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We design a driven superconducting box with four spins § = 1/2 (qubits) such that coupled devices can give

insight on the occurrence of quantum spin liquids and many-body Majorana states. Within one box or island, we
introduce a generalized nuclear magnetic resonance algorithm to realize our models and study numerically the
spin observables in time as well as the emergent gauge fields. We discuss the stability of the box towards various
detuning effects and we include dissipation effects through a Lindblad master equation. Coupling boxes allows us

to realize quantum spin-liquid phases of Kitaev Z, spin models in various geometries with applications in the toric
code. Quantum phase transitions and Majorana physics might be detected by measuring local susceptibilities. We
show how to produce a Néel state of fluxes by coupling boxes and we address the role of local impurity fluxes
leading to random Ising models. We also present an implementation of the Sachdev-Ye-Kitaev Majorana model

in coupled ladder systems.
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I. INTRODUCTION

Majorana fermions have revived attention due to possi-
ble applications in quantum information as protected qubits
[1-7] and surface codes with Z, variables [8—10]. We design
a Majorana box starting from a superconducting four-site
circuit [11-13] with the goal to engineer quantum spin liquids
and many-body Majorana states encoded in spin—% degrees
of freedom. Starting with four transmon qubits, we present a
nuclear magnetic resonance (NMR) double-period protocol to
realize the box. We study the quantum dynamics in time to im-
plement the required protocols and to detect the Z, gauge fields
through spin variables. A system of three transmons in cQED
has been realized recently [13], with possible applications in
topological phases [14,15].

These boxes could be used in variable geometries from
quantum impurity systems to tunable ladder and plaquette
models. Ensembles of square-plaquette models have been real-
ized in ultracold atoms [16] to emulate an Anderson resonating
valence bond spin-liquid state [17], and have been shown
theoretically to be related to d-wave superconductivity (super-
fluidity) in the Hubbard model close to the Mott state [18].
The design of such Majorana boxes addresses challenging
questions regarding the choice of couplings. Experiments
in superconducting circuit quantum electrodynamics (cQED)
architectures [19] and in ultracold atoms [20] report progress
in engineering four-body interactions inspired by theoretical
efforts [21,22]. Engineering four-body interactions is also at
the heart of our proposal to realize gauge fluxes, loop currents,
and Majorana states in quantum spin liquids.

Within our framework, a lattice system can be built by
coupling a number of boxes, forming then coupled-ladder
models as in Fig. 1. Coupled boxes could allow us to rebuild the
Kitaev Z, quantum spin model of the honeycomb lattice [23]
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in ladder systems [24-29] with potential applications in the
toric code [30] and other surface codes [31]. These models
have stimulated the discovery of quantum materials [32—
37] as well as the design of ultracold atoms [38,39] and
other superconducting architectures [40—42]. It is important
to mention other proposals of Majorana boxes related to
topological superconducting wires [8,9] and topological super-
conductors [10]. Realizing a pure four-body Majorana fermion
coupling also allows us to emulate the Sachdev-Ye-Kitaev
(SYK) model [43—45] with coupled boxes as elaborated below.
The SYK model, which involves a (long-range and disordered)
coupling between four Majorana fermions, has attracted at-
tention theoretically in high-energy [46—48] and low-energy
physics [49-51] due to possible black-hole gravity holographic
correspondence [45] and link to quantum chaos [52]. Only
a few realizations of the SYK Majorana model have been
discussed so far [49-51]. SYK spin models could also bring
light on quantum glasses [44].

Before proceeding to the engineering side of the circuit
network, it is relevant to introduce the mapping of Z, (or
Ising-type ) spin models to Majorana fermions and the notion
of flux states. On horizontal bonds, as shown in Fig. 1, there are
XY XY alternating Ising interactions with coupling constants
Ji and J,. For the vertical bonds, we allow ZZ'ZZ’ couplings
with strengths J3 and J4. A unit cell of four sites is depicted as
the blue box. A general lattice of Fig. 1 holds a class of exactly
solvable models for quantum spin liquids. By setting Z' = 0,
the brick-wall lattice recovers the Kitaev honeycomb model.
Multileg ladders can then be addressed, as well as the passage
from one to two dimensions, or higher-dimensional lattices.

The sites are labeled through the jth column and oth
row, forming two sublattices A (j + « = even) and B (j +
a = odd). We can perform the Jordan-Wigner transform

. t _ . +
0} = a}e‘” Ligaa o, = aje'” i@ The ground state, by
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FIG. 1. (Left) Two-dimensional lattice built from coupled boxes
with Z, symmetry: XY XY alternating Ising couplings along hor-
izontal bonds and ZZ'ZZ’ couplings on vertical bonds. (Right
top) Different configurations of Jordan-Wigner strings for one unit
cell. (Right bottom) Majorana representation: Ji, J,, J3(J;) denote,
respectively, the X, Y, and Z coupling constants. When |J;], | /2| >
|J3], |J4|, c-Majorana particles are gapped at high energies and the
d-Majorana fermions describe the state of gauge fields in each unit
cell or square plaquette.

analogy with a particle in a box in quantum mechanics, shows
no excitation along the string [24,25]. Each spin is represented

by a fermion operator and therefore a]'ral can take values 0 or

1: eigenvalues for aj = ZaIa j — 1 are &=1. Each fermion can

be seen as two Majorana fermions c; and d;:

jeA

ey

cj:i(a;—aj),. Cj:a;—i—aj,
djza;—i—aj, djzi(aj-—aj).

In a square of four sites, we obtain
y y
Hix = Jioj o] + Jr050; + Jz0{05 + Js050;
= —iJ1C1C2 + iJzC3C4 — l.J3Dly3C1C3 — iJ4D2_4CzC4
()

with Dy 3 = —idd3 and D, 4 = —idyds. The couplings J; and
J are ferromagnetic (or J;, J < 0), and the couplings J3 and
Jy are adjustable couplings through the fluxes ®; and @4 in
Fig. 2. Different string paths in Fig. 1 (right top) give identical
results. This result has been confirmed rigorously for the ladder
geometries [24]. It is relevant to note that the d-Majorana
fermions enter through the emergence of Z, gauge fields: D 3
and D, 4 commute with Hg and take values +1. On a square
unit cell, then we can define the associated flux operator

Pa = didrdsdy = D1 3D; 4. 3)

This flux operator acting on a unit square cell, and encoded with
the d-Majorana Z, variables, in our representation intervenes
through the product of parity operators of two d-Majorana
fermions forming the vertical bonds.

