: Summary of the properties of the generalized XX-ZZ model
in the thermodynamic limit. Left column: J,/J, = 2. Middle column:
Jz/J, = 1. Right column: J,/J, = 1/2. Upper row: Energy gap A.
Middle row: Correlation functions in the ground state (cf. Fig. (4.6) for
clarification). Lower row: Ground state degeneracy d.
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a =1and J,/J, = 1, which is the one that was studied in Chap. 3, by
observing the behaviour around this point in the a-(J,/J,)-plane of the
generalized model. It is clearly seen, cf. Fig. (4.8), that o = J,/J, =1
is the special point where the phase boundaries of the first-order and
continuous QPTs coincide, thus explaining the mixed first-order and
continuous behaviour at this point. The discontinuities of certain cor-
relation functions are obviously attributed to the o = 1 first-order QPT,
whereas the diverging correlation length is due to the “simultaneous”
(Ji/J.)aa = 1 continuous QPT. The vanishing excitation energy gap
comes with both transitions.

25 B.
) first order QPT
N v
2 15} continuous
- QPT C.
1
0.5 A. B
% 05 1 15 2

Figure 4.8: Phase diagram at zero temperature of the generalized XX-
ZZ model. The first-order and continuous QPTs are shown, marking the
boundaries between the four phases. (A.) and (B.): (03;_,05;) = —1. (C.)
and (D.): (03,05, 1) = —1. (A.) and (D.): | {03;05,,1)| > | (05,_105;)|. (B.)
and (C): [ (03,05, 1) | <|(0%;_105;) |-

4.5 The Signs of the Coupling Constants

So far we have only considered the case when both coupling constants
J. and J, are positive, J, > 0 and J, > 0. It will now be shown that this
actually was no loss of generality.

Consider first the case when J, > 0 and J, < 0, i.e. antiferromag-
netic coupling of the x spin components and ferromagnetic coupling of
the z spin components. Then the Hamiltonian (4.1) for 0 < o < 1 can be
written as (cf. Eq. (4.5))

N/
J.
H§(a) = JZZ [;aggi10§i+05i05i+1:| —Jz(l—O[)(N/—QS)
i=1 z
Ak JJ»’ T T z _Z /
= —!JZ\Z —maffzi—102¢+02i02¢+1 + [J|(1 — ) (N — 2s).
i=1 o
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Thus the ground state will now be in the s = N’ subspace. Redefining
the 7 operators of Egs. (3.15) and (3.16) as

o= (LD (4.20)
Pz (1 (DI (1L - K] @2D)
for the antiparallel (s; = 0) odd bond {2j — 1,2;}, and
o= (L) (4.22)
o= (=1 (CDES T (T = UL 428)

for the parallel (s; = 1) odd bond {2j — 1,25}, by putting a minus sign
on 77 for every second pair, gives

0% 109, = —T; (4.24)

1
z

050541 = TiTig1- (4.25)
Then the Hamiltonian becomes

N'—1 7 7
Hy(a) = —|J Z[ﬁaff+fﬁf+1] - Ile[ﬁaTﬁ/H—l)STﬁTﬂ
=1 z z

FILI(1 = a) (N — 25). (4.26)

Thus the solution will be the same as for J, > 0 and J, = |J.|, but every
second 77 operator has acquired a minus sign relative to the o operators,
and the energy levels are reversed with respect to s (s <+ N’ — s). The
correlation functions in the ground state are now given by

(Vo|03;05,41|P0) (o|r7 77 1|Wo) , (4.27)
(Wolog;_10%;|Vo) = 1, (4.28)
(Wolog;_10%;|W0) = —(Po|7"[Wo), (4.29)
(Wolo5;0%;41/%0) = 0 (4.30)

for a € [0,1), where the 7 operators obey the same QIM Hamiltonian
as for positive coupling constants. It is seen that we now get antiferro-
magnetic ordering of x spin components, and ferromagnetic ordering of
z spin components, between nearest neighbour o spins.

