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First-order sidebands in circuit QED using qubit frequency modulation
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Sideband transitions have been shown to generate controllable interaction between superconducting qubits
and microwave resonators. Up to now, these transitions have been implemented with voltage drives on the qubit
or the resonator, with the significant disadvantage that such implementations only lead to second-order sideband
transitions. Here we propose an approach to achieve first-order sideband transitions by relying on controlled
oscillations of the qubit frequency using a flux-bias line. Not only can first-order transitions be significantly
faster, but the same technique can be employed to implement other tunable qubit-resonator and qubit-qubit
interactions. We discuss in detail how such first-order sideband transitions can be used to implement a high

fidelity controlled-NOT operation between two transmons coupled to the same resonator.
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I. INTRODUCTION

In circuit QED, superconducting qubits are coupled to a
common mode of a transmission line resonator [1,2] or three-
dimensional (3D) cavity [3]. The shared mode can be used
to mediate interaction between the otherwise noninteracting
qubits. Several mechanisms to realize two-qubit gates in this
system have been proposed [4-7] and implemented [8—12].
One approach relies on sideband transitions [4] where, for
example, the qubit state can be swapped with the resonator
state. By combining sideband transitions involving two qubits,
an entangling two-qubit gate can be implemented [13,14].

In practice, sideband transitions are realized by voltage-
driving the resonator [4,15] or the qubit [14,16]. Because
this type of drive can only cause transitions between states
of different parity, and since the two states involved in any
sideband transition have the same parity, voltage driving can
only be used in a second-order process [4]. In other words, in
circuit QED, all sideband transitions studied so far have relied
on two-photon processes, leading to low transition rates and
consequently slow two-qubit gates.

In this paper, we propose to speed up gates based on
sideband transitions by relying on a different kind of drive.
Indeed, in many current experiments [8,17-19], the qubit
transition frequency can be adjusted by several hundreds of
MHz in a few nanoseconds. This is made possible by a fast-flux
line fabricated in close proximity to the qubit’s loop and is
described by the Hamiltonian

Hpc = &Uz- (1)

2

Here, f(t) represents the qubit frequency change and is
a function of the externally applied flux. By modulating
the function f() o cos(wgct), and choosing the modulation
frequency wgc appropriately, we show that sideband transitions
can be generated. Since this frequency control (FC) signal is
proportional to o, (and not o, as is the case for the more typical
voltage driving), sidebands can be generated in a first-order
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process and consequently result in faster two-qubit gates.
Moreover, in the presence of two qubits coupled to the same
mode of a resonator, this frequency modulation can result in a
second-order flip-flop interaction between the qubits in a way
similar to the FLICFORQ [20] and the cross resonance [21]
gates.

This paper is divided as follows. In Sec. II, we give the
Hamiltonian for two qubits coupled to the same mode of a
resonator, including an FC drive on both qubits. By moving
to the frame that diagonalizes the Hamiltonian, we find that
the FC drive generates multiple effective qubit-resonator and
qubit-qubit interactions. These interactions can be essentially
turned on and off by choosing the appropriate modulation
frequency wrc. Here, we focus on sideband transitions which
are shown to be of first order in the modulation amplitude.
In Sec. III, we calculate the dynamics associated with the
red sideband process between a qubit and the resonator, and
consider the error coming from the interaction with a spectator
qubit. These ideas are then extended in Sec. IV to the more
realistic case of many-level systems (MLSs) in a resonator.
We also show that the presence of a second excited state can
be exploited in a pulse sequence containing red sidebands
to generate a two-qubit gate which is locally equivalent to a
controlled-NOT (C-NOT). Finally, in Sec. V, we explain how
our proposal can be implemented with transmon qubits. We
first consider the case of a single red sideband and show how
possible caveats can be avoided. At last, we present simulation
results that predict that FC modulations can be used to generate
high-fidelity maximally entangling gates with two transmons.