The limit of weak vertical bonds |Ji], |J2] > |J3], | J4l
(see Fig. 1, right bottom) is of particular interest to us. The
c-Majorana fermions are gapped describing the formation of
valence bonds in the spin language between sites 1 and 2, and 3
and 4, respectively. In addition, —ic;c; = +1 andiczcq = +1
such that we can define the operator P. = cjcyc3c4 = +1. The
d-Majorana particles will be coupled in a four-body coupling,
as in the SYK model. More precisely, the leading-order term in
the perturbation theory gives —J3J4/(|Ji| + |2 ofos0505 =

Qubit 14)
potential

13
AE; = hog -3 Ec)

Cq-,/' AE = hw, -2 E,
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FIG. 2. (Top) We engineer X and Y Ising couplings through
inductance L and capacitance C on horizontal bonds, Z couplings
with SQUIDs, and auxiliary inductances L on vertical bonds. (Middle
left) Structure of onsite transmon qubits: composed of two Josephson
junctions and a capacitance in parallel. (Middle right) Spectrum
of transmon qubits realized with the two lowest levels. (Bottom)
Structure of the generalized NMR device: producing a circularly
polarized driven field. Different colors of qubits (gray and white)
and NMR fields (dark blue and light blue) indicate two distinct sets
of frequency patterns for sublattices A and B.

AEo=ho, - Ee, I

—L3Ja/(|N1| + | )PP, with P, = 1. If J3Js > 0, Py =1
corresponds to the 7 -flux configuration in a square unit cell, in
agreement with the Lieb’s theorem [53]; otherwise, P; = —1
relates to the O flux.

Below, we show how to detect the gauge fields, at the level
of one box and a few boxes. It is also relevant to note that
by assembling boxes, one can then build a spin model, which
turns out to be a quantum spin liquid with a w-flux ground
state. A staggered flux order has also been suggested for high-
T, cuprates [54]. Recent efforts in quantum materials report
the observation of orbital loop currents in Mott materials with
spin-orbit coupling [55] by analogy with cuprates [56]. Here,
we can tune parameters in the spin system and adjust the ground
state to have such a 7 flux. The coupled-ladder geometry then
presents some tunability.

The paper is organized as follows. In Sec. II, we show how
to engineer Hg with superconducting circuits and introduce
our main algorithm. In Sec. III, we perform numerical tests
on the time-dependent Hamiltonian, and study stability of
the box towards detuning and dissipation effects. Then, we
address measurements of gauge fields through spin degrees
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of freedom. Disorder (local impurities) in the gauge fields
can be implemented through magnetic fluxes and through
time-dependent protocols. In Sec. IV, we discuss applications
for an ensemble of coupled boxes, such as the realization of
Kitaev spin models and the emergence of Néel (Ising-type)
order for the gauge fields. We also address relations with Wen’s
toric code [57] and possible SYK loop models. In Sec. V, we
briefly summarize our results and appendices are devoted for
additional technical calculations and summary tables.

II. ALGORITHM ON AN ISLAND
A. Physics of a box

First, we introduce the physical structure of one box in
Fig. 2. Within a cell of four sites, we denote the supercon-
ducting phases as ¢; (j =1,4 € {A};j =2,3 € {B}). One
box can be decomposed into three parts: the onsite transmon,
the local NMR device, and the intersite couplings. Figure 2
(middle) shows the internal structure of each site. We build
a transmon qubit on the site j via sets of capacitances
and Josephson junctions {C, 4, E;,,} and {C, 5, E}, ,}, Of
which the resonance (plasma) frequencies will be adjusted
accordingly. The qubit Hamiltonian reads as

2
C"’zf%@j—E,q,jcos@, 4)
where ¢y = /i/(2e) denotes the rescaled quantum of flux and
E,.j represents the Josephson energy of the internal junction.

In Fig. 2 (bottom), we then connect each node j to an
inductance L’j and a capacitance C’; followed by an ac source
of voltage, generating a time-dependent NMR field

C/¢2 ./ A
5 (¢} — $;)* + Ev,.j.
)

The main purpose of this field is to cancel the local magnetic
field in the rotating frame, as we will show later. The time de-
pendence of Hnwmgr, ; is encoded in parameters go} and gb;- which
satisfy the relations ¢o¢; = —Vie,; = —Vo,j sin (w;1), ¢} =
f dt ¢; = Vp,jcos (w;t)/(¢ow;). We choose to apply this
NMR device because it preserves the Z, symmetry of the
Hamiltonian. This protocol is then distinct from the protocol
used in Ref. [13] for the three-qubit system.

For the interaction part, as can be seen from Fig. 2 (top),
horizontal bonds of the box are coupled by an inductance L and
a capacitance C to engineer, respectively, X and Y couplings.
The corresponding interaction Hamiltonians take the form

Hq,j =

HNMR,j = EL/,j(‘P} - @j)z +

Co? . .
M = EL(@r— ¢1)° ch%(@—@z)z 6)

with E; = ¢3/(2L).

Realizing pure Z couplings on vertical bonds can be
achieved through SQUIDs. The SQUIDs (with characteristic
Josephson energies E; 3 and E; 4) are controlled via applied
magnetic fields 3 and &4, and we add auxiliary inductances
L3 and L4 to compensate the additional X couplings (see
Fig. 2). For instance, on the vertical bond (1,3), the interaction
energy of the SQUID has the form

Hsz = —E;3cos (P — ¢3), @)

while the auxiliary inductance L3 contributes to
His=E; (@1 —¢3), 8)

with Ej = ¢/ (2L). We study perturbations arising from
vertical bonds in Sec. IIID.
The total Hamiltonian can now be written as

4
7—[2Z'Hq,j-i-’HNMRJ+HL+H0+HS+HL- )]

Jj=1

B. Quantized Hamiltonian

We start from the quantization [12] of the transmon qubit
Hamiltonian H, ;j, which behaves as harmonic oscillators
with anharmonicity from Josephson junctions. Expanding the
nonlinear cosine potential in Eq. (4) to the fourth order and
choosing the bosonic representation [@;, ;] = ilid;;, ¢; =
(b; +bj)/Aj, (ﬁ, = (b} —bj)(—er;)/(ipoC,, ;) with conju-
gate momentum 7; = ¢§Cq, j(,?) j, we reach

1

T Ec,,
Hy,j=—Ej,; +hogj|bjbj + 5 | — —

12

i 4
2 (bj+bj) .

(10)

Here, we assume the system in the large X; =
[EJ(IV,./(ZEC(/V/.)]I/4 limit. Ec, , = ez/(ZCq,j) depicts the
charging energy associated with the transfer of a single
electron. w, ; = /8Ec,  E;,;/h is known as the Josephson
plasma frequency (~GHz corresponding to 7 ~ 0.1 K).

