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Quantum phase transition of nonlocal Ising chain with transverse field in a resonator
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We study the quantum phase transition in a spin chain with variable Ising interactions and position-dependent
coupling to a resonator field. Such a complicated model, usually not present in natural physical systems, can be
simulated by an array of qubits based on man-made devices and exhibits interesting behavior. We show that,
when the coupling between the qubit and field is strong enough, a superradiant phase transition occurs, and it is
possible to pick a particular field mode to undergo this phase transition by properly modulating the strength of
the Ising interaction. We also study the impact of the resonator field on the magnetic properties of the spin chain
and find a rich set of phases characterized by distinctive qubit correlation functions.
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I. INTRODUCTION

Quantum simulation is a powerful tool to study difficult
physics problems that cannot be easily solved analytically or
simulated with a classical computer [1-6]. In order to study
such hard problems, the simulation system must be carefully
designed and set up to capture as much as possible the essence
of the simulated problem. This requirement often poses a great
challenge and can only be met to a certain degree. It is one of
the main reasons why many quantum simulation protocols are
very difficult to realize experimentally. This issue is especially
prominent in simulation systems based on artificial atoms
such as Josephson devices, because many of their properties
are fundamentally different than those of natural physical
particles [7-11].

Although the inevitable discrepancy between the simulation
and simulated systems is often considered an obstacle in
quantum simulation, it can also provide opportunities for
studying physics models under conditions not easily accessible
in natural physical systems. This is because, due to the
excellent controllability available in simulation systems based
on man-made devices, one can often tune the critical physical
parameters over a range far greater than what is feasible
in a natural physical system and even realize configurations
not possible in a natural physical system. To explore such
opportunities in quantum simulation that have not received
sufficient attention, we study the quantum phase transitions
in a nonlocal Ising chain interacting with a resonator. This
problem has its root in the well-known Dicke model [12—-14],
in which a collection of identical and noninteracting two-level
atoms are coupled to a single electromagnetic (EM) field mode.
Our problem has a few important differences from the original
Dicke model, in that many qubits are spread out within a
single wavelength of a multimode EM field, and there are
controllable interactions between the qubits. It is also possible
to tune the transverse field of each qubit individually. These
characteristics, usually not present in a natural atom-cavity
system, are accessible in simulation systems based on artificial
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atoms and man-made devices, and they have profound impact
on the behavior of the system and the method we use to
treat it.

A possible physical realization of our simulation model is
depicted in Fig. 1. It consists of N superconducting charge
qubits placed at equal distances and capacitively coupled to a
transmission-line resonator (TLR). The charge qubit is biased
at the charge degeneracy point to make it an effective two-level
system. The TLR supports multiple resonant modes that the
charge qubits interact with [15—17]. This simulation system
is analogous to an atom-cavity system in the Dicke model,
but with notable differences. In a natural atom-cavity system,
because the size of an atom is so small, the displacement
between individual atoms in an atomic cloud is negligible
compared with the wavelength of the EM field, and we can
use the “long-wavelength approximation” which assumes that
the atoms are at the same location and their coupling strengths
to the EM field are identical. This approximation does not
apply in the system in Fig. 1 because the charge qubits, being
macroscopic devices much larger than atoms, can spread out
along the entire TLR length which is also the wavelength (or
its multiple) of the EM modes that they couple to, and the
position dependence of the coupling strength must be taken
into account. Another important distinction concerns the fact
that it is difficult to induce significant interactions between
charge-neutral atoms. This limitation can be overcome in our
system by introducing coupling circuitry as shown in Fig. 1.
By using large Josephson junctions inductively coupled to the
charge qubits, we can induce strong and adjustable interactions
between them, greatly enriching the physics of our system.

In the following, we focus on phase transitions in our
system of spatially separated and interacting qubits coupled
to a resonator field with multiple modes. In the traditional
Dicke model, the atom-field coupled system is subject to
an instability due to the interaction between the atom and
field. When the interaction strength grows above a critical
value, the field of the ground state of the system is no longer
in the vacuum mode. It becomes macroscopically occupied
with photons and the system enters the so-called superradiant
phase [18]. In our system, we find that the superradiant phase
transition can also occur when the coupling strength between
the qubits and the resonator field is strong enough, although
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FIG. 1. (Color online) (a) An array of charge qubits capacitively
coupled to the TLR. The TLR consists of a center conductor and
two ground planes. The voltage between the center conductor and the
ground planes is position dependent, as indicated by the cosine curve
in the figure. The charge qubits located between the center conductor
and ground plane are capacitively coupled to the center conductor.
The nearest-neighbor interaction between charge qubits is realized
by an rf superconducting quantum interference device (in the dashed
box). (b) The equivalent distributed circuit of panel (a).

the details of the phase transition is much more complicated.
Furthermore, by periodically modulating the strength of the
interaction between the qubits, we can select which mode of
the resonator field undergoes the superradiant phase transition.
We then study the magnetic properties of the qubit chain and
its phase transitions which are impacted by the state of the
resonator field.