II. EFFECTIVE TUNABLE INTERACTIONS

In this section, we first present the laboratory frame
Hamiltonian for two qubits coupled to a single mode of a
resonator. Assuming the qubits to be well detuned from the
resonator and ignoring the presence of any driving terms for the
moment, we eliminate the resonant qubit-resonator interaction
using a dispersive transformation. This results in, in particular,
aresidual qubit-qubit virtual interaction which we diagonalize.
Reintroducing the FC drive Hamiltonians in that diagonal
frame, we obtain the expressions for the tunable interactions,
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among which the red and blue sideband transitions are present.
To simplify the discussion, we ignore here the presence of
higher excited states of the qubits. These levels are important,
for example, in the transmon qubit and their effect is discussed
in Sec. IV.

A. Lab frame Hamiltonian and generalized
dispersive Hamiltonian

The electric-dipole coupling of two qubits to a single mode
of a resonator is described by the Rabi Hamiltonian, with
h=1[1],

= a),a a+ Z |: o, +g(k)XU i| 2)

k=1,2

Here, w, is the resonator frequency, w® the transition
frequency of qubit k, g the qubit-resonator coupling strength
for qubit k, and X = a' + a. The free qubit eigenstates will be
labeled {|g), |e)}.

To approximately diagonalize H we use the generalized
dispersive transformation based on the unitary [22,23,37]

— H.c.] ,

3)

where A% — g(k)/A(k)’ AR — g(k)/E(k)’ with A® — a)‘(lk) —
o, and T® = o + w,. The squeezinglike terms are propor-
tional to £® = (x® 4+ u®)/4w,, where x® = gPr® and
u® = g®A(k) are, respectively, the dispersive and Bloch-
Siegert shifts. Using the Campbell-Baker-Hausdorff relation

Up = exp |: Z A Oalok 4 A®Rqek 4 f;‘(k)cfzkaz
k=1,2

1
e_XHeX=H+[H,X]+E[[H,X]X]+~- )
we obtain, to second order in the couplings g,

Hp = U} HUp

Na),aa—i—z

k=1,2

o + S(k)akaTa +Jalo?,  (5)

where &% = @® + x® + 1 ® are the Lamb-shifted qubit
frequencies and S® = x® 4 4 ® is the ac-Stark shift per
photon. The last term of Hp, proportional to

1) 4(2)
g'Vg 1 1
) Z (m - W) ’ ©)

k=1,2

J =

is a qubit-qubit interaction mediated by the exchange of virtual
photons.

B. Diagonal Hamiltonian

Because of this last term, Hp is not diagonal. It, however,
has a simple structure which we now exploit. Indeed, since
Hp, is diagonal with respect to the cavity degree of freedom, it
is useful to focus on subspaces labeled by the fixed photon
number n. In these subspaces, the Hamiltonian effectively
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reduces to a 4 x 4 matrix

2520 0 J

n 0 Al 0/2 J 0
HD = n ) (7)

0 T —Ay/2 0

J 0 0 —%8/2
with

Af = Aq + 2nAs, (8)
26 = EQ + 2]’!25, (9)

and where we have defined Aq = @) — &?, Ag = SV —
§?, %9 = + &P, and Ts = SV + 5@, Because of its
block structure, this Hamiltonian can easily be diagonalized.
As in the cross-resonance gate [6,21], we define two effective
(or logical) qubits out of the eigenstates of this 4D block, the
dependence on n simply leading to ac-Stark shifts of these
effective qubits. As discussed in detail in Appendix A, if
the two qubits are far-detuned from each other, the resulting
diagonal Hamiltonian is, to second order in J/Aq and J/ Xq,
given by

!

Hgize = wya fa+ ( M 4 24tas® + S7) ?Z
. 72
+ (% +2a'as® + §7) 5 (10)
where
1 1
SF=J? ( + —> (11)
Yo Aq

Here, we have also defined the Pauli operators rk acting on
the effective qubits. In this diagonal frame, the interacting
physical qubits are replaced by two logical noninteracting (and
nonlocal) qubits, whose eigenstates are denoted {|0),|1)}. The
effect of the resonator-mediated J interaction between the
physical qubits is to shift the logical qubits by a quantity Sf
which is assumed here to be small (see Appendix A for the
general result). Since it is of fourth order in g®), this shift can
be neglected, as is done in the rest of the paper.