As shown in Fig. 2 (middle right), we denote the eigenstates
of a pure harmonic oscillator as |n;). Taking into account the
leading-order correction from the quartic term in Eq. (10),
the spectrum of a transmon is modified into £, ; = —E}, ; +
hwy j(nj +1/2) — Ec, (6n% 4 6n; + 3)/12. The gap is de-
creasing between two successive energy levels: AE, ; =
Eni1j— Enj=hogj— Ec, j(nj+1). If we restrict the
state of each transmon j to the two lowest-energy levels |0) ; the
quantum vacuum and |1); the state with one quantum, a qubit
will be formed. As transitions to higher levels are forbidden,
b become hard-core bosons obeying b’; = (b; )* = 0 for any
n > 2. It allows for a mapping to the spin—% states for an

individual site: [0); <> [1);, [1); < [1);, bl < o, b; <
o; with []); and [1); polarized along the z direction. In the

spin space,
of =bl+b;, o= l(bT —b;), oi=2btb; —1. (11)
j =0Tl 05 =70y 05 =200 =
Eigenvalues of af are well fixed to +1 since we restrict
ourselves to the subspace where b'b =0 or 1. Now, the

effective Hamiltonian of a transmon qubit acts as a strong local
magnetic field

Hy.j~ AEg blb; = € jo?, (12)

where ¢, ; = AEy ;/2 = (hw,,; — Ec,;)/2 characterizes the
transition energy from |0); to |1);. In the absence of an ac
driving source, the spin system would be polarized, meaning
that all the transmon systems would be in the quantum vacuum.
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Through this quantization procedure, the NMR field is
transformed into

oL C'.J

hw, . '
HNwmR,j = — cos(w;1)of — sm(a)jt)ajy

+ (ev,j +€c,j)o;, (13)

with the fast-oscillating terms Ej. ; (gp} )2, C/(¢o¢} )2/2, and
Ey, . ; dropped out. For simplicity, all coefficients are listed in
Appendix A. Furthermore, we impose

a)L’,j = a)C’,j = wl,j (14)

to generate a circularly polarized field. [The stability in the
presence of a small detuning from this condition is related to
the discussion in Eq. (31).]

On the horizontal bonds, the interaction Hamiltonians
become

z z X _X
Hp = €1,A0] + €L 05 + JIO'] o5,
z b4 y .y
He = €c,pos + €c,a04 + o505, (15)

where J; < 0 and J, < 0.

A more detailed analysis is needed for the vertical
bonds. In the large-A; limit, @; can be viewed as a
small quantum variable. We are allowed to ignore higher-
order contributions of the cosine potential in Eq. (7). To
the fourth order, Hss = —E;3[1 — (¢1 — $3)*/2! + (@1 —
@3)*/4! + - - - ]. The quadratic terms give rise to an effective X
coupling ¢1¢3 ~ ofof and a magnetic field ¢? ~ of, @3 ~
o5. For the quartic contribution, the only effective term (ﬁf(ﬁ%
produces a Z coupling o{o5. Thus,

Hs s = J30{0f + Jy0705 +€;10{ + €;30%, (16)
where J3, J; oc —E; 3. Both the signs and amplitudes of
vertical couplings can be adjusted by the flux &3 inside the
SQUID as E; 3 ~ cos[®P3/(2¢0)]. ~

At the same time, the auxiliary inductance L3 gives a
negative X coupling
His = Jioi05 +era0f + e 5075 (17
We can then reduce the vertical X couplings to zero:
Ji+Jf =0, (18)

with the phase ®3/(2¢y) € [7/2 + 2nm,37/2 4 2nx], n €
Z for a positive J5 . It is the same case with bond (2,4).
Combined with the local o7 field of the transmon qubit, the
total effective Hamiltonian of the box becomes
H = HK + HC (t)7

X, X __X y Yy Z,.2 2.2
Hg = Jiojo; + o350, + Jz0({05 + Jso504,

He(t) = Z %oj - a;l” [ cos(w;t)of + sin(wjt)o}].
J
(19)

The time-dependent Hamiltonian Hc(¢) here is distinct
from the capacitive Hamiltonian H¢ introduced above in the
intermediate steps of the reasoning. Generally, /iy j /2= €; =
€q,j T €Lt €c,j+ €L+ €c+€y;+ €L, The main
contribution to wy, ; arises from the qubit transition energy
€4,j- Other minor terms may vary depending on the geometries

(e.g., isolated boxes or infinite lattices) and the dynamic
processes (e.g., changing the sign of J4 couplings). But, we
can always form two different frequency patterns {wo 4, wo g}
from the beginning and treat the potential deviations as small
local detunings (as will be discussed in Sec. III B). Meanwhile,
i, can be adjusted by parameters L', C’;, and V., ; such that
it is comparable to wo ;.

C. Generalized NMR protocol

In this section, we are going to present the core idea of
our algorithm. The aim is to find a unitary gauge transforma-
tion U(r) from H to G: U(t) = [; U;(t) =[]; e Fi® | such
that in the new gauge, the local magnetic field o; vanishes
and no additional couplings emerge. We denote () and
¢(t) as the eigenstates of H and G, respectively. They are
related by the transform ¢(z) = U(¢)y(¢) and ¢(¢) satisfy
the Schrodinger equation G¢(t) = ihod;¢(t). Therefore, G =
Ge+UHkU™, Ge = (i, U)U™' +UHcU™". Two of
our requirements are as follows: (i) G¢=0; (i) G =
UHxgU™' =H) where H) takes a similar Kitaev form
with renormalized prefactors. We introduce the new vari-
able 7; = w;t and we anticipate the test function F; =
(aj/2)(sintjof —cost;o7). By applying the mathematical
steps in Appendix B, from Eq. (B6) we obtain

| St

4
Gc = E (wp,jcosa; + w; jsina; w]cosotj+a)])c7j
1

wy,jCosa; — wp j Sina; + w; sinea;)

J
—(
x (cos Tjo} + sin rjajiv). (20)

The second time-dependent term vanishes for

2
cosa; = —(wp,; —wj)/\/a)lqj + (wo,j — w;j)?,

tan o :wlqj/(wo_j—wj). (21)

G ¢ then becomes a time-independent effective magnetic field
polarized on z direction only:

h
Ge =Y 2oy — ol +ons )i @)

J
If the frequencies of the ac voltages satisfy

2 2
i ; +
wj = ——=

, Gc=0. (23)
20)0,j

Next, we analyze the remaining part U7 g U ! in the effec-
tive Hamiltonian G. Constructed from spin operators, U;(t)
commute between different sites. For the v link (v = x, y, 2),
UUXUE,U’I = (Uao U;l Y Ugoy Ugl ). In the rotating frame,
from Eq. (B7) spin operators on each site undergo the following
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TABLE 1. Parameters for generalized NMR protocol.

Parameter Relation
o arctan[2wow; / (w(z) — )]
Ty, Ty cos? (ay/2) cos? (ap/2)
r, COS (4 COS W p
cosay — 1
v cosap — 1
ry 1?02 /64 + (v + uv® +u’ +0v%)/8
fuv+u+v+1
r u?v?/64
r3 u?v? /64 + (v +v?)/8
4 u?v? /64 + (u?v + u?)/8
gauge transformation:
Ujaj’»‘Uj_l =[1+ cosz(tj)(cosaj — 1)]0;‘
cosa; — 1 . y . .
— sin(27;)o; — sina;j cos(7;)o;,

UjoU;" = [1 +sin’(t;)(cosa; — 1)o7

cosa; — 1 . . . . .

— sm(2tj)aj —sina; sin(z;)o;,
U7 = o Nos No* ino: sin(t:)e?
U]ajUj = cosa ;o +sina; cos(rj)aj + sina; sm(rj)aj.