II. MODEL HAMILTONIAN

The full Hamiltonian of our system reads
H=Hy+ Hg+ Hpr+Hopr+ Hpop. (1)

Among these terms, the Hamiltonian of the N-qubit system
E
Ho=—-="% o @

is written in the eigenbasis {(|0) £ |1))/ V2} at the charge-
degeneracy point, with |0) and |1) the 0 and 1 excess
charge state. The multimode (labeled by the energy quantum
number /) resonator field Hamiltonian is

HR = Za)lb;bl (3)
l
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The coupling between the qubit system and the resonator field
is assumed to be dipolar and described by

.
Hox ==Y 3" 2D orp] 1), o)
jol

VN

where the coupling strength
2(j) = 2oVl cos(lmj/N) (5)

is dependent on the position of the qubits which are assumed
to be equally spaced. In addition, we also have terms for the
self-energy of the resonator field and nearest-neighbor qubit
interaction,

Hrr =y Di(b +b]) 6)
1

and

Hoo=-)Y J(j)ojol,,. (7
J

Here, Dy is the field self-interaction strength and the J(j)s
characterize the position-dependent Ising interaction strength.

The Hamiltonian in Eq. (1) has several important differ-
ences from the conventional Dicke model:

(1) The EM field can have multiple modes, consistent with
the situation in physical resonators.

(2) The long-wave approximation does not apply and the
coupling between the qubit and field is dependent on the
position of the qubit.

(3) There is an Ising interaction between nearest-neighbor
qubits.

These new elements in our model have a profound impact
on the system behavior and phase transitions. As mentioned in
the introduction, such a model Hamiltonian can be realized by
using man-made devices with excellent controllability such
as the charge-qubit-TLR system in Fig. 1. As shown in
Appendix A, in such a system the qubit energy is equal to the
Josephson energy E, of the charge qubit. The resonator-mode
frequencies are determined by the parameters of the TLR,
w; =l /(d~/LyCyp), where Ly and C are the inductance and
capacitance per unit length of the TLR and 4 is its length. The
Cyx are the gate capacitance of the charge qubit and the total
capacitance of the charge island, respectively, and the field

self-interaction strength D; = +- >~ y %AZZ( 7).

qubit-field coupling strength Ag = where C, and

III. QUANTUM PHASE TRANSITION
A. Mean-field treatment

The solution of our system is complicated by the fact that
the resonator field has multiple modes. To avoid nonessential
complications and focus on the study of phase transitions,
we will adjust the system parameters such that no more than
one resonator mode has macroscopic occupation. To find the
conditions for such a setup, we consider one resonator mode
! first and use the mean-field approximation to simplify the
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qubit-resonator coupling term Hg.g as

M) X N f .
> (b +bpot =Y 2¢(j)of + N +b)E)
J N ! J !

—2N¢ %}, (3)
where the order parameters
(b] + by)
= (G|——=—=1G),
¢ = (G| Wi |G)
. >, mj)o?
5 = (GI=——I6), ©)

with the ground state of the system being |G).

Under the mean-field approximation, the qubit part of the
Hamiltonian becomes that of a nonlocal Ising chain with a
transverse field dependent on ¢;, which is the order parameter
for the resonator field. As shown in Appendix B, it can be
solved by the Jordan—Wigner transformation which maps the
Ising chain to a collection of fermionic quasiparticles. The
energy per particle for the system is

1
eg = <w1¢,2 +4Dip} — N Z Ak(¢1)> , (10)
k

where the spectrum of the quasiparticles Ay is a complicated
function dependent on ¢;, as shown in Appendix B. By finding
the value of ¢; that minimizes e, we can determine the ground-
state energy and the order parameter ¢; for the resonator field.
Unlike in conventional Dicke problems, this problem cannot
be solved analytically because of the complicated quasiparticle
spectrum Ay. Thus we numerically solve for ¢>Zg , which is the
order parameter of the resonator field for the ground state.

B. Superradiant phase transition

In this section, we focus on the state of the resonator
field. We start with the simple case of the homogeneous Ising
interaction J(j) = J, V j, and calculate the ground-state-field
order parameter ¢; for different values of qubit-field coupling
strength Ay and Ising interaction strength J. In Figs. 2(a)
and 2(b), the numerical results of q‘),g for J =0.05 and J =
0.35 (in units of w) are shown. It is seen that, when the qubit-
field coupling A¢ is small, the ground-state energy is minimized
when ¢ = 0. When A is greater than a critical value A§, ¢
becomes nonzero, indicating that the photon field has a macro-
scopic occupation. Therefore, a superradiant phase transition
occurs when the qubit-field coupling becomes strong enough.