The case J, < 0 and J, > 0 is treated similarly. The Hamiltonian is
written as

N/
J.
Hy(a) = J.) [jaa;zlo—;i - agia;m] — (1 a)(N' - 2s)
i=1 z
N/
J.
= J Z | x‘aagi—lagi + 050541 | — Jo(1 — ) (N = 2s).
i=1 J
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Now the ground state is in the s = 0 subspace. The 7 operators of Eqs.
(3.15) and (3.16) are now redefined as

o= (UKD, (431)
o= - (DEE (L - LT (482)
for the antiparallel (s; = 0) odd bond {2: — 1,2i}, and
o= ([T (4.33)
o= = (=DEE (T - LD (4.34)
for the parallel (s; = 1) odd bond {2i — 1, 2i}, giving
0%-10% = T, (4.35)
030541 = ~TiTip1 (4.36)

so that the Hamiltonian becomes

A
J.
—J,(1 —a)(N'—2s). 4.37)

| 96| zZ,_Z z
Hga = _J Z 76“7- + T; Z+1] - JZ[ N’+< 1) N’Tl]

Thus the solution will be the same as for J, = |J,| and J, > 0, apart
from that the 7;° operators have acquired a minus sign relative to the o
operators. The correlation functions for o € [0,1) are then given by

(Wolo3;03i411%0) —(Yo|r 74| Vo0) (4.38)
(Wolog;_q05;|%0) = -1, (4.39)
(Wologi_103;|%0) = (Yo|r"[Wo), (4.40)
(Wolo3;0%;11/W0) = 0. (4.41)

Finally, for the case J, < 0 and J, < 0, the Hamiltonian can be
written

N’
Hy(a) = Z [ Q03103 +02ﬂ2z+1] —J:(1 = a)(N' — 2s)

|JQ3[

Thus the ground state will be in the s = N’ subspace. This time we
redefine the 7 operators as

o= T+, (4.42)
o= (1 (D)X (T (L - L) (443)

+@mwﬂ (1= a)(V' - 25).
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for the antiparallel (s; = 0) odd bond {2j — 1,25}, and

o= (MU + 1T, (4.44)
P (1 (DD (T = (L) (445)
for the parallel (s; = 1) odd bond {2j — 1,2;}. This gives
03103 = T, , (4.46)
050541 = TiTi1- (4.47)

The Hamiltonian becomes

| Ja| | Ja|
| T | J:|
(1 — @) (N — 25). (4.48)

aty + (=115 7]

ati + 777 = |

N'—1
H§(a) = _’Jz|2[
i=1

Thus the solution will be the same as for J, = |J,| and J, = |J,|, but
every second 77 operator, and every 7;° operator, have acquired a minus
sign relative to the o operators, and the energy levels are reversed with
respect to s (s < N’ — s). Now the correlation functions in the ground
state are, for negative values of J, and J,, given by

(Wolo3;05i411%0) = (Yol 751[W0), (4.49)
(Wolog; 105 Wo) L, (4.50)
(Wolog;_105;|Wo) = (Wolri’[Po), (4.51)
(Wolo3;05;41/W0) = 0 (4.52)

for o € [0,1), where the 7 operators obey the same QIM Hamiltonian as
for positive coupling constants.

Therefore, the signs of the coupling constants J, and J, only in-
fluence the interpretation of the o spins as 7 spins in the associated
QIM, whereas this QIM for the 7 spins will be the same as for only pos-
itive coupling constants. The z spin components of nearest neighbour o
spins on odd bonds will order themselves ferromagnetically for negative
coupling constant J, or antiferromagnetically for positive J,. Indepen-
dently the z spin components of nearest neighbour o spins will have
ferromagnetic ordering for negative coupling constant J, or antiferro-
magnetic ordering for positive J,.

58



Chapter 5

QPT in the
One-Dimensional Quantum
Compass Model

At a = 1, the generalized XX-ZZ model, Egs. (4.1) and (4.2), becomes

N

H(1) = Z [ J205;i_10%; + J.03,05;,4] (5.1)

i=1
which is nothing but the one-dimensional quantum compass model, cf.
Eq. (3.7), where the parameter is the ratio J,/J, between the two dif-
ferent coupling constants J, and .J,. Therefore, the solution to the gen-
eralized XX-ZZ model automatically gives us the solution to the one-
dimensional quantum compass model. Thus, the ground state energy
will be given by the the limit when o« — 1~ and o — 17 of Eq. (4.12),
which becomes