(24)

We denote ( f (¢)) as the time average (1/7) fOT f()dt. Aver-
aging over a long timescale T = NTy = Tp (T; = 2n/w;, N
any integer larger than one), most of the time-dependent terms
in the product (Uso U, " )UgopUy') will vanish. How-
ever, terms such as (COSZ(TA/B))T = (Sinz(rA/B))T =1/2,
(cos?(t4) cos(tp)) = (sin(14)sin*(tp)); = 1/4 will re-
main. By imposing different frequency patterns for sublattices
A and B, we ensure that only Kitaev couplings are nonvanish-
ing after the rotation

(Gyr = (UHkU Yy =Hy, J.=rdy, (25

withr, (v = x, y, z) listed in Table 1.

D. Measuring flux states through multichannels

Within a single box, we define four types of loop operators
in the rotating frame with Hamiltonian G (25):

P, = oi'05050; = cicacsca,

y_ Yy _x __x
Pd = 010,030, = d1d2d3d4,

P, = 00505 0; = —d\cac3ds,

Pr = oi0y050, = —cidrdsca. (26)
These operators will be important in the detection of Z, gauge
fluxes. In particular, in the limit of strong horizontal bonds, as
mentioned in the Introduction we predict P, = cicaczcq = 1.
In our Majorana representation (1), they become four-body
Majorana couplings. P; = 1 corresponds to the 7 -flux config-
uration while P; = —1 relates to the 0 flux. The NMR protocol
thus enables us to measure experimentally the flux states
encoded in 2, gauge fields. We denote (UPU 17 = ((P))
as the time-averaged measurement (over the large Floquet

period) in the original spin space. From Eq. (24), the unitary
transformation to the rotating frame entangles these four loop
operators

{Pa)) ri ra 13 ra\ [(Pa
(PN | 1 ra r3)|Pe
3 el EEEE Y B
((Pr)) ra r3 rn 1) \Ps

The coefficients read as
r1 = ((1 4 sin®(z0)u)(1 + sin®(t5)v)

x (1 4+ cos?(zg)v)(1 + cos>(T4)u))r,

2,2

ry = LY (5in?(21,) sin®(275))
2 = 16 A B)IT>» (28)

<
[\S]

Z(sinz(ZrB)(l + sin®(z0)u)(1 + cos*(z)u)) 7,

r3

<
[N

re = Z(sinz(zm(l + sin(zp)v)(1 + cos*(z)v)) 7,

where u =cosay — 1, v =cosap — 1. The time-averaged
values of r;’s are given in Table I. Flux operators can be
measured directly from the observables in the original frame
by the inverse matrix in Eq. (27). For instance,

1
P = 5 F{(Pa)) + 22(Pe)) + F3((Pe)) + Fa((Py)), (29)

where D = 2:1:1 rd—2 D e rn%r,i, +8 ]_[fn=1 rn and
Fn = T'm T = Y ") + 2 [ Lpysion o A similar formula
is obtained for P., through Eq. (27).

III. NUMERICAL TEST

A. Time-averaged quantities

We test the protocol (valid to any orderin 1/w;) numerically
by solving the time-dependent Hamiltonian with a diago-
nalization using Julia scientific computing language and we
evaluate the time-averaged observables ((01‘7)) and ((afa,z)).
We choose different integer values N = 3,5,7 and check
that the results are (almost) identical. Here, ({f)) = ((f)())r
denotes the time averaged quantity (1/7) fOT Trlp(?) f] with
p(t) being the density matrix of the system and T = 277 / wmin
with (wmin = wp). Therefore, T corresponds to the largest
Floquet period.

The calculation of spin observables averaged in time under
the Hamiltonian H should agree with the calculation in the
rotating frame with the Hamiltonian G. In Fig. 3, we show
results in the particular limit of strong vertical bonds with
antiferromagnetic couplings J3 = J4 > |J;| = |J»|. We verify
((of)) = 0 since on each site a spin can be polarized in the
| +z) and | — z) directions equally. We check that ((aj’.‘ ))
and ((aj'.v)) are zero. In Fig. 3, we check the correct value
({ofo5)) ~ =1 x r, = —=0.11 (due to the large J3 coupling
in the rotating frame).

We can also detect directly the flux variables through the
four-body spin operators and compare with the mathemat-
ical predictions above. In Fig. 3, we show that we obtain
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b-e- o -06-0-06-0--0-0-0-0-90--o-of.

—05F-0-6-0-o-0-4 -06_-4 o _o_ o _o_ 4

4 8 12
Wit/ (277)

FIG. 3. Time evolution of ({o})) (blue) and ({ofo3)) (green)
(dashed lines); and of the fluxes P, (yellow) and P, (red) (solid lines)
averaged over the longest period 27 /@i, With Wi, = wa/N = wp.
We took N = 3, but other integer values of N give comparable results.
The NMR frequency patternis selected on each site as w,; ; = V2, i
wj = 3wy ;/2. (These initial frequency conditions remain the same in
Figs. 4-6.) The top panel corresponds to weak vertical bonds |J,| =
|| = 0.4hwp, |J3] = |J4] = 0.045]J;|, while the bottom panel deals
with the regime of strong vertical bonds J3/€3 = J4/€4 = 0.8.

numerically in the regime of weak vertical bonds P, ~ Py ~ 1
from the measurement of four separate channels ((P¢)) (§ =
c,d, e, f),using formulas (26) and (27), corresponding to the
precise engineering of the rr-flux configuration.

B. Detuning effects

We have three steps of fine tunings throughout our proposal:
(i) the cancellation of vertical X couplings; (ii) the engineering
of a circularly polarized NMR field in Hamiltonian (19);
(iii) the cancellation of local magnetic field in the rotating
frame. The prerequisite (i) is important for the realization of
Kitaev-type Hamiltonians. We show in Sec. IIID that such
perturbations can be useful to produce local flux impurities, at
a perturbation level.

For (i), the condition for the parameters from Eq. (18)
becomes

Efn=—E;m/2, m=34. (30)

This can be reached by tuning the phases @3, 4. We will
discuss this point more carefully in Sec. IIID.

For (ii), we impose w|,; = wy',j = w¢',j in terms of pa-
rameters (see Table III in Appendix A). We discuss below
perturbation effects from that condition.