We also calculated ¢lg for different resonator modes /.
We find that, for homogeneous Ising interaction J(j) = J,
the critical points A§ for all resonator modes are the same.
Therefore, when A increases, all the resonator modes undergo
the superradiant transition at the same critical point Ag. In
Figs. 2(a) and 2(b), the results are obtained by considering
only one mode in the calculation as shown in Sec. IITA.
Since the plots indicate that all resonator-field modes can
become macroscopically occupied at the same time, a more
rigorous treatment requires including all resonator modes in
the calculation. This is challenging numerically since the
amount of calculation required increases dramatically with
the number of resonator modes included. In Fig. 2(c), the
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FIG. 2. (Color online) ¢; versus X, for different resonator modes
[. In panels (a) and (b), only one mode is considered in the calculation,
although a different mode is used for each curve. The Ising interaction
is homogeneous, J(j) = J, and J = 0.05 and 0.35, respectively. In
panel (c), the ground-state values of three modes (I = 1,2,3) are
plotted for a homogeneous Ising interaction J = 0.05 by considering
all modes simultaneously in the calculation. In panels (d) and (e), J(j)
has a rectangular waveform as in Egs. (11) and (12), and Jy,.x = 0.35,
Jmin = 0.05 are used. The modes/ = 2 and/ = 3 are singled out since
the critical value A§ for them to undergo the superradiant transition is
the lowest. Only one mode is considered in each calculation. In panel
(f), three modes are considered simultaneously in the calculation.
J(j) has a rectangular waveform as in Eq. (11), and Jy.x = 0.35,
Jmin = 0.05. In panel (a)—(f), the parameters, % =8and E, = 0.8,
are chosen to be accessible values in typical experiments. The size of
the system is N = 200.

results are plotted when the first three resonator modes are
considered simultaneously. We see that, the average values for
all resonator-field modes indeed become nonzero at the same
critical point, consistent with the results in Fig. 2(a).

For our studies, we wish to pick a particular mode
to undergo the superradiant phase transition. This can be
accomplished by making the critical value A{ for the chosen
mode lower than that of other modes. For this purpose, we
make the Ising interaction strength J(j) inhomogeneous and
position dependent. We find that, by giving J(j) a spatial
modulation as simple as a rectangular wave, we can lower the
critical value A§ for one particular resonator mode below that
of all others. For example, if the position dependence of J () is

j €[N/8,3N/8]and [SN/8,7N /8]
all other sites,

un={ﬁj ()
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the critical value Ag for the mode / = 2 is the lowest, as shown
in Fig. 2(d). If instead the position dependence of J(j) is

j € [N/12,3N/12] and [5N/12,7N/12]
and [ON/12,11N/12]

Jmin  all other sites,

Jmax ’

J() =

(12)
then the mode / = 3 becomes the first one to undergo the
superradiant phase transition when A increases, as shown in
Fig. 2(e). In these examples, notice that the period of J(j) is
the same as that of the chosen resonator mode. Also, the gap
between the critical value of A for the chosen mode and others
increases with the amplitude of the Ising-interaction-strength
modulation, AJ = |Jmpax — Jminl- In Figs. 2(d) and 2(e),
only one mode is included in each calculation. To check the
validity of the conclusion derived from this simplification, we
also performed the calculation by including all three modes
simultaneously and plot the results in Fig. 2(f). It is seen
that the critical value of X for the first mode to undergo the
superradiant phase transition remains approximately the same
as that in Fig. 2(d), and there is a clear gap in the values of Ag
for other modes to undergo the phase transition. Therefore, by
using this technique we can in principle single out a resonator
mode to undergo the superradiant phase transition while all
other modes remain unoccupied.

C. First- and second-order quantum phase transition

The exact nature of the quantum phase transition (QPT) of
the resonator field and its relation with the Ising interaction
strength J(j) and transverse field E is an interesting topic
in our problem. To study it, we first choose a single mode
to undergo the superradiant phase transition while all other
modes remain in the unpopulated state. Specifically, we focus
on the mode / = 2 by modulating the Ising interaction strength
as in Eq. (11). Assuming a transverse field E; = 0.8, we fix
the amplitude of the Ising interaction modulation by setting
AJ = 0.375E, = 0.3 and use the value of J,;, as the measure
for the strength of the Ising interaction. We then calculate the
order parameter ¢§ as a function of Jp,;, and the qubit-field
coupling strength X¢. This will allow us to examine the phase
transition in great detail and determine its exact nature. The
results are plotted in Fig. 3.

We find that, when the Ising interaction is weak and the
value of Jy;, is small, the transition of ¢>§ from O to a
nonzero value is continuous. This smooth increase in ¢5 is
the most conspicuous signature for a second-order QPT which
is represented by the red dashed line in Fig. 3. On the other
hand, when J,,;, increases above about 0.35, the transition to
a nonzero value for ¢§ becomes discontinuous, indicating that
the phase transition has changed to first order. This is labeled
by the blue solid line. Since the first-order phase transition
grows out of a second-order one, there will be a region where
the jump of @3 is small [19,20].