! ™

Eo(%) = —JZ;V—W V1+ (Jo) )2 —2(Jy/J.) cos kdk . (5.2)
Therefore, when we view the Hamiltonian as parameterized by J,./.J, it
is immediately clear that the one-dimensional quantum compass model
exhibits a continuous QPT at J,/J, = 1, since the integral appearing in
Eq. (5.2) is the same as the one, Eq. (4.13), appearing in the QIM, and
which was plotted in Fig. (4.4). At the point J,/J, = 1, the correlation
length diverges, since it is at the continuous QPT of the generalized
XX-ZZ model. At all other points, the correlation length will be finite
since then the effective quantum Ising model of the 7 spins will be non-
critical. The solution to Eq. (5.1) is, by analogy with Eq. (4.8) in the
limits « — 1~ and o — 17, given by

HE(0) = 20, S [V 1+ (Ju /)2 — 200/ ) cosh (), — %)] . (5.3)
k
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Thus the energy gap to the lowest lying excitation will be
Jg

J:

where we used the results on page 47 for the v particles in the different
subspaces. The gap A is plotted in Fig. (5.1).

A=2J/1+ (Jp/J.)2 —2(J./J.) =2J. |1 : (5.4)

0 0.5 1 15 2
J /J
x z

Figure 5.1: Energy excitation gap A in the one-dimensional quantum
compass model, in the thermodynamic limit. Vanishing excitation en-
ergy gap at J,/J. = 1 marks the continuous QPT.

The correlation functions (¥o|o3;_,03;|¥o) and (Vg|o5,05;, ,|Vo) are
discontinuous at « = 1 in the generalized XX-ZZ model, therefore they
have no definite values in the one-dimensional quantum compass model.
The two other nearest neighbour correlation functions are given by

(Wolog;_10%;|Vo) = -1+ — Z’Uk
_ 1 (Jp/J,) — cosk ]
\/1 (Jo)T)? = 2(Js)J.) cos k
(5.5)
2 2 _
(Wologi05i11| Vo) = N Z vi cosk — ﬁz Uy sin k
k k
_ 1 [ 1—(Jy/J,)cosk ]
N5 \/1+(Jx/JZ)2—2(Jx/JZ)COS]€
(5.6)

using Eqgs. (4.17) and (4.19), since these correlation functions are con-
tinuous at « = 1. Eqgs. (5.5) and (5.6) are nothing but the correla-
tion functions — (¥ |7*|¥o) and —(Wo|777 |Vo) of the QIM with param-
eter J,/J,. Therefore it is clear that the continuous QPT of the one-
dimensional quantum compass model is associated with a transition
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from a phase with dominating correlations between spin z components
on even bonds for J,/J., < 1 to a phase with dominating correlations
between spin x components on odd bonds for J,/J, > 1, cf. Fig. (5.2).
The long-range correlations in the generalized XX-ZZ model are all dis-
continuous at @ = 1, and therefore undefined in the one-dimensional
quantum compass model, so that this system will be in a spin liquid
state, i.e. a state where there are only short-range correlations.

z

Z
<
©2i%2i+1

>

z 2
2i2it1

O , <O

g

2i-1
e}
J

0 05 1 15 2 25 3

J I

Figure 5.2: Correlation functions (¥o|os;_,053;|Wo) and (¥o|o3;05;,1/%0)
in the ground state of the one-dimensional quantum compass model, in
the thermodynamic limit. The QPT at J,/J, = 1 is characterized by
balance between the two correlation functions.

It has thus been shown that the one-dimensional quantum compass
model, which arises when holding o = 1 fixed and varying J,./J, in the
generalized XX-ZZ model, does not exhibit any first-order, but well a
continuous, QPT. First-order QPTs in quantum compass models there-
fore apparently require higher dimensionality of the system, if it at all is
justified to call this one-dimensional model a quantum compass model.
After all, the resemblance to different couplings along different axes is
rather superficial, since there is only one axis in one dimension (cf. Eqs.
(2.1) and (5.1)). But this solution also shows that merely interpolating
between two spin models with incompatible types of ordering is not suf-
ficient to create a first-order QPT in one dimension. There must clearly
be additional interactions, such as in Eq. (4.1), leading to a discontinu-
ity in the ordering.
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Chapter 6

Entanglement in the
Generalized XX-ZZ Model

With the solution to the generalized XX-ZZ model, in the form of the cor-
relation functions, at hand, it is now rather straightforward to calculate
the entanglement present in the ground state of this system.