Now for the algorithm (iii), we consider a small deviation in
the frequency patternw; — @; = w; + dw;. The Hamiltonian
of the NMR field becomes

4
fiw ;
Hywr() == a;’j

j=1
fioy ; S
+ 2O 2 cos(@;t)0 31)
2 w;j

[cos(éjt)aj’-‘ + sin(ﬁjt)crjy]

The third term is also equivalent to change w;/ ; while wc ;
remains unchanged in relation with Eq. (19). More details on
the parameters of the box are given in Appendix A. We can
study the consequences of the detuned Hamiltonian (31) in the

rotating frame. First, the variable &; characterizing the unitary
transformation has a small shift:

cosa;(l

l—woyj/(z)j w;j

~ —cos’a;) dw;
cos; ~cosa; + —

(32)
U cos’a;  dw;
sin@; >~ sinej — —————.
1-— woﬁj/a)j @;
When Sw; < w;j, we can assume cosa; = cosco;, sind; =
sinaj. The effective Hamiltonian G¢ in Eq. (22) takes the
form accordingly

hwy ;i
Ge ~ Z 2(;’;1 Sw;os. (33)

In our numerical simulation wg ~ w, G¢ becomes sensitive
under detuning. To analyze the consequence of the extra third
term in the Hamiltonian (31), we go back to the general unitary
transform (24) and after time average

iwy ; Sw ho(2w; @
<< wl]—cos(a)Jt)o >> e Y = sw;o?
2 w; 4\ w; W J

J

(34)
where we keep the initial large time period T (w) unchanged
and (cos®(@;t))r ~ 1/2+ O(Sw;). In the end, combining
Eqs. (33) and (34) we expect the detuning w; + dw; on each
site would create a nonzero effective magnetic field:

Y Cz)o'j [Oh) ]
Ho=) —(1 T, )haw, (35)

— W
j J

The prefactor cannot be zero, otherwise a)l . <0 by the

relation (23): 2wjwy, ; = “)1,, + C"o,,- The gapped phase is

protected to the first-order perturbation under ﬁz. To second
order O(8w/|Ji1|), effective couplings ofo; and o50; are
generated but quite small. For the gapless phase (e.g., in the
Kitaev honeycomb model), the magnetic field is polarized
purely along z direction without a gap opening.

Numerically, we check the above effects by simultaneously
detuning four sites or a single site. As a numerical test, we
show results on detuning dw; compared to w;. All physical
observables (especially P;) are supposed to be stable via a
small detuning. When dw; is comparable to w;, we could detect
large fluctuations. In Fig. 4, we show the effect of detuning the
driving frequency of the site 2 on the gauge-field four-body
operator P,. We check that one gets small errors of the order
of 3% for more than 14 time periods if the detuning is of the
order of 5%.

C. Dissipative processes

It is important to characterize the influence of losses and de-
phasing on the dynamical protocols. Taking into account these
physical processes, the dynamics of the qubit density matrix p
is described by the following Lindblad-type master equation:

4
dp = —(i/WIH®). pl+y Z o} po; —p)

4
r _ _ _
+E E (20';_,00']- —o;’aj P —pofoj ). (36)
j=1
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FIG. 4. Detuning effects in §w, of the driving frequency w;.
Average error on P, (averaged over time) induced by this detuning,
as a function of both dw, and the adimensional time wpy,?/2m. The
errors are relatively small, one gets errors of less than 3% for more
than 14 time periods, if the detuning is of the order of 5%. This plot
corresponds to the weak vertical bonds configuration (see Fig. 3).

Here, H(¢) is the original time-dependent Hamiltonian in
Eq. (19) and y and T" are, respectively, the dephasing and
loss rates of the qubit; we suppose independent losses and
dephasing on each site, with the same strength. As can
be seen in Fig. 5, the presence of losses and dephasing
destroys the quantization of both P, (yellow) and P, (red)
at the level of one box. Studying the effect of dephasing
and losses separately, we find that they lead qualitatively to
a similar decay in the flux dynamics. When simulating the
proper Hamiltonian in an experiment, one should therefore
perform all measurements within a timescale 7,5 set by these
characteristic rates Tmes << 1/y, 1/I". It is relevant to note the
similar role y and I" in these measurements.

D. Perturbations and changing fluxes

Here, we analyze the effects of nonzero vertical X couplings
on single-box systems, arising from Josephson junctions. In
the limit of strong horizontal bonds, the ground state is highly
degenerate:  [GS) = laa)x,1.2) ® |8B)y.c.4. (@, B) = £1.
From perturbation theory, interactions on the vertical bonds
contribute  to  H = —J3Ja/(| 1| + | L)) (0050507 ) g —

0 4 8 12 16
wmint/ (2’/T)

FIG. 5. Time evolution of the fluxes P, (yellow) and P. (red) in
dissipative processes. Here, we have taken weak vertical bonds | J,| =
|Jo| = 0.4hwp, |J3] = |J4] = 0.045|J;]. Losses and dephasing, with
rates ' = 5103wp and y = 510 3w;, lead to a monotonous expo-
nential decay of the fluxes P, and P. from their initial quantized
value +1 to zero. Results of this figure must be compared with those
of Fig. 3.

J3Ji [\ hl(ofo5050) ) Strong J; links ensure that
(o70y) = 1. Thus,
J3Js J3 Iy
HP = oloioiod) — D34 Gx o) (37)
L]ll_% |Jﬁ|< 1%2%3 4) |Jé| ( 3 4>

In the Majorana basis (1),
(ofojoiof)=PPa=Pa, (050;)=—idsds,  (38)

where we have taken into account P, = (670503 0;) = 1.

Once we add an additional inductance L3 between sites
1 and 3 and turn off the vertical X coupling such that J3 +
J3 = 0 (we have @3 fixed and J3 > 0), the contribution from
J;i vanishes and we check that o5y 0; becomes an irrelevant
operator to any higher order in perturbation theory. The gapped
phases of Kitaev-type spin models are therefore fully protected
against local J; noises. This point is crucial to the flux
engineering later in Sec. IV B.

Furthermore, we gain the flexibility of tuning the ®4 phase,
which is useful to engineer local defects with O flux in a unit
cell. Suppose we deviate from the condition in Eq. (18), and
study some effects of J5 and J;. To second order in J5 J;', we
then engineer a term in the Hamiltonian, which is equivalent
to add a small inductance between the sites 3 and 4: §H =
8Ji050; = —idJ1d3ds, where §J; is proportional to J3 J;.
Tuning progressively the flux &4 in time would change the
sign of J; from positive to negative. Then, this allows us to
locally change the flux in a square cell from 7 to 0 and have
also a time control on the local gauge fields. Next, we discuss
this protocol in more detail.

In this protocol, we flip the sign of the parity operator
—idsdy in time. The ground state of Hy + §H, differs de-
pending on the sign of §J; (or J3 J; which could be tuned by
some local magnetic flux like ®,), corresponding to the two
choices of the parity operator id3ds (41 or —1). In order to
make such a protocol, one needs to avoid a gap closing when
8J; = 0 because the system would not follow adiabatically the
required ground state. Therefore, this dynamical protocol also
requires an additional small field 1,03 coupling the two ground
states. Such a term physically can be derived by analogy with
the NMR device by coupling locally the site 3 capacitively
to a small dc constant bias voltage. One can then control
the strength of 4, in this case since it is proportional to the
capacitance and to the bias voltage. This precise time control
on local fluxes is illustrated in Fig. 6, where P, is progressively
changed from +1 to —1 while P, remains roughly constant. We
already observe this effect without using optimized geodesic
paths [58].