To demonstrate clearly the differences between the second-
and first-order QPT, we consider two cases where J;, is
much smaller and much greater than 0.35 and calculate the
single-particle energy e, as a function of ¢, for different values
of Aq near the critical point Ay, This will reveal how the strength
of the Ising interaction Jn;, impacts the nature of the phase
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FIG. 3. (Color online) Phase diagram of the superradiant quan-
tum phase transition (QPT) in the Juyi,-Ao plane. When the phase
transition occurs, the mean-field value ¢5 changes from 0 (the normal
phase) to nonzero (the superradiant phase). When Jy,;, is small, the
change of ¢>§ from O to nonzero is continuous. When Jy,;, is greater
than 0.35 (roughly), this change becomes discontinuous. Correspond-
ingly, the phase transition changes from second order to first order.
In the upper-left and lower-right corner, the Ising interaction strength
J(j) and effective transverse field €2(j) at points A and B in the phase
diagram are plotted. J(j) is modulated as in Eq. (11) to single out
the mode [ = 2 for the superradiant phase transition. The effective
transverse field Q(j) = {(%)2 + [22()p517}'/? [see Eq. (B4)] is
dependent on the order parameter 5. At point A in the normal phase,
¢5 = 0and Q(}j) is constant. At point B in the superradiant phase, ¢5
is nonzero and 2(j) is oscillatory because of the position dependence
of A,, as in Eq. (5). Parameters used in the simulation are % =38,
E,=08,1=2,N=200,and AJ =0.3.

transition. The result for Jpi, = 0.3 is shown in Fig. 4(a). In
the curves for e,, we see that the single minimum at zero field
continuously splits into two symmetrically located minima as
the field-qubit coupling A is increased. This smooth transition
signals a second-order QPT. To verify this, we further calculate
the first and second derivative of the ground-state energy
ey, with respect to the parameter Ao and plot the result in
Figs. 4(b) and 4(c) [21,22]. It is seen that the first derivative
is continuous, whereas the second derivative is discontinuous.
We can then conclude that the phase transition is indeed second
order in this case. In Fig. 4(d), the single-particle energy
with Jpin = 0.5 is shown for different values of Aj. In these
curves, as Ag increases, the number of local minima in e,
changes from one to three and then to two. When the two
minima at nonzero ¢35 appear, the original local minimum at
zero field does not vanish and remains the global minimum
of the system. When A increases further, the energy at the
local minima corresponding to nonzero ¢5 abruptly become
the global minimum. In Figs. 4(e) and 4(f), the ground-state
energy and its first derivative with respect to A are plotted.
Since the first derivative is discontinuous, the phase transition
in this case is first order.

The reason for the QPT changing to first order is that,
when the Ising interaction is strong, the qubit chain is in the
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FIG. 4. (Color online) (a)-(f) The single-particle energy e,
ground-state energy e,,, and the first and second derivative of e,,. In
panels (a)—(c), Jmin = 0.3, and the phase transition is second order.
In panels (d)—(f), Jmin = 0.5, and the phase transition is first order.
Other parameters are the same as in Fig. 3. (g) |23 as a function of
)¢ for different values of J,;,. The red, blue, and black solid lines
refer to the values of | X5 | for the stable points of the minimum energy
in the e,-¢, plane. The dashed lines refer to the values of | %3] for
the unstable points of the maximum energy in the e,-¢, plane. The
vertical dotted line marks the critical point of the first order QPT for
Jmin = 0.5. To the left of the dotted line, | 25| = 0 for the ground
state of the system. To the right of this line, the value of |X; | for the
ground state becomes nonzero.

ferromagnetic phase before the superradiant phase transition
occurs. Once the superradiant phase transition occurs, the qubit
chain experiences a large effective transverse field due to the
nonzero field value ¢5. As a consequence, the qubit chain may
abruptly switch to a paramagnetic phase, which in turn leads
to a discontinuous change in the first-order derivative of e,,.
We can further study the nature of the phase transition by
investigating the magnetic properties of the qubit chain. In
Appendix B we show that, at the minima or maxima of e, (¢»),
the order parameter for the qubit system is related to that of
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FIG. 5. (Color online) The full phase diagram in the parameter
space (E;,Ao,Jmin).- The Ao — Jmin plane at E, = 0.8 (which cor-
responds to Fig. 3) is shown, and the black dashed line marks
the boundary between the first and second order phase transition.
The effective transverse field is constant in the normal phase and
oscillatory in the superradiant phase as in Fig. 3. Here, we set
AJ = 0.375E,. Other parameters are the same as Fig. 3.

the field according to

b2

92 = 0)2+4D2.

13)

In Fig. 4(c), we plot |X7| at the minima or maxima of e,
versus Ao. We can see that, when Jyi, = 0.3, | 23] changes
continuously with Ay which indicates that the QPT is second
order in nature. When Ji,i, = 0.4 or 0.5, the curve for |X5] is
hysteretic, suggesting that a first-order QPT takes place.

In Fig. 3, a typical value of 0.8 was used for the transverse
field E,. To study the dependence of the QPT on E., we
calculate the phase diagram in the three-dimensional parameter
space (E;,Ag,Jmin) and plot the result in Fig. 5. In this
calculation, still the / = 2 mode is picked for the superradiant
phase transition, and the modulating amplitude is fixed at
AJ = 0.375E,. It is seen that the basic structure of the phase
diagram remains the same as in Fig. 3 at different values of
E_, although the critical value of A{ increases as E, grows.