6.1 Concurrence of Spin Pairs

The calculation of the concurrence, cf. page 8, between a pair of spins
requires the reduced density matrix of this pair, which will be a 4x4
matrix. Since the Pauli matrices {o*}, where ;1 = 0,1,2,3 and ¢° =
and o123 = ¢%¥7*, form a basis for all 2x2 matrices, {o* ® ¢”} will form
a basis for all 4x4 matrices. Therefore the reduced density matrix p;; of
the spin pair {7, j} can be expanded as

3
1
Pij = 1 § quv 0_50_]1'/ ) (6.1)

=0

where ¢, are coefficients that can be determined by using

3
1 "o
(o)'0) = tr(afa}’pij)zitr oy oy Z Qv 0f 0F
w,v'=0
1< ,
= 1 Z qM/V/tr(afJ]Vafa;{>
w,v'=0
1
= ZQuutrl = quv, (6.2)
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where in the following all expectation values are understood to be taken

in the ground state [¥o). Thus g, = (0j'c%) and we get

3
pij = i Z <afo}’> 050}’. (6.3)
u,v=0

From Eqgs. (3.102)-(3.104) we have that (¢!") = 0 for , = 1,2, 3. Trivially,
(09) = 1. (0f07) and (070%) were calculated in Sec. 3.5. The correlation
function (0fo}) must be zero, since the matrix oo} will be imaginary,
and because p;; must be real as the Hamiltonian is real, (¢]¢}) must
vanish (cf. the discussion in Ref. [4]). The same argument gives that
<ofa§i’> must be zero. (007) is easily seen to be zero since o7 flips only
one spin on an odd bond, giving a state in a different subspace than the

ground state. For the correlation function (0}0?), the matrix o}o7 is
given by
0 0 0 -1
0 01 0
YU
%% 0 10 0 64
-1 0 0 O

Therefore, in the subspace s=0, which is where the ground state is, we
get (0]0) = (0707). Thus the reduced density matrix (6.3) will be given
by

1
pi = {(L+ (o707} (o70F + oa?) + (oiof) oio) . (65)
Explicitly, this is
1+ (of0%) 0 0 0
1 0 1—(of07) 2{(o}fo7) 0
Pii =y 0 2(ofof) 1—{(oio3) 0 (6.6)
0 0 0 1+ (ofo3)

The “flipped” density matrix, Eq. (1.16), is now given by
pij = (ofa]) pi; (ola]) = pij, (6.7)
using Eqgs. (6.4) and (6.6). Thus p;;4;; is simply given by p7,. Explicitly

A? 0 0 0
Pzzj = % 8 v Z_B((Q;'C)2 B2 iB(g’C)Q 8 ) (6.8)
0 0 0 A?
where
A = 1+({oj0}), (6.9)
B = 1-—(o/0j), (6.10)
C = (oj0]). (6.11)



The eigenvalues A3, A3, A2 and )] of p;;5;; are then given by

1
2 _y2 _ L oa2
M= = 4% (6.12)
1
M= E(B+2C)2, (6.13)
\o= %(3—20)2. (6.14)

Therefore the positive eigenvalues \; of R(p;;), Eq. (1.18), are given by

1
M=k = ;(1+{of03)), (6.15)
1
Az = 1 ‘ 1 —{ojo%) +2(0}07) |, (6.16)
1 z_z T _x

for « € [0,1). The concurrence of the spins i and j is now given by Eq.
(1.17). It is immediately clear that the concurrence of two spins that are
not on the same odd bond is zero for a € [0, 1), since then (of0}) = 0,
making A3 = )4, and thus C(p;;) = max(0, —2A\;) = 0. For two spins
{i,j} = {2i — 1, 2¢} that are on the same odd bond, we have for « € [0, 1)
that (03, ,03;) = —1 and (03,_,03,) € [-1,0], giving for the eigenvalues
of R(pgi_ljgi), Eqs. (615)-(617),