IV. APPLICATION IN COUPLED-BOX ENSEMBLES

A. Quantum spin liquids, Majorana states, probes

In the two-dimensional lattice of Fig. 1, once a box unit
cell is built up one can construct more complex geometries
with Jy # 0 for square ladders [24], J4 = O for brick-wall
ladders [24], and their equivalents in two dimensions, the
Kitaev honeycomb model [23]. The three gapped spin-liquid
phases A,, A,, A, (with short-range entanglement emerging
in the X, Y, and Z directions) and the gapless B phase in
these spin models could be observed. In the Kitaev honeycomb
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Pd' Pc

wmint/(2ﬂ-)

FIG. 6. Time evolution of P, (yellow) and P, (red) under a parity
flip. Here, we have taken weak vertical bonds |J;| = | /5| = 0.4hwp
and2|Js| = |J5| = 0.1|J,]. We have considered a sinusoidal variation
of 2J, = J; between the range £0.1|J;|. An additional small field
hyo3 is implemented with i, = 0.08J,.

lattice, the A, gapped phase supports a toric code [30] and the B
phase allows non-Abelian anyonic statistics in the presence of a
magnetic field. Itis important to mention recent efforts in quan-
tum materials to observe through nuclear magnetic resonance
the gap in the B phase opening in the presence of magnetic
fields as well as topological aspects through neutral edge-
mode measurements [33,59]. One could also envision to build
“decorated” ladders showing chiral spin-liquid states [28].

In addition, the Kitaev spin chain can be mapped to the
transverse field Ising model and the two-leg square ladders
have the dual of the XY chain in alternating transverse
fields [24,25]. Spin-spin correlation functions could reveal the
short-ranged entanglement in gapped phases [13]. Here, we
discuss how the NMR device can be used to detect Majorana
physics and quantum phase transitions in Kitaev spin models.

Let us assume the quantum phase transition with decoupled
(zigzag) chains in the two-dimensional honeycomb lattice
model, J3 = J; = 0. InFig. 7(a), the quantum phase transition
occurs when 8J, = J; for the upper chain. At the quantum
phase transition, the Hamiltonian can be written in terms
of Dirac fermions in the continuous limit by recombining
com—1 and ¢y, along the chain. The continuum model is a
one-dimensional fermion Dirac model of v (x) and I//T(x)
operators [24] and spin-spin correlation functions show power-
law decay. To probe the quantum critical ﬂuctuatlons in the
chain, one can weakly couple this chain to a spm-— impurity S
described by a transmon qubit, or another spinless fermion, that
also reveals two Majorana fermions ¢ and d, such that S, =

L g 2 sp,0 g 2 - D C, yD Cy
T4 111
z @ @: X @—@y
3 Jg4 N3 N4 A B A B

(@) (b) (c)

FIG. 7. (a) Two coupled boxes in the limit of large J; and J;. (b),
(c) Space of four effective spins formed by strong J; and J, links;
while nonzero J; and Jy reproduce Ising couplings (b), suppressing
Jy and Jy would lead to a four-body Hamiltonian (c) related to Wen’s
toric code.

idc, Sy =c, and S, = d. Adding a small coupling between
this chain and the impurity spin (either capacitive or inductive
depending on the location of this impurity spin), then one can
engineer a small coupling iadc;, where o < Ji, involving the
Majorana fermion ¢; at site i. By analogy to the two-channel
Kondo model at the Emery-Kivelson line [60], we identify a
coupling term ociad [ (x) 4+ ¥ (x)].

The fermion d will entangle with the chain and the Majorana
fermion ¢ will remain free. A signature of this free remnant
Majorana fermion is a (In 2)/2 entropy as well as a logarithmic
magnetic susceptibility Ximp = 0(S;)/0h o< Inh, in contrast
to a linear behavior for the one-channel Kondo model [60].
With the NMR device attached to the spin—% impurity, one
could control the field strength &S, by detuning the onsite
frequency w from Eq. (35) and measure the logarithmic growth
of the susceptibility reflecting the Majorana physics as well as
quantum critical fluctuations in the chain. The gapped phases of
the Kitaev model in ladder geometries also reveal edge-mode
excitations [24]. The NMR device could also probe in that
case the susceptibility at low fields to detect these modes (a
precise time-dependent protocol including perturbation effects
for such a chain device will be studied in a further publication).
These results do not probe non-Abelian statistics [61,62], but
still would give some response of Majorana fermions.

Boxes in the limit of strong vertical bonds could give rise
to spin-1 quantum impurity physics [63].

B. Z, gauge fields and Néel order of fluxes

Now, we discuss a peculiar limit of coupled-box systems,
where inside each box all ¢ Majorana fermions are gapped
due to the large J; and J, couplings (shown in Fig. 1, right
bottom). By coupling two boxes in the way of Fig. 7(a) with
J; =0 and J3 > 0, we are able to realize a Néel state of
d-Majorana gauge fields. Performing perturbation theory
in the spin space (see Appendix C) and mapping into the
Majorana representation, we find

J3
HEY = cst— —= (P + JuP
|Jl|+|J2|(41 ¥ P3),

J3
2(11] + |21
+ J4(J5 + J2)Pr 4 Ju (J5 + J7)Ps]

8J18.,
2010+ 1A)?
+ 34 Pa + I3 P + JaduPs3), (39)

’H;‘t) = cst — [2.]3.]4]4'7)17)3

(5 J3 J4/’Pf'23

where P, describes the four-body d-Majorana coupling
on the vertices of box w=1,2,3 [in Fig. 7(a), u =2
denotes an induced box in the middle]. More precisely,
Pl = d1d2d3d4, Pz = dzdlrd4d3/, 7)3 = dl/dzfd3fd4', Pf‘z =
Plpz = d]dl/d3d3r, Pz’“?, = P2P3 = dzdzrd4d4f, 7)1’53 =
P1P2Ps; = dydydsdy. To minimize the energy, fluxes within
each box can be uniquely fixed by the signs of J4 and J4. From
the discussion of Sec. III D, we infer that when J; = 0, nonzero
Ji and Jj, couplings are allowed and do not enter into effective
terms in any order of perturbation. Thus, the flexibility on the
signs of J4 and J}; is virtually guaranteed. In Table II, we list all
possible orderings of three gauge fields for two coupled boxes.
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TABLE II. Ordering of gauge fields for two coupled boxes.

(sgn[J4], sgn[Jy])  (P1, P2, Ps, Pz, Py, Pizs) Flux

+,+) (+1, +1, +1, +1, +1, +1) T T T
(=) (=1,-1,-1,+1,+1,+1) 000
(+,-) (+1, +1, —1,4+1, -1, 1) 7 mw 0
(= +) (=1, =1,+1,+1, -1, -1) 00mrm

In large networks, one could couple more boxes in the
same way and build square ladders. When all products of J3J4
are kept positive, the emergent w-flux ground state leading
to the Néel order of Z, gauge fields is in agreement with
Lieb’s theorem. The Néel order could reveal a finite critical
temperature in the case of long-range coupling between boxes,
by analogy with the Ising model (see Sec. IVD below). By
tuning the signs of Js4 one is able to create impurities of 0
fluxes in the static Z, gauge fields: a pair of fluxes in the
bulk or a single flux on the boundary. Another proposal to
engineer many-body phases of fluxes in ladder systems has
been done recently [64]. Small ladder spin systems gener-
ally reveal rich dynamics due to Mott physics and gauge
fields [65]. From Egs. (37) and (38), a small nonzero J; on
the vertical J3 links would fix the parity of two Majorana
pairs —idsdy and —idydy, and would then help in deciding
between the two possible ordered ground states with O or
order.