D. Magnetic orders in the ground states

The qubit part of our system is essentially a nonlocal Ising
chain subject to a transverse magnetic field dependent on the
state of the resonator field. In a homogeneous Ising chain
(J is position independent) with uniform transverse field,
the physics is dictated by the competition between the Ising
interaction and the transverse field, and it is well known that the
system has a critical point when the two are equally strong. In
our system, this mechanism continues to play a major role. In
addition, the state of the resonator field and its phase transition
has a nontrivial impact on the property and behavior of the
qubit chain, and we expect richer physics due to the interplay
between the qubit and resonator field.
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FIG. 6. (Color online) (a) Phase diagram of the system. All

parameters are the same as in Fig. 3(a). (b)—(f) Values of (6.;') and the

correlation length &, z(j) at points B-F in panel (a).

To study the properties of the qubit chain we focus our
attention on the qubit correlation (oja .) [see Eq. (C1)

in Appendix C], where G is the Pauli matrix of the jth
qubit in the direction of the Ising interaction. Since this
correlation decreases with the qubit separation n, we can
use it to characterize the correlation properties of the qubit
chain. For the inhomogeneous Ising chain in our problem,
we define ER( J) as the right correlation length for the jth
qubitif (5767, ) = e”'(575;, ). Likewise, we define £,(j)
as the left correlation length for the jth qubit if (a &7 i) =

e 5767 ). Ere()) = [ER()) + £L(j)]/2is the aVerageOfthe
left and rlght correlation length for the jth qubit.

In Fig. 6, we calculate and plot the mean spin a and
correlation length £z (j) for a few representative pomts in
the phase space of the system using methods developed in
Appendix C. These points are selected such that they span
both the normal and superradiant phase of the resonator field
and cover both the weak- and strong-Ising-interaction regime.
Information obtained from the plots of 6j and &g (j) can then
help us understand the impact of the resonator field and Ising
interaction on the qubit chain.

The situation when the resonator field is in the normal phase
regime with ¢§ = 0is shown in Figs. 6(b), 6(d), and 6(f). Since
the resonator field is unpopulated, the transverse field is simply
E./2, and the state of the qubit chain is mainly determined
by its competition with the Ising interaction strength. It can
be seen in Fig. 6(b) that, when the Ising interaction is weak
(roughly speaking, Jnin < E;/2 — AJ), the ground state of
the system exhibits the normal-paramagnetic (NP) order with
alarge (61?) and a small correlation length &7 z(j). In contrast,
when all local Ising interactions dominate the transverse field
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(Jmin > E./2), the qubit chain is in a normal-ferromagnetic
(NF) state with a small (61?) and a large correlation length
& r(j), as shown in Fig. 6(f). In between these two cases
(Jmin < E;/2 < Jmax), we have an interesting scenario where
the transverse field and Ising interaction is dominant in
different segments of the qubit chain. Consequently, both
the paramagnetic and ferromagnetic orders are present in the
system. This is evidenced by the oscillating behavior of (6?)
and &7 z(j) along the qubit chain, as shown in Fig. 6(d). We
call it the normal-ferromagnetic-paramagnetic (NFP) order.

When the resonator field is in the superradiant-phase
regime, ¢§ = 0, the effective transverse field for the jth qubit
is position and d)f dependent [see Eq. (B4) in Appendix B].
If the Ising interaction is weak, Jma.x < E;/2, the local
transverse field (/) is always larger than J(j) along the
qubit chain. This leads to the superradiant-paramagnetic (SP)
order with a large (6f) and a small correlation length &7 z(j),
as shown in Fig. 6(c). As the strength of the Ising interaction
increases, it is possible for the transverse field to dominate
[2(j) > J(j)] in some segments and the Ising interaction to
dominate [J(j) > Q(j)] in the rest of the qubit chain. As
shown in Fig. 6(e), the ground state of the system exhibits the
superradiant-ferromagnetic-paramagnetic (SFP) order charac-
terized by oscillating (c‘r;) and &, g(j). For the parameters we
calculated, there is no superradiant-ferromagnetic (SF) order
when the strength of the Ising interaction is increased further,
and ¢5 coexists with (57).

IV. EXPERIMENTAL CONSIDERATION

In solving the model Hamiltonian in Eq. (1) and investigat-
ing possible phase transitions in the system, we have explored
a large range for the values of relevant parameters in the
model. In reality, the reachable parameter space is limited by
the currently available technology. For the charge-box—TLR
system in Fig. 1, the TLR frequency and the Josephson energy
of the charge boxes are typically around a few gigahertz.
The coupling strength between a single qubit and the TLR
field can range from a few kHz to nearly 1 GHz [5,23].
Since the effective coupling strength A, is proportional to
VN, a larger number of charge boxes placed in the TLR
will result in a stronger coupling. However, the number of
qubits in the charge-box array is limited by decoherence and
the requirement for the two-state approximation to hold [24].