AM=X = 0, (6.18)
1

A3 = 5(1 +(05,-10%;)) » (6.19)
1

Ay = 5(1 —(09-10%;)) » (6.20)

making
C(in—l,Qi) = maX{O, )\4 — )\3 — )\2 — Al} = max{O, A4 — )\3}

1
= max{0, 5(1 —(0%;-10%;) — 1 —(0%;_105;))}

= —(0%,10%;) (6.21)

for all a« € [0,1) and J,/J,, where (0}, _,03.) is given by Eq. (3.125).
C(pi;) for a € (1,2] is given by the symmetry transformation (4.3).
Therefore, we get that C(p; ;) is zero for all spins {i, j} that are not near-
est neighbours, and for nearest neighbours, C(p2i—12;) = —(03,_,03;)
and C(in’gi_H) =0forac [0, 1), and for o € (1, 2] we have that C(pzi,Qi_A,_l)
= —(05,05;,,1) and C(p2;—1,2i) = 0, with J, < J.. This gives us the con-
currence of all nearest neighbour pairs as plotted in Fig. (6.1) for three
representative values of J,/J,.
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Figure 6.1: Concurrence of nearest neighbour pairs of spins in the gener-
alized XX-ZZ model, for three representative values of J,/J,. For spins
that are not nearest neighbours, the pairwise concurrence is always zero.

The analytic expression for the concurrence in the thermodynamic
limit will, by Eqgs. (3.125) and (3.78), be given by

2
Clp2i-1,2i) = —(03,10%;) = 1‘@2”1%
k
_ 1_1/7r (1 ((Je/Jz)ax — cos k) )dk
27 V1+ ((Je/J2)a)? —2(J,/J,)acosk
(Jz/ > )a—cosk
= dk 6.22
/ V14 ((Je/)e)? —2(J. /T )acosk ( )

where the integral is recognized as the derivative of the integral I(z),
defined in Eq. (4.13), where = = (J,/J):

10I(x
C(p2i-1,2i) = — 855) .

This function 01 /0x was plotted in Fig. (4.4), where it was clearly seen
that it had a diverging derivative 0°1/902% = 790C/0x at (J,/J.)a =
1. The concurrence C(p2;—12;) of a spin pair on an odd bond, and its
derivative 0C(p2i—1,2i)/0c, are plotted in Fig. (6.2) for a € [0,1), as
functions of o and J,/J,. Thus, for the generalized XX-ZZ model, the
first-order QPTs at o = 1 are associated with a discontinuous pairwise
concurrence, and the continuous QPT's are associated with a diverging

(6.23)
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derivative of the pairwise concurrence. These results clearly agree with
the general analysis of Ref. [17], quoted on page 9.

Figure 6.2: Left: Concurrence C(p2i—1,2i) of a pair of spins on the same
odd bond as a function of o« € [0,1) and J,/J,. Right: The derivative
0C(p2i—1,2i)/0c on the same interval. Since the concurrence C(p2i—12:)
is zero for o € (1,2], it is clearly seen that the first-order QPT at o =
1 is associated with a discontinuity in the pairwise concurrence. The
second order QPT in the generalized XX-ZZ model is similarly seen to
be associated with a divergence in the derivative 0C /0« of the pairwise
concurrence. Concurrence of non-nearest neighbour pairs is zero for all
a € [0,2].

6.2 Localizable Entanglement of Spin Pairs

The concurrence of spin pairs was previously seen to be zero for all spins
that are not nearest neighbours, but this does not by necessity mean
that all these spins are totally unentangled, since entanglement may
come in other than simple pairwise forms. We shall now investigate the
localizable entanglement and the entanglement of assistance of the gen-
eralized XX-ZZ model, measuring the amount of entanglement that can
be localized in a pair of spins by doing local and global measurements,
respectively, on the rest of the system, cf. page 9.