C. Towards Wen’s toric code

Here, we show how to implement Wen’s two-dimensional
toric code [57] with our coupled-box clusters. In Fig. 7(a) if
we set Jy = Jy = 0, only one term remains in the perturba-
tion (C2):

@ _ 2,222 YV Y _x_x\ __ _f
Hep = g(a1 030/,0503 0{,0} 03,)eff =gF, (40)

with g = —8/18,J3/[2(1/1] + 1/21)°] < 0. Meanwhile, as
Ji and J}; vanish together, local J5 noises do not contribute to
Hé?}). Recalling that YT in Appendix C maps each strong bond
into one effective % spin [see Fig. 7(c)]: |ea),(1,2) = o)y, b,
1BB)x.cr.2y = [B)x,co 1VV)y.a4) = [V)yas 188)y.3.4) =
|8) .8, in a loop of four effective spins we obtain

F= (ofozyafofaﬁo§>eﬁ = TATRTLTh, (41)

where V(v = x, y, z) are spin operators acting on the effective
space [see Fig. 7(c)]. Based on this minimal cell with zero
J4 and Jy, we can then build the two-dimensional lattices of
coupled brick-wall ladders shown in Fig. 8 (left) and reach the
Hamiltonian of Wen'’s toric code in Fig. 8 (right):

_ n o .x.Y _x y
H=g Z Fi, Fi=1 TivavizarhCivh 42)
i

where i = (i,, i) denotes the square lattice sites. As each F,
commutes with each other, it is an exactly solvable model with
the ground-state configuration F; = +1,V i for g < 0.

The excitations could be engineered in two ways. On one
hand, in the effective spin space the local magnetic field o;* or
o/ acting on the strong x or y bond (which could be achieved
by an inductive or capacitive coupling to a small dc constant

Ji o) i+b

FIG. 8. (Left) Brick-wall ladders with coupling parameters
[J1l, | 2] > 18411, 1821, | J3]- (Right) Wen’s toric code manifested in
effective spin space.

bias voltage as before) becomes the local operation X or ¥
which flips the spin on a single site. It creates a diagonal
pair of excitations with two corresponding loop-qubit states
changing from +1 to —1. On the other hand, picking up a single
vertical bond labeled as J3 and changing its sign to —J3 via ®3
could introduce a neighboring pair of excitations (during the
process the nonzero X coupling on this isolated vertical bond
remains irrelevant). One can also relate Wen’s toric code to
Kitaev’s toric code by moving spins from square lattice sites
to the edges of a dual square lattice and performing unitary
rotations.

D. SYK loop model and Random Ising models

For the original SYK model with quenched disorder, the
Hamiltonian has the form

N
1

H= m E Jijudidjdid;, (43)
T k=1

where the couplings obey Gaussian distribution P (J;jx) ~
exp (=N3J7,,/120%) 0 I3 = 31J%/N?, Jiju = 0. The SYK
model is found to be maximally chaotic and share the same
Lyapunov exponent of a black hole in Einstein gravity [45].
By coupling two chains with strong x links and y links
by weak z links shown in Fig. 9, we find two interesting
limits to build up the effective Hamiltonian. We define x =
(IJ1] + 1J2])~" as a small number and therefore quantify the

dom-1,1y dem))
J3

)

> o T 7 T 7 - —

1Y/ B SR ) P

Jamn
dona2) dang)
Pon1)
:/:/. '/.
o
TZ(H,Z)

FIG. 9. (Top) Proposal to approximate the SYK model. The blue
and green boxes describe longer-range couplings. (Bottom) Mapping
to the long-ranged Ising model.
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weak couplings through {| J3|, | J4|} = O(x*), {|6J1], 1812} =
O"), s,t € N,

When s < ¢, we can restrict the system to the second-order
perturbation in Eq. (39) and reach an effective Hamiltonian
0 (x2s+1 ):

2
HE) = Z Jundom—1,10d0em, 1Hden-1,2)d2n 2 (44)

m,n=1

where the subscript (j,«) denotes the site on the jth
column of chain « = 1,2 and J,, = —J3J4mn/(|J1] + |2]).
The coupling constants J,,, are random variables with a
Gaussian distribution ensured by the adjustability of @4 ,,,:
P(Jpn) ~ exp (=N mn/ZJ ). lidom-1,0)d@m,«), Het] =0
and (id(Zm—l,a)d(Zm,a)) =1 1mply that id(2m—1,a)d(2m,a) is a
good quantum number with the value £1. We arrive at the
following map:

(2)
Hepp = Z Jmnf(m 1)7(;1 2) (45)

m,n=1

where T(qua) = id@om—1,a)d2m.«). This gives rise to a one-
dimensional Ising model [e.g., the zigzag path formed by
orange loops and half of blue loops shown in Fig. 9 (bot-
tom)] with long-range random interactions (for example,
green loops). Following the mapping to effective spin space
as in Sec. IVC, we can get the same result and take
into account higher-order corrections. Back to two coupled
boxes in Fig. 7(a), from Eqgs. (39) and (C2) we find P, =
(07050505 et = T T3, P3 = (01,05,0504)efr = T5Tf, Which
recovers the classical Ising couplings shown in Fig. 7(b).
Quantum corrections arise from the fourth-order perturbation
with the terms P Ps = t5751875, P = TaT3T0Th, P2 =
T TRTETYh, P = TatpTaty, Psy = T,T575T). Noises from
nonzero X couplings on vertical bonds would produce a small
magnetic field along z direction on sites A and B, as the
effective interactions (o5 0;) ~ 135, (0504) ~ T}.

When s > ¢, we can drop out the terms ~ Ox*3) in
the fourth-order perturbation of Eq. (39) and the effective
Hamiltonian has the form O (x>+2/+3):

M) = Z mem"'”, (46)

m,n=1 [=1

with coefficients Junl = —%, o2 =
58183 S Ty = — S080292dsms Toms =
2111+ mn 2(11 1+ 2 mn

% Here, P is the loop operator
which  denotes the four-body couplings  between
d Majoranas living on the vertices of “tilted”
boxes: Pl = diom—1,1yd@m+1,1d@n—1,2den+1.2) (1 =
1,2), P13 = diom, 1yd@mt1,1)d2n,2)d2n+1,2)s Pt =
d(zm,])d(zm_;_z,|)d(2n$2)d(2n+2’2). This model could reveal

glassy phases of the Ising model and quantum corrections
could be controlled through effective fourth-order corrections,
which will be studied in a future work. An analog of the
Anderson-Edwards [66] order parameter could be measured
as well as echo spin measurements [67]. Links with many-body
localization phenomena could also occur [68].