Figure 7 shows our numerical results with the following pa-
rameters: @; =~ 3 GHz, the second mode frequency w, = 2w,
E, =0.lw;, N =40, and A¢ € [0,0.25w]. These parameters
are accessible in present experiments [15,23,25]. Considering
the challenge in realizing very strong Ising interaction [26],
we use experimentally accessible values Jy,x = 0.26E, and
Jmin = 0.01E; [26,27]. As an example, we consider the case
where the Ising interaction strength is modulated according
to Eq. (11) and the second resonator mode undergoes the
superradiant transition. Since J(j) < 0.26E is in the weak-
interaction regime, the qubit chain is restricted to the NP and
SP phases. Plotted in Figs. 7(b) and 7(c) are the correlation
lengths and (6;) at point A (in the normal phase) and B (in
the superradiant phase) in Fig. 7(a). Because of the limited
Ising interaction strength, the main characteristics of these
two plots are similar. To achieve the NFP and SFP phases,
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FIG. 7. (Color online) (a) |¢;| versus Ao for different values of
with £, = 0.1 (in units of w,), and Jy,x = 0.26E, Jyn = 0.01E..
In the normal phase, the order parameter ¢f = 0. As A, crosses the
critical value, gb,g becomes nonzero, and the system enters superradiant
phase. Panels (b) and (c) show (5%(j)) and &g, (j) for the normal
phase (point A) and superradiant phase (point B). Both are in the
paramagnetic regime.

a stronger Ising interaction strength is needed, which is still
challenging experimentally.

V. SUMMARY

In summary, we have studied phase transitions in an Ising
chain with transverse field and coupled to a multimode res-
onator field beyond the long-wavelength approximation. We
find that the superradiant phase transition occurs when the cou-
pling between the qubit and resonator field is strong enough,
and we show that we can pick a particular field mode to undergo
the superradiant phase transition by properly modulating the
Ising interaction strength. We further studied the magnetic
properties of the Ising chain and discovered a rich set of
possible phases by calculating the qubit correlation functions.
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APPENDIX A: HAMILTONIAN OF
CHARGE-QUBIT-CHAIN—TLR SYSTEM

We derive the Hamiltonian for the circuit in Fig. 1 in this
section. First, the quantized TLR modes are described by the

PHYSICAL REVIEW B 90, 094510 (2014)

Hamiltonian (A = 1)

Hr =Y wb]b, (A1)
1

where b;T) is the annihilation (creation) operator for the
Ith mode, and «; is its frequency. w; is determined by
the physical parameters of the TLR, w; = I /(d+/LoCy),
where d is the length of the TLR, and Cy and L, are the
capacitance and inductance per unit length. The voltage of the
resonator associated with the /th mode can be expressed as
Vilx) = \/%cos(klx)(bl + blT), where k; = w;/CoLyg is its
wave vector, and x € [0,d] is the position along the TLR [15].

Now we consider a chain of N equally spaced Cooper-
pair boxes embedded in a TLR [15-17], as shown in Fig. 1.
Because of the capacitive coupling to the TLR, the total gate
voltage for the jth qubit is the sum of a dc bias value and
a quantum part due to the TLR voltage. Therefore, the total
gate voltage is V,(x;) = ngc +Vix ), with the quantum part
Vix D= Vi(x 7). The Hamiltonian for the charge boxes [17]
reads

He =Y {4E. Y (n —nl)’n);(nl

J

—E/2) (In+1);(nl+n);(n+ 17, (A2)

where E,. = ez/(ZCz) = ez/[Z(Cg + Cj)] is the charging
energy (Cs, C,, and C; are the total, gate, and Josephson
junction capacitance of the charge box, respectively), E, is
the Josephson energy, and ny = C,V,(x;)/(2e) is the excess
charge on the jth Cooper pair box. If we bias the charge
boxes at the degeneracy point C, ngc /(2e) = 1/2, the charge
boxes effectively function as two-level qubits with the charge
states n = 0,1. In this case, the excess charge né =1/2+
C gV(x‘,») /(2e). In the subspace {n = 0,1}, the qubit charging
energy is

4E. YD (n=nd)’in);nl

j n=0,1
1 R 2
=4E. )" Y |:n —5- CgV(xj)/(Ze)] n) ; (n|
j n=0,1
=4E. )" Y |:(n - 1>2 - 2<n - l)c V(x;)/(2e)
‘ Jj n=0,1 2 2 ’ ’

+ (cgff(x,)/(ze))z} In); (n|

C,V(x;
=> [E - 4&%01)]«“ —10);(0D)
J

+4E,

eV, )} (A3)

4e2
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where we have used |1);(1| + |0);{(0] = 1. Recall that

Vix)) = Z |- cos(k,x )bi + b))

The second term in Eq. (A3) is the coupling between the TLR
and the qubit:

Ho.g = 4E. e ZZ[ /—cos(klx])

(b + b)), (1] — 0); (OI)}

(A4)

(AS5)

The third term gives rise to the self-energy of the TLR:
Hip = 4552 3OS 2 coskix )by + b)), (A6)
R-R c 462 - - dC() J 1/

where we have used Zi cos(k;x ;) cos(kyx ;) ~ Oforl # I" and
ignored the coupling between different resonator modes. The
Hamiltonian of the qubits is given by the Josephson energy
term in Eq. (A2):
Hp =—