C. FC drive in the diagonal frame

We now introduce an FC drive on each qubit. In the
laboratory frame, this takes the form

(€8] ?2)
Heett) = -1 4 170 0 (12)
2 F 2 E
Later on, we take
O = e®() cos [wiet ], (13)

where £®(¢) is an envelope that varies slowly compared to the
modulation frequency a)(F]g Going to the dispersive frame and
then to the diagonal frame as above, this Hamiltonian becomes

His®(t) = HN 1) + HX(1) + Hep(1) + HZ(t)
-+ Hpo (1) + Hoo(?). (14)
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The first two terms represent modulation in the effective qubit
splittings,

1

Hl0 = [(1= )50 00 + 350 rO0] =, (9)
HX@t) = [A30 D@0 + (1= 33)38 £ @] T; (16)
where we have defined
§O =1—[®) + (A®Y]@'a + 1/2), 17)
%=XEI%E&“ (18)

As is seen in Sec. V B, these terms can lead to local phase
gates on the logical qubits. Just like in the single-qubit case
[23], in addition to these frequency modulations, we also
get sideband transitions and parametric oscillations. However,
these processes are modified by the qubit-qubit interactions.
First, we find

Hp(1) ~ — fO)[AVa'c! + AVa'r]
+ Al aWValt? — AVale?) + Hel], (19)

Hi () ~ — fP1)[APa't? + APa'?
~Pa't! + APalcy? + Hel], (20)

corresponding to red and blue sidebands. In practice, these
terms will average out unless the modulation frequency wgc
is chosen appropriately. For example, taking a)(Fké ~ A®
or a)(FkC) ~ ¥ ® respectively, leads to red or blue sideband
transitions between the resonator and qubit k. These tran-
sitions respectively correspond to |1;n) <> |0;7n + 1) and
[1;n 4+ 1) < |0;n), with the first number labeling the state
of qubit k and the second being a Fock state of the resonator.
Additionally, because of the qubit-qubit interaction J, we also
get leakagelike terms which are proportional to Aj: Driving
qubit k at the frequency corresponding to a sideband for qubit
k" will drive the sideband in qubit £’. In this process, qubit
k will pick up a phase. While these terms could be useful
for logical gates, they are in practice very small because of
the A; factor which is of second order in g®). Furthermore,
the assumption of a large qubit-qubit detuning makes these
leakage terms far off-resonant with the other sideband terms,
making these spurious transitions negligible in practice. We
also point out that in most cases, A®) > A®_ implying that
the red sidebands rate is much larger than for the blue
sideband.

As in the single-qubit case, we also unsurprisingly find a
term which corresponds to parametric amplification [23]

Hpo(t) >~ — Y AOA® fO@) @® +4?).  (@21)
k=1,2
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This term is only relevant for wpc >~ 2w,. However, in typical
situations, it is not large enough to be useful as a practical
source of squeezed microwave light.'

Finally, the virtual qubit-qubit interaction is responsible for
the appearance of a new term in the FC Hamiltonian in the
diagonal frame,

P+ 20

HQQ(I) ~ { 5 ()»(1))»(2) _ A(I)A(Z))

—%U“m—f@mﬂwhi+¢ﬁ>

M @
S (t)v;f D02 _ A0;0)

x (tl7? +tltd). (22)

Because of this term, when wrc 2 Ag, a flip-flop interaction
between the two logical qubits is turned on (first two lines of
Hgq). This can be used to generate 4/SWAP gates to entangle
the qubits. Special care must, however, be taken when it
comes to the relative phase between the modulation functions.
Indeed, taking f(r) and f®(¢) in phase results in a
cancellation of the term proportional to fM(r) — fP(t),
while taking them to be out of phase cancels the term
in fO(t) + fP(t). Therefore, depending on the qubit and
resonator frequencies, one should choose the phase that makes
it possible to select the fastest population transfer. We also
point out that if o’ < @, < ©?, the signs of AV1? and
AW A are opposite, allowing a larger Rabi frequency if
A®’s are comparable to A*)’s. We can also drive a transition
between |00) and |11) when wrc = Xq (last term line of Hgg).
Because of its g* dependence, the effect of Hqq is small for the
parameters chosen in this paper and is ignored in the following.