The localizable entanglement of a spin pair is bounded below by the
maximal absolute value of the correlation functions of this pair, cf. Eq.
(1.22). For a € [0,1), a pair on the same odd bond has | (¢3,_,05,) | =1,
and therefore this pair has Er(p2i—1,2i) = 1. Pairs that are not on the
same odd bond will have maximal correlation function

max (|05 2jnl) = NOhimodya) | = (77}, (6.24)
where i # j and m,n = 0,1, and (7777) is given by Eq. (3.121). Thus

(ri77) < Er(p2i-m2j—n) i#j mmn=01. (6.25)
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The lower bounds can be written on the compact form
[(o7o5) | < Er(py) Vi, j. (6.26)

The upper bounds of the localizable entanglement are given by the
entanglement of assistance, given by Eq. (1.21). For pairs {i,;} that
are not on the same odd bond, the reduced density matrix p;; is, by Eq.
(6.5),

1+Z 0 0 0
1 0 1-7 0 0
Pij =3 0 0 1-Z 0 ’ 6.2
0 0 0 1+Z
where Z = (070%). Since 1 £ Z > 0, we get
1+Z 0 0 0
1 0 1-Z7 0 0
=3 0 0 VIi—Z 0 (6.28)
0 0 0 1+7Z
Then
0 0 0 —-(1+2)
1 0 0 1-Z7 0
~(14+2) 0 0 0

with eigenvalues \; » = +(1/4)(14+Z2) and A3 4 = +(1/4)(1—Z). Therefore

Calpiy) = (] o5 o}l \/pijl)
= Y= %((1+Z)+(1—Z)) — 1. (6:30)

Thus the entanglement of assistance between a pair of spins will always
be maximal for all « € [0, 1] and independent of the separation between
the two spins.

The bounds on the localizable entanglement are now given by

[(oi05) | < Er(py) <1 Vi, j (6.31)

for a € [0,1). For a € (1,2], the bound are given by applying the sym-
metry (4.3) to Eq. (6.31). The lower bounds are plotted in Fig. (6.3) for
separations up to 20 bonds between spins, when J,/J, = 2. Since the
upper bound of the localizable entanglement is unity, it is clear that this
entanglement measure does not monotonically increase as the critical
points are approached, like the concurrence does (cf. Fig. (6.1)). In fact,
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Figure 6.3: Lower bounds on the localizable entanglement of spin pairs
with separations up to 20 bonds in the generalized XX-ZZ model, given
by | <afo*]z-> | for a € [0,1). The upper bound of the localizable entangle-
ment, given by the entanglement of assistance, is Cs(p;j) = 1 for all pairs
{i,7} forall a €0,2].

as the system approaches the continuous QPT from o = 0, it is clear
that the localizable entanglement can only be constant or decrease.

For pairs that are not nearest neighbours, we see that the entan-
glement of assistance is always maximal whereas the concurrence, or
equivalently the entanglement of formation, is always minimal (cf. page
64). This seems to be a consequence of the duality between these two en-
tanglement measures, where the entanglement of formation, Eq. (1.12),
gives a lower bound, and the entanglement of assistance, Eq. (1.19),
gives an upper bound, to the average entanglement of the pure state
decompositions of the state under consideration [21]. Thus the concur-
rence will be minimal if the ground state p;; can be decomposed into
pure states with no entanglement between the two spins, and the en-
tanglement of assistance will be maximal if the ground state can be
decomposed into pure states with maximal entanglement between the
two spins. At the point o = 0, where we know that the solution can be
written as any linear combination of the two states [U}) = | 1[1] ... 1)
and |V3) = | |1/ ...]7), the reduced density matrix can be written as

1 1
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We can have | X) = |A) and |Y) = |B), where |A) = |1|) and |B) =||1),
or |[A) =|17) and |B) = ||| ), depending on the positions of the spins
{i,7}. In this case the pure state decomposition has minimal entan-
glement, therefore the concurrence will be minimal at « = 0. At the
same time, we can have |X) = |A) + |B) and |Y) = |A) — |B), which
are maximally entangled, so that the entanglement of assistance will
be maximal at o = 0. The striking difference between the concurrence
and the entanglement of assistance therefore comes as a consequence
of the fact that the pair will be in a mixed state, and of the different
ways these two mixed-state entanglement measures are defined. That
this behaviour persists for non-nearest neighbour spins for all values
of o seems to indicate a similar structure of the ground state for other
values of « than o = 0.