201+ 10} (1D). (A7)

In the qubit eigenstates {(|0) £ |1))/ V/2}, the total Hamiltonian
of the system then reads

H = Hr +Hp + Hp.gr + Hppg,

Ho = —~

Hor = —ZZ“(” Kb + b,

Hpg g (A8)

ZDz(bz + b2,
1

where A;(j) = Aov/Icos(Imj/N), D; =

ag = CayfNow
0= ¢, Vg,
Furthermore adjacent charge boxes can be coupled by

using an rf superconducting quantum interference device
(rf-SQUID) mediated tunable coupler as shown in Fig. 1.
The rf-SQUID acts as an inductive transformer leading to an
effective mutual inductive energy [28,29]:

Hp.g=— Z Meg(j)1 141,

J

L3 £5023()). with

(A9)

where M.s(j) is the effective mutual inductance, and I; is
the total current through the Jjth junction. For charge qubits,
we have I; = — 2 = and $& 32¢; + I.sin(p;) = 0, where ¢; is
the junction phase, and I, is the critical current. Then we have
I; = g—ilcsin(gaj) and

- Z J(j)sin(p)sin(@;+1)

_ZJ(])U Tt

Hgp o

(A10)

PHYSICAL REVIEW B 90, 094510 (2014)

where J(j) = [Mt(j)C;171/C5, and we have used sin(p) =
o”. It is assumed that the coupler is placed far away from the
TLR and the coupling to TLR can be ignored.

In summary, the total Hamiltonian of the system is

H=HR+HQ+HQ—R+HR—R+HQ—Q7 (A11)

where each component of the Hamiltonian is given in Egs. (A8)
and (A10).

APPENDIX B: MEAN-FIELD SOLUTION

The Hamiltonian in Eq. (A11) can be solved in the mean-
field approximation for the resonator field. For simplicity of
presentation, we first consider only one single TLR mode /.
Under the mean-field approximation for Hg_g as in Eq. (8),
the total Hamiltonian reads

H = wb| by + Dy(b] + b)* — VN (b} + by)

—Z—o —22)&1(1)@0 _ZJ(J)J /+1

+2N¢,Zl : (B1)

where ¢, and Xj are the mean values of the resonator field
and qubit chain, respectively. The first line of Eq. (B1) can be
diagonalized, and the Hamiltonian then becomes

LN
— s b x
= @b b — a)l(oz — ﬂ)z Z— —an(])@a,
=Y J(ojol,, + 2N, (B2)
J
VNE}

where b =ab; + pb] + 2ok with @ = (0 +4Djwy)'”
a = [(o +2D; + @)/ Rwp]"?, and B = [(w; + 2D, — @)/
Q]2

The second line of Eq. (Bl) describes a nonlocal
Ising chain with nonuniform transverse field. To find
its spectrum, we first make a local rotation along the
y axis to introduce the Pauli matrices 6f = cos(Gj)a; +
sin(0;)o?, 67 = cos(f;)o; — sin(9;)o;, and &7 = o), with
0; = arctan{[4X;(j)¢;]1/ E.}. Then the second line of Eq. (B1)
takes the form

Hiing = — Y _Q(j)5i =Y J(j)5]6],,,  (B3)
J J

where the effective transverse magnetic field

. E;\* .
Q) = \/<7Z> + 2 ()i 1> (B4)
We assume the periodic boundary condition for the qubit chain,
on+1 = 01. Following the method given in Refs. [30-35], we
express the Pauli matrices using the creation and annihilation
operators in the spinor space:

= T ) T
Uf:l—Zajaj, Ujv=aj+tlj, (BS)

and apply the Jordan—Wigner transformation

aT — Cleimz' 1CIC
J

j aj=e 7”r21 'C’C’Cj, (B6)

094510-8
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to map the qubit chain to a collection of fermions described
by the creatlon and annihilation operators ¢’ and ¢ which
satisfy {c,,c }=4;; and {ci,c;} = {c ¢; }— 0. After this
transformatlon we obtain a quadratic Hamﬂtoman in fermion
operators

N
Higng = — Y_ Q(j)(1 — 2¢le))
j=1
N—1
= Y TGN = ety +ejin
j=1

+ In(cl, = en)el + epe™

- Zc Ajjej + Z(c‘B,] ¢j +eiBijc)). (BT)

where
J(J) J(J)

Ajj =85 Ajjn= o A=

B _JG) _JO)
Jatt = T PR T

J(N) J(N) ®3)
AN,l — _TelﬂN’ Al,N — _Tenr/\/’7
JIN) in JIN) in

By, = — ¢ N By = 5 ¢ N,

and N = Z =1 c c; is the number of fermions. Although the
spin problem has a periodic boundary condition, the trans-
formed fermion problem could have a periodic or antiperiodic
boundary condition, depending on the fermion number N.
Specifically, the fermion problem has an antiperiodic boundary
condition if there is an even number of fermions, and periodic
boundary condition if there is an odd number of fermions.
The ground state is in the sector with antiperiodic boundary
condition [30].