III. SIDEBAND CONTROL WITH FC DRIVES

Since they are the terms of largest amplitudes in Hp®
that can lead to two-qubit gates, we focus here on the red
sideband terms present in the first lines of HS}B and Hs213~ As
already pointed out, with respect to previous proposals [4]
and realizations [14,16] in circuit QED, we emphasize that the
sideband rate under an FC drive is of first order in g, rather
than of second order. In this section, we calculate the evolution
of the state of a target qubit k and of the resonator under a red
sideband transition generated by an FC drive on k, the other
qubit £’ merely acting as a spectator. However, because of the
qubit-induced frequency pull of the resonator, the resonance
frequency for a sideband on the target qubit k depends (weakly)
on the state of the spectator qubit k". This leads to a small error
that increases with A*?, which is evaluated below. Finally,
because our goal is to see how good a qubit-qubit entangling
gate based on the red sideband could be, in principle, we ignore

'The standard deviation in the X quadrature of a degenerate
parametric oscillator when wpc =~ 2w, is AX = %efz", where r =
%arctanh(4s("))\<")A<") /w,) [24]. For the generalized dispersive trans-
form to be valid, we require A®¥’, A®) « 1. Therefore, r > 1 implies
&® > @,, which is impossible if w, ~ w, as is usually the case in
circuit QED.
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here the effect of damping and dephasing. These will simply
lower the fidelities in a straightforward manner.

As discussed in Sec. II, at the appropriate FC fre-
quency, red sideband transitions occur between eigenstates
in the diagonal dispersive frame. These eigenstates can be
written in the basis {|7; 7o;n)}, where 1, € {0,1} denotes
the eigenstates of logical qubit k and n represents Fock
states of the dispersively shifted resonator. Focusing on
red sideband transitions, which preserve the total number
of quanta, the Hilbert space can be restricted to the sub-
space {|00; n + 1),[10;n),|01;n + 1),|11; n)}. To simplify the
discussion, we keep only the relevant terms in the total
transformed Hamiltonian in the presence of an FC drive at
the red sideband frequency. This leads to

_ »® 1 247q5®
Heu(t) = wya’a + Z a)’l—i_%t;k)
k
2V Oyt + ar). (23)

This is a good approximation when AMe® « |@D —
o], |@? — w,|, and |& —®?|, that is, the transitions
that can be stimulated by the FC drive are well separated.
Furthermore, we have neglected H(r) and HZ(r), which
correspond to oscillations in the qubit frequencies on a time
scale that is much smaller than the sideband transitions. These
terms can be safely dropped if the average of () during
a whole period is zero, which is the case here with a drive

described by Eq. (13). |

_isut)2 Y oin —ibat)2 i 1t
Lo (e [cosZ —i% sin 2] 2i e 1%1/2 5in I
VED) = ]

— Dj & pidsl/2 gin L
r 2

where r =/82 +4e> and 81 = wpc — AT is the detuning
between the FC drive and the Stark-shifted resonance
frequency of the red sideband. We already notice that without
coupling between the second qubit and the resonator, we
eliminate the Stark shift and thus can have §, = §_ = 0. This
leads to full population inversion between |0; n + 1) and |1; n)
at the Rabi frequency 2¢,,, which is of first order in g®/A®.

Given the evolution operator VE(t), we now calculate the
average fidelity to a red sideband & pulse on the first qubit,
irrespective of the state of the second qubit. The ideal process
is described by

U=—-i(0;n+1)(Lin|+|L;n)(0;n 4+ 1)) ® [2. (31)

To compute the average fidelity, it is useful to define the Choi
matrices corresponding respectively to the ideal Cy and the
actual Cy(¢) processes [25,26],

1

Cu=5 D Dl®UINUIUY, (32)
i,jela.b}
1
Cvy =75 Y UL VOIGIVIE.  (33)
i,jefa,b}
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It is useful to move to the interaction picture with respect to

5% 4 2474 5®
Urot(t) = exp |:—i (w,alfa + Z W%rék)) t:| )
k

24
The resulting Hamiltonian is
HL (1) = =2V fO0)[arV exp (IAVr) + He], (29

where A} = & — w, +28Vata — §®1. Working in the
restricted Hilbert space and ignoring dissipation,
Schrodinger’s equation for the above Hamiltonian and
with the drive defined by Eq. (13) leads to two uncoupled sets
of differential equations for the probability amplitudes c(jf/l ®)
and corresponding to the second qubit being excited (4) or
not (—),