6.3 Block Entropy

The block entropy measures the entanglement between an entire block
of adjacent spins and the rest of the system, cf. the discussion on page
10. Since the odd bond pairs of spins can be considered as T spins gov-
erned by a quantum Ising Hamiltonian (3.20), it is intuitively clear that
a block of an even number of o spins that fully cover an integer number
of 7 spins will have an equal amount of entanglement with the rest of
the system as that block would have in the QIM. This will now be for-
mally shown.

The reduced density matrix p;, for a block of L spins o1, ..., 0y, where

L is even and o1 and o5 are on the same odd bond, can be expanded as
(cf. Eq. (6.3))

1
L =75z Z (o o)y olft oo (6.33)
K1y L = 0,z,y,z
Note that if we have one 0¥, then the other spin operator on the same
odd bond must be either o or 0%, for the expectation value (0" ...07")
not to be zero. In this way, one finds that the allowed pairs of o operators

on every odd bond are

Jgi—lagi « Tz'o
03105 < _Tz'o
05109 < —T;
Ugi—lagi « T
05109 < —T
Ugi—lagi o T
Ugiflggi A Tz‘y
O-%i—lo-gz’ « _Tz‘y-
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Therefore

Z (o abr T tabE oty ol L ahri bR ol
M1y b
0 0 0
= Z ({0 (022102 — 05;-10%;) - - )
H1yees 26 —25, 244150, ML
0 0
—(om ) (05105 — 09,10%;) )
—(o.7 (- (05105 + 0 _108,)...)

(oo ) (08105 — 05, _q05,) .. .)].

(6.34)
Since
0 0 0O
02 00
ng’—lagi — 05,105 = 00 2 0 = 27}‘07
0 0 0 O
00 0 O
02 0 0
0-52‘—10-871 - 0-(2)2‘—10-57,’ = 00 -2 0 = 27—7,’2 ’
00 0 O
0 0 0O
0 0 2 0
O-giflagi + Ugi—lagi = 0 2 0 0 = 27—1'36’
0 0 0O
0 0 0 O
0 0 -2 0
Ugiflagi - Ugi—lagi = 0 2 0 0 = 27_7;?;
0 O 0 0

in the s=0 subspace of the ground state, this becomes

> A .72 0(..12..)

H1yeees 026 —25 4204155 WL
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giving

1 5 , ,
R D R S 7 Rk ey (6.35)

V1,5V /2 =0,z,y,2

which is the reduced density matrix for L/2 spins 7; governed by the
quantum Ising model. Note that although the reduced density matrix,
when expressed in the basis of eigenstates of the o7 operators, will con-
tain a large number of columns and rows with only zeros, these rows
and columns will only contribute eigenvalues zero, without affecting re-
maining eigenvalues. Since the block entropy

Sp==Y_ Ailogy A (6.36)

is not affected by additional eigenvalues )\; that are zero, it is clear that
the block entropy of L spins in the generalized XX-ZZ model is the same
as the block entropy of L/2 spins in the quantum Ising model, for the
same value of the parameter (J,/J,)a when « € [0,1). Thus the contin-
uous QPT at (J,/J,)a = 1 will correspond to a critical QIM, with diverg-
ing block entropy according to Eq. (1.23) and central charge ¢ = 1/2. The
first-order QPT at o = 1 will, for J,/J, # 1, correspond to a non-critical
QIM, with saturated block entropy. An analytic expression for the block
entropy near the continuous QPTs, cited in Ref. [23], suggests that the
saturation value S _, of the block entropy in general is discontinuous
at « = 1 when J,/J, # 1.
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Chapter 7

Conclusions

The solution to the XX-ZZ model, introduced and solved by Brzezicki,
Dziarmaga and Oles [1], has been explicitly verified. This model, with
parameter « € [0, 2], was shown to exhibit a first-order quantum phase
transition at parameter value a = 1, with discontinuous correlation
functions and a vanishing energy gap and diverging correlation length
that behaved as at the QPT of the quantum Ising model.