The bilinear Hamiltonian in Eq. (B8) can be diagonalized
exactly. To do so, we perform the linear canonical transforma-
tion

me= Y (8icj + hiic)), (BY)

=Y (guic) + hyje;). (B10)
j

where the s are a new set of fermionic quasiparticle

operators, {nk,n,t,} = Sees {Miomie} = {n,t,n,t,} =0, and the
coefficients are chosen to be real. In order to diagonalize the
Hamiltonian and express it in the form

N
1
:

Higing = Y _ A (nknk - 5>, (B11)

k=1

the coefficients g; and hy; must satisfy [35]

Ai®j =Y O (A= B)YA+B);.  (BI2)
AR =Y Wi (A + B)A — B)ij, (B13)

PHYSICAL REVIEW B 90, 094510 (2014)

where @y ; and Wy ; are linear combinations of g;, /g,

Dy = gij + hys (B14)

\I-’kj = 8kj — hkj. (B15)

By solving these equations, we can obtain the quasiparticle
spectrum Ay and the coefficients g;; and hy;.
The total Hamiltonian then reads

N 1
H=a@b b — ——— A —~ ) +2NgE;
by by — _(a+’3)2+2 k<7)k77k 2>+ bixp.
(B16)
The ground state |G) must satisfy
bilG) =0, n|G)=0(Y k), (B17)
and the ground-state energy is
2 N
N(Z}) 1
=——"" — —Ar +2N¢ 5. B18
g @+ f) ;2 k I (B13)
From b;|G) = 0, we get
(b] + by) =
= (G| ——IG) = ———— B19
¢l(|2ﬁ|>wz+4Dz (B19)
and therefore
A
— 2
E, = N(w; +4D)¢; — ; EAk' (B20)

Notice that Q(j) = [(5)? + 4A2(j)¢?1"/%, and Ay is also a
function of ¢;. The value of ¢; is determined by minimizing
E (). If Eo(¢f) is the minimum, we have g(¢l)|¢1 =0.
Notice

N
k=1

N =
>

E, . .
=(Gl-) 50 > 2u()io;
J

J

= > (ool 1G), (B21)
J

and
¥ ¢1 G| Z —oi- Z 2o — Z J(j)olo?,41G)
J

—(G| szlmoﬂm.

J

(B22)

Therefore, the condition 8E (¢’ ) —E e o = = 0 leads to

. {GIX, M(j)o?IG)
= v

= ¢i(w; +4Dy),

which is consistent with the result in Eq. (B19).
We can similarly calculate the ground-state energy for
multiple field modes in the thermodynamic limit. The total

094510-9
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Hamiltonian is

H =Y logblb + Dy(b] + b} — VNZ} (b] + by)]
!

E . oy
=250 = 2 2o} = D TGejol,
J Jil J

+ > (2NoiE)), (B23)
I

and we have X = ¢’ (w; + 4D;). The ground-state energy
now reads

N
1
Eq=Y [N +4D)¢f] - 58 (B24)
k=1

l

and Ay is the quasiparticle spectrum of Ising chain (B3) with
effective transverse magnetic field

E.\* ’
Q(j) = (7) +[2Zw>¢,]
l

The order parameter ¢; is determined by minimizing

Eg(¢1.¢2,...).

(B25)

APPENDIX C: QUBIT CORRELATION FUNCTION

Now we show how to calculate the correlation functions.
The correlation of the qubit chain at ground state can be
calculated using the fermionic operators,

Pj.j+n = <_jv6]"y+n>
Jj+n—1 .
= <(c}+cj)[ [ el+enie! - cl-)} (el + cj+n>>.
i=j
(CDH
If we define
Cj:Cj+Cj, Dj:C;_ij (Cz)
then
Pjj+n =(DjCjt1Djt1++- Cjpn1Djin-1Citn). (C3)

PHYSICAL REVIEW B 90, 094510 (2014)

This expectation value can be evaluated by Wick’s theo-
rem [33,36] which relates it to a sum over products of
expectation values of pairs of operators. By making use of
the inverse transformation

Cj= Z @y (1} + m).

D; = W —no).  (C4)
k k

and n¢|G) = 0, the expectation value of any such pair is easily
calculated:

(C:Cj) = Z Dy O ((’71 - nk)(mt/ + )

kK
=0,
(D;Dj) = W Wi () — m g + me))
kK
= —d;j,
(DiCj) = Wi e {1} = nO(f + 1))
K,k
= —(¥' ). (C5)
Defining
Gij = (DiCj), (C6)
and collecting the terms in the Wick expansion, we find
Gjj+ Gjj+ Gjjn
Girrjvt  Gjyj
Pj.j+n =
Gin-tj+1 Gjan-tj+2 G jn—1,j+n
()

(6]*7) and (6_;‘) can also be calculated in the same way:
(ef)=T®),;,, (67)=0. (C8)

We can rotate & back to o,

(07 0710) = (6757,0):
(af) = cos(Gj)(éf), (C9)

(o7) = sin(0))(5;).
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