(1) = icE(t)e, [/ @A 4 gTilere AN (26)

CE(t) = icE()ey e @M 4 gilretAD (07

1
where wgc = a)f:c) and

Af =[a + 200+ DSV] — (0, £ 5@, (28)
1
€ = Ek(])a(l)«/n +1. (29)

For €, < @ + AZ, the fast oscillating terms can be neglected
and an analytic solution can be found. The evolution operator
corresponding to this solution is, for each subspace =+,

. (30)
i8+1/2 rtoy i8 iort
e [cosz—Hrsm2

The sums above are evaluated over states |a) = |0; 1) and |b) =
|1;0) that are involved in the red sideband quantum process.
The subsystem labeled ¢ in the above equations represents a
copy of the relevant Hilbert space {|0; 1),]|1;0)} and is required
in the definition of the Choi matrix. The gate fidelity Fyy(t) =
tr [CyCy(¢)] of that process is thus

Fyy(1) = glulUTVD)]11%. (34)
Using Eqgs. (32) and (33), we obtain

2
€ . ot
Fyv(t) = 2—2 sin > (1 4+ coséit), (35)
r
from which we obtain the average fidelity [27],
— 2F 1
Fuy = % (36)

As expected, the fidelity is unity with €, = /2 and if the
Stark shift S® due to the second qubit vanishes. In practice,
5@ reduces the average fidelity.

As an example, we now assume the modulation frequency
to be at the red sideband transition frequency, given that the
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second qubit is in its ground state. In other words, we have

5 { 0 if the second qubit is in state |0),
:t =

(37

25®  if the second qubit is in state |1).

In this situation and for a given temporal shape of the FC
modulation, the condition for population inversion becomes
€,t = /2, with

1 [
€, = —/ €,(t)dt. 38)
tp 0

Taking €,t, = /2 and replacing €, — €, in Eq. (35) yields
a simple expression for the gate fidelity in the limit §; < €,
)

— (1 +cosd,t,). 39
8%—}-4?5( +1p) (39)

FUV >~

In words, the infidelity 1 — Fyy is minimized when the Rabi
frequency that corresponds to the FC drive is large compared
to the Stark shift associated with the spectator qubit. The
average fidelity corresponding to the gate fidelity Eq. (39)
is illustrated in Fig. 1 as as a function of S?® (red line)
assuming the second qubit to be in its excited state. We
also represent as black dots a numerical estimate of the error
coming from the spectator qubit’s Stark shift. The latter is
calculated with Eqs. (34) and (36). Numerically solving the
system’s Schrodinger equation allows us to extract the unitary
evolution operator that corresponds to the applied gate. Taking
U to be that evolution operator for the spectator qubit in state
|0) and V the operator in state |1), we obtain the error caused
by the Stark shift shown in Fig. 1. The numerical results

1071 Numerical . 1104

Eq. (41) s

01 2 3 4 5 6 7 8 90
5@ (MHz)

105, . ‘ ‘ .

FIG. 1. (Color online) Average error with respect to the perfect
red sideband process |1;0) <> |0; 1). A Gaussian FC pulse is sent on
the first qubit at the red sideband frequency assuming the second qubit
is in its ground state. Solid red line, average error of the red sideband
as given by Eq. (39) when the second qubit is excited; blue dashed
line, population transfer error 1 — P,, with P, given by Eq. (41); black
dots, numerical results for the average error. We find the evolution
operator after time ¢, for each eigenstate of the second qubit. The
fidelity is extracted by injecting these unitaries in Eq. (34). The qubits
are taken to be transmons, which are modeled as four-level Duffing
oscillators (see Sec. V A) with ESI) = 25GHz, E_(,z) = 35GHz, E(C” =
250 MHz, ES = 300 MHz, yielding o{} = 5.670 GHz and oy, =
7.379 GHz, and g}’ = 100 MHz. The resonator is modeled as a five-
level truncated harmonic oscillator with frequency w, = 7.8 GHz.
As explained in Sec. V, the splitting between the first two levels of a
transmon is modulated using a time-varying external flux ¢. Here, we
use Gaussian pulses in that flux, as described by Eq. (71) with T = 20,
o = 6.6873 ns, and flux drive amplitude A¢ = 0.075 ¢. The length
of the pulse is chosen to maximize the population transfer.
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closely follow the analytical predictions, even for relatively
large dispersive shifts S@.