V. CONCLUSION

To summarize, we suggest a superconducting toolbox start-
ing from spin degrees of freedom (qubits) to study the for-
mation of Z, quantum spin liquids and many-body Majorana
states. Spin correlations can be measured with current tech-
nology [13,69] and local susceptibility measurement through
the NMR device could reveal the occurrence of Majorana
degrees of freedom and quantum phase transitions. We have
addressed detuning and dissipation effects and observed that
the emergent gauge fields could be detected on several Floquet
periods, even though the quantization of the fluxes could be
altered. We have discussed the protection of the different
phases related to possible detuning effects. In lattices of several
boxes, quantum spin-liquid states are associated with a Néel
order of gauge fields making analogies with Ising models.
These Ising models can be disordered by engineering local
fluxes and one could realize various glassy phases in relation
with the SYK Majorana model. As other practical applications,
we have built relations with the Wen'’s toric code in brick-wall
ladders. This box at a boundary could allow us to study
other quantum impurity Majorana models by analogy with
Kondo models (with four spins S = 1/2 or two spins § = 1).
We also note another proposal to engineer four-body Ising
interactions with Josephson junctions [70]. It is also promising
to see that the occurrence of orbital loop currents in Mott
insulators [55,56] has now been observed. Realizing anistropic
spin coupling constants in two dimensions is also possible in
cold atoms [38,71].
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APPENDIX A: TABLE OF PARAMETERS

Our dynamical protocols simulated in numerics are de-
signed to study spin observables and detect 2, gauge fields.
It is important to analyze the constraints in terms of ex-
perimental parameters. For simplicity, here we suppress
the site index j. From Table III, the limit of weak verti-
cal bonds |J,|, Jo| > |J5], |J4] requires A > 1> s, sA? ~
1, Er, Ec > E;3, Ej4. The main contribution to the mag-
netic field 0% comes from the transition frequency of the
qubit iw; > E;, Ec, Ej, Ef, Ep/, Ec/. To cancel this local
field, we engineer a circularly polarized field and impose
w) = wp = we giving rise to 4E; = s'A*ho with o >
Ep, A 1>, 1> 22
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TABLE III. Parameters for box circuit. Notation of subscripts: A
for sites {1, 4}, B forsites {2,3},v=1x,y, 2.

Parameter Relation Parameter Relation

A [E;,/QEc))"* Jy —2E./(kakp)
N C/Cq Jz —2ECsASB)xA)\.B
o, /8Ec,E;, /T s —E;3/(2xakp)’
% 4E1 Vo /(hdorw) Jy —Ej4/(2xp1p)?
wcr 2V()€S/)\./h J; _E1,3/()"A)‘-B)
& (hw, — Ec,)/2 A —E;4/(hakp)
€L Ep /) J3 —2Ej 3/(Aars)
€c Ec(sA)? Ji —2E; 4/(AaAp)
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We further choose a particular combination of frequen-
cies from Eq. (23): w; = ﬁwo, w = 3wp/2. Tt results in
Vo = 33/ 2oliwir/(8EL). Since wy 3> Err, A > 1, both the
amplitude V; and frequency w of the ac driving device
should be large. Additionally, it is also noted that inside
the NMR, the plasma frequency wp is much smaller com-
pared to w: wp ~ 1/VL'C' ~ JEp /C K~ wy~ wg ~
VEi,/Cy, which leads to E//E;, < s" < 1. It is consistent
with our limit of large A > 1.

APPENDIX B: NMR UNITARY TRANSFORMATION

Here, we present some useful mathematical formulas re-
lated to the gauge transformation in Sec. IIC. Spin operators
commute on different sites, so do F;(¢). It enables us to
suppress site indices j and focus on the single spin problem:

He(t) = wpS; — wi(cos TSy +sinT8)y),

Ge = e Hee F +ihw(d,eF)e™ . (B1)
Applying the Baker-Campbell-Hausdorff formula
;2
e Hee ' = He +i[F, Hc]+ [F [F,Hcll
i3
+§[F$[F1[F»HC]]]+"' 5
iFN,—iF _ — (F)" —iF
0,eMe F =9, (Z pll
n=0
;2 i3
=10, F+ [F 0r F]+ [ JF, 0. F11+--- .
(B2)

Now, we assume F(7) is a linear function of S; (i = x, y, z)
as He(1):

F(t)=1(7)S +m(1)S, +n(r)s;. (B3)
Due to the closed SU(2) algebra for spin 1,
[Si, Sj1 =ihe;jxSk, (B4)

G is also linear in ;. For an arbitrary linear function Q(S;),
we find

[F,[F,[F, QI = &*[F, Q1, «® = h*(I> +m* +n?).

(B5)

Then, the infinite series in G¢ can be grouped into the finite
expression

cosa —

Ge =Hce + l[F Hel + [F [F, Hc]l
cosa — 1,
+hw<—a,F + S iE, 0, F
o
_Sne @ g, aIFn). (B6)

Taking F(7) = a[sin(7)S; — cos(t)Sy]/h, we derive the ex-
pression of G¢ in Eq. (20). In the same manner, a single local
spin operator S; is transformed into the rotating frame through

sin o coso —

érSe =8+ i[F, S;]1+ [F [F, Si11.

B7)

APPENDIX C: PERTURBATION THEORY STUDY

In perturbation theory, a system of two coupled boxes in
Fig. 7(a) consists of the interaction terms

Ho = Ji(0705 + 0103) + (0505 +0305),
V =8H, +8H|,
SH, = J3(o{of + 0f,05) + (Jsojof + Jyoi0f),

Here (J1, ) € —1, (8J1,802, J3,J5) — (07,07,07,0),
and Jy, Jy can be controlled around 0 by the phases
d,4, ®4. We notice in Sec. I[II D when suppressing the vertical
X couplings on J; bonds, (Jioy0; + Jjo30;,) become
irrelevant operators in any order of perturbation, thus, we have
ignored them in §H | .

The ground state of Hy is constructed by four effec-
tive spins: [aet)x, (1,2) ® |BB)y,3.4) R |V V)x,(1,2) ® 188)y,3,4)
(o, B,y,8 ==£1). We introduce a map T: Y|a) = |aw)
and find H$ =204, + 1), HY =T1ivr=0 H§ =
TiVG/VG’VT_ 0 where Gy(E)=[(E —Ho)']. The
nonzero contributions arise from the second and fourth orders

HD =rivG,vr

J3J4 .
=cst — ————(o{o5050;
PRV
J3Jy 7, 7,.7,2
—————0{,050505)
T+ 1721 1723 e
HE =YVG,VGVG,vT
1
=cst— —— [ LIy (J2 + J2)|oicioio)
2(|J1|+|le)3[ (3 4)< 1¥2%3 4>eff

+2132J4J4r<0f0326505011/‘73z/021/‘7:’)eff
+ J3 J4/(J32 + Jf)<alzfozz’03z’aj’>eff]
8J18J>

2(11| + | 2])?

+ J3 J4<02 04 01,03,02 01 o 03,>

222 .2 YV Y X X
(513Jy(ofoio5 0505000, 03,)eff

eff

+ J3(ofojofo503 0105 03)

+ Jydyo50505,0505 01,0, 03). )- (C2)
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