A generalization of the XX-ZZ model was presented in Chap. 4. By
introducing different coupling constants J, and J, in the z and 2 spin
directions, respectively, it was shown that the mixed first-order and con-
tinuous behaviour at the QCP of the original model is due to the meeting
of one first-order and one continuous QPT phase boundary at that par-
ticular point. The continuous QPT is in all respects Ising like, since the
mapping of the XX-ZZ model onto QIMs in the different subspaces re-
sults in effective QIMs, with parameter (J,/J,)a when o < 1, for spin
pairs on both sides of & = 1. This point marks a discontinuous transition
between two different QIMs with incompatible ordering of the original
spins. The separation of the QPT of the XX-ZZ model into one first-order
and one continuous results in the emergence of a new phase between
these two QPTs, that is not accessible in the original model where the
parameter never exceeds the critical value of the QIM. This new phase
is characterized by a non-degenerate ground state with reversed dom-
inance of the two non-trivial pair correlation functions relative to the
phase in the isotropic model, cf. Fig. (4.7).

The generalization of the XX-ZZ model also allows us to identify the
one-dimensional quantum compass model as a particular cross-section
a = 1 of the parameter space of the generalized XX-ZZ model, mak-
ing its solution a trivial special case. The one-dimensional quantum
compass model behaves entirely similar to the QIM with parameter
Jz/J.. It was shown that the ground state is described by a spin lig-
uid state where some correlation functions are undefined and the rest
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are mapped onto correlation functions of the QIM with parameter J,/J..
Thus the one-dimensional quantum compass model exhibits a continu-
ous QPT at the critical point J,/J, = 1, with energy gap vanishing as
A ~ |(Jz/J;) — 1| but with undefined correlation length.

The pairwise entanglement, as measured by the concurrence, in the
ground state of the generalized XX-ZZ model, was shown to be non-
zero only for spins on the same odd bond when « € [0,1) and spins on
the same even bond when « € (1,2]. This pairwise concurrence is dis-
continuous at the first-order QPT, and has a diverging first derivative
0C' /0« at the continuous QPT, in accordance with the general analysis
of Ref. [17]. Therefore, the concurrence appears to be the appropriate
measure of the critical entanglement content in the generalized XX-ZZ
model, as it signals the orders of the QPTs. The absence of any concur-
rence at « = 0 and o = 2 is expected, since at these points we know
that the ground states can be written as unentangled product states.
However, the absence of any concurrence for all values of o between
spins not on the same odd bond, clearly a consequence of the absence
of any correlations between the x spin components for these spins, is
rather peculiar since the spins do possess long-range correlations be-
tween their 2z spin components that must be due to entanglement in the
ground state. In fact, the entanglement of assistance between any two
spins, no matter how far apart, was shown to be maximal for all values
of a € [0,2], clearly showing the presence of long-range entanglement
in this model. For the localizable entanglement, the bounds calculated
are only able to show that this entanglement measure is close to max-
imal for all spin pairs in the neighbourhood of the points o = 0 and
a = 2. This total difference between the concurrence and the entangle-
ment of assistance comes as a consequence of the different ways they
measure the entanglement content of the mixed-state subsystem. The
result that the concurrence vanishes for non-nearest neighbour spins
for all values of « is however somewhat surprising as the spins of the
effective QIM show non-vanishing long-range concurrence near its con-
tinuous QPT [4]. The inability of any of the calculated pairwise mea-
sures of entanglement to both indicate the different orders of the QPTs
in the model as well as any long-range entanglement close to the con-
tinuous transitions, clearly points out the imperfectness of our present
entanglement measures. For the block entropy, when the block covers
an integer number of odd bonds, it was shown that the entanglement
between this block and the rest of the system is the same as for the
equivalent QIM block of half the number of spins. This shows that the
continuous QPTs in the generalized XX-ZZ model are in the universality
class of the QIM. The first-order QPTs probably show up as discontinu-
ities in the saturation values S;_.. of the block entropy at o = 1.

The XX-ZZ model apparently shows how one-dimensional spin mod-
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els with first-order QPTs can be constructed by letting the model con-
tinuously interpolate between two models with incompatible types of
ordering in such a way as to make some correlations discontinuous at
the critical point. By also introducing a second parameter describing
anisotropy, it has now been shown in this thesis how one can tune the
location of the continuous QPT that also arises in this model. It can
either be separated from the first-order one, giving rise to a new phase
between the two QPTs, or to coincide with the one of first-order, giving
rise to a first-order QPT with the same type of critical long-range cor-
relations as in a continuous phase transition when the critical point is
approached from either direction.
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