Reducing the dispersive shift of the spectator qubit S
rapidly increases the average fidelity. There are several ways
to do this. The straightforward solution is to bring it to a
very large detuning with the resonator, thus reducing the Stark
shift. One could also use a tunable coupling [28,29]. Finally,
if neither of these options is convenient, this kind of issue can
typically be addressed by pulse shaping techniques [30].

It should also be noted that if one is interested only in
population transfers and not in phase information, the above
analysis exaggerates the error because it cares about phase.
In this context, a more appropriate figure of merit is the
population of the target state,

2 4Ei e

P =(1;n|V()|0;n + 1)]” = —*sin 5 (40)

r
Taking, as in the previous case, t = t, = 7 /2€, and expanding
to second order in &, /€,, this reduces to

42
~ 41

83 +4e, @D
This expression is the blue dashed line in Fig. 1. Clearly, not
taking phases into account yields a much smaller error rate.
As is discussed in Sec. V C, this feature can remarkably help
the implementation of two-qubit gates. Indeed, in the case
presented in that Section, the specific phase of each sideband
gate is irrelevant, provided that it is well-controlled and stable

over many repetitions of the experiment.

IV. MANY-LEVEL SYSTEMS AND LOGICAL GATES
BASED ON SIDEBAND CONTROL

While the two-level model presented in the previous sec-
tions is useful because of its simplicity, it is not an appropriate
description of most superconducting qubits, such as the
transmon [31] or the capacitively shunted flux qubit (CSFQ)
[32]. Indeed, these devices are best described as MLSs. In this
section, we generalize the previous results to that more realistic
situation and discuss how these additional levels can by ex-
ploited to our advantage. As above, we start by obtaining an ef-
fective Hamiltonian using a dispersive transformation and then
diagonalize the remaining qubit-qubit interaction. We only
outline the main steps of this calculation, the details of which
can be found in Appendix A, before presenting a sequence
of pulses corresponding to a qubit-qubit entangling gate that
takes advantage of the many-level structure of the qubits.

A. FC drive Hamiltonian for many-level systems

The Hamiltonian of two MLSs coupled to the same
harmonic mode takes the form [31]

H = w,aTa + Z Z wl(k)l'lgi»)

k=12ieHy
+ > ) & (MYl + 1T, a) + He (42)
k=1,2i€Hy_1

with IT{*) = |i)(j|® acting on the kth MLS, o{’ the bare MLS
frequencies, gl(k) the coupling rate between states i and i + 1
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of the kth MLS and the resonator, and M the number of levels
ineach MLS. Hy = {lg),le),| f),|h), ...} is the Hilbert space
of abare M-level system. For simplicity, we have assumed that
only nearest-neighbor states are coupled by the electric-dipole
interaction. As is discussed further below, this approximation
is well satisfied for transmons [31].

As shown in Appendix B, the dispersive transformation
described by Eq. (3) can be generalized to the multilevel
case. This transformation UN™S, given by Eq. (B1), is used
to approximately diagonalize the above Hamiltonian, leading
to Stark shifts. As in the simple case, this also leads to
a qubit-qubit coupling term of amplitude J. An additional
transformation UM is introduced to diagonalize this effective

coupling. Successively applying UB’[LS and U}VILS, we find to

second order in gfk)

M-1
di t () o (k Do i
Hy* =wala+ ) )" [o' ) + 591 ala],

k=1,2 i=0

(43)
where
&) = ol + LY, (44)
k k k
L = x5 - w?, (45)
k k k k k

7= xS ui = 10 = (46)
Here, we have defined X,'(k) = gi(k)*kgk) and Mgk) = gi(k)*AEk),

respectively, as the dispersive and Bloch-Siegert shifts with
= g0 Y = 0 a0 = o), — ol — o,
and Efk) = wfl_?] - a)gk) + w,. The eigenstates of the above
Hamiltonian are, in each photon subspace, logical (dressed)
transmon states |77,;n), where 7, € {0,1,2,...}.

We now introduce the FC drive on each MLS. The most

general Hamiltonian that describes this in the bare frame is

Hee = Y Y fOmm), (47)

k=1,2ieHy

where fl-(k)(t) are real functions of time. Successively applying
UgILS and U]JVILS on that Hamiltonian, we obtain an expression
for Hpc in the frame that diagonalizes Eq. (42). To simplify
the discussion, we drop here terms that are of second order in
gl.(k) because they lead to tractable but unsightly expressions. In
this way, we find that the first-order corrections are sideband
terms,

M—2
dia;
Hpc® ~ Hyc — Z Z Hg’l;)vi’ (48)
k=12 i=0

where

Hyy =8V on®, o + APTY, o +He], @9
and 8V (1) = f9.0) — P,

Thus, instead of having only one red and one blue sideband
transitions for each photon number as in the two-level case,
here M — 1 red and blue sidebands are possible for each n.
These are illustrated in Fig. 2. For large enough anharmonicity
of the MLSs, these sidebands are at distinct frequencies. As
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2)

L)

|Tr=0)

|m=1) |m=2)

FIG. 2. (Color online) Sideband transitions for a three-level
system coupled to a resonator. Applying an FC drive at frequency
A; ;41 generates a red sideband transitions between states |i + 1;n)
and |i;n + 1), where the numbers represent, respectively, the logical
MLS and resonator states. Similarly, driving at frequency %; ;4
leads to a blue sideband transition, that is, |i;n) <> |i + 1;n 4+ 1).
Transitions between states higher in the Fock space are not shown
for reasons of readability. This picture is easily generalized to an
arbitrary number of levels.

is discussed in the next section, this selectivity is a useful
resource to design quantum logical gates.

B. Pulse sequence generating a maximally entangling gate

As already mentioned, sideband transitions can be used to
generate entanglement between two qubits coupled to the same
resonator. Here, we show how the second excited dressed level
of a MLS, labeled |2), can be exploited to design a maximally
entangling gate.

Let us define O’)E]fl-). i= Hf{(? + H(,]f?, corresponding to a
pulse between the levels i and j of the kth logical MLS,
and Rl(kl)Jr1 = HE?HaT + HE?l’ia, corresponding to a full red
sideband transition between the kth MLS and the resonator.
Using these definitions, we introduce the pulse sequence

_ p)p@) _2) p2) p)
Uent = Ry R0, 1n R Ry (50)

Up to phases, this is equivalent to the C-NOT. Indeed, looking
at the effects of this sequence on each state of the two-
qubit computational basis {|00),[10),|01),|11)} given that the
resonator is initially in its ground state and ignoring phases for
the moment, we have

|00; 0) — |00;0) — |00;0) — |00;0) — |00;0) — |00;0),
[10;0) — |00; 1) — |00;1) — |00;1) — |00;1) — |10;0),
|01;0) — |01;0) — |01;0) — |02;0) — |01;1) — |11;0),
[11;0) — |01;1) — |02;0) — |01;0) — |01;0) — |01;0).

—_— = — =

Therefore, the first qubit is flipped if the second one is in state
[1). This is represented more generally in matrix form by

1 0 0 0
0 €% 0 0
0 O 0 €|’
0 0 €% 0

Uent = (5 1)

where ¢, ¢, and ¢; are phases that depend on the shape
of the FC pulses. Indeed, as is seen in Sec. V B, in realistic
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situations, the FC drive is not strictly a cosine drive on all the
qubit transitions frequencies, but also has a component that can
be interpreted as a constant shift on these frequencies, leading
to additional phase accumulations.

The above unitary is equivalent, up to one-qubit gates, to
the C-NOT. Indeed, we can write

c-NoT = U Uent USY U, (52)

where Uék) is a rotation of qubit k along the z axis by an angle
6 and

01 = (2 — ¢1 — $3)/2, (53)
0 = (p1 — 2 — 93)/2, (54
03 = (¢3 — d1 — ¢2)/2. (55)

It should be noted that the above sequence should be faster
than the one presented in Ref. [4], since it contains four
sideband pulses instead of five. Together with the fact that
sidebands generated with FC drives have a first-order nature,
this allows much faster results than expected in the initial
proposal.

V. PHYSICAL IMPLEMENTATION WITH TRANSMONS

In the previous sections, we first introduced FC drives on
two-level systems, and then of generic MLSs. Here, we focus
on a specific kind of MLS: the transmon qubit [31,33]. Using
a simple model, we predict that the red sideband transition can
be generated with a very high Rabi frequency using an FC
drive on that qubit. We also show simulation results for the
pulse sequence presented in Sec. [V B.

A. The transmon as a Duffing oscillator

A simple Hamiltonian for the transmon qubit can be derived
from the Cooper-pair box Hamiltonian by expanding it to
fourth order in E¢/E;. In the limit where E¢/E; < 1, the
system is well approximated by a Duffing oscillator [31],

E
Hians = v/S8ECE b'b — l—g(b +bhy, (56)

where E; and E. are, respectively, the Josephson and
capacitive energy of the transmon, while b and b' are the ladder
operators of this weakly anharmonic oscillator. The associated
eigenfrequencies are then

E E
w; = (wp - TC) =50 (57)

with w, = «/8E¢E the plasma frequency which depends on
E;. Additionally, the transmon-resonator coupling rates are,
again in the regime of large E;/E¢ ratios, given by

8j.j+1 x~ 8gev/ ] 1’ (58)

gik~0 V k#£j+1, (59)
where
o 1 EJ 1/4
o= —2iBeV? — (=L) . 60
8s 1136 rms\/z(SEC) ( )
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In addition, g;11; = g/, - The transmon-resonator couplings
also depend weakly on E.

B. FC drives on the transmon-resonator system

If the transmon’s Josephson junction is replaced by a
superconducting quantum interference device (SQUID), E,
can be tuned with an external flux. Assuming the flux
modulation to have the form of a cosine wave, we have

E;(t) = Eyx cos [¢; + A¢ cos(wpct)] (61)

where ¢; and A¢ are the mean value and amplitude of the
external flux drive. All the fluxes are expressed in units
of ®y/m, where @y is the flux quantum. This results in
modulations of the plasma frequency and thus in the transmon
energies, something which can be used for FC driving.
Additionally, this also leads to modulation of the transmon-
resonator couplings. These modulations qualitatively have the
same effect as the transmon frequency modulation, leading
to red and blue sidebands. However, because of the weak
dependence of the coupling on E, this is a small effect which
can safely be dropped.

Having dropped the modulations of the coupling, we now
focus on better understanding the frequency modulations.
Expanding Eq. (61) around ¢; to fourth order in A¢ and for ¢;
such thattan ¢; < 1, thatis, ¢; < /4, we obtain the following

~

formula for the transmon transition frequencies:
4
a)"iqjﬂ(t) ~wjji1+G— Z Eme COS MWECH, (62)
m=1
where w; j11 = wj41 — wj is the transition frequency without
the external modulation

wj j+1 =), — Ec(j + D). (63)

We have also defined ), = /REcEx cos¢;, the plasma
frequency associated to the operating point ¢;. This frequency

is illustrated by the black dots for two operating points on
Fig. 3(a). In addition, there is a frequency shift G, standing for
geometric, that depends on the shape of the transmon energy
bands. As is also illustrated in Fig. 3(a), this frequency shift
comes from the fact that the relation between w; ;41 and ¢ is
nonlinear, such that the mean value of the transmon frequency
during flux modulation is not its value for the mean flux ¢;. To
fourth order in Ag, itis

an’ ¢\ , A

— (4 +20tan’ ¢; + 15tan ¢))w

aal
P1024°
Finally, we get in Eq. (62) a modulation at each multiple mwgc
of the flux drive frequency. The amplitude of these modulations
diminishes with increasing m as

3 .
Ep [Ati) + (1 + %tan2 ¢i) %] w;tanqx (65)

16 2
tan® ¢; Ag?
Expp <1+ an2¢>a);i

(64)

Ag*
4 4+ 20tan” ¢; + 15tan* ¢;)’. —, (66
+(4+20tan” ¢; + an¢)w,,768 (66)
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FIG. 3. (Color online) FC driving of a transmon with an external
flux. The transmon is modeled using the first four levels of the
Hamiltonian given by Eq. (56), using parameters E,; /2w = 25 GHz
and Ec/2m =250 MHz. We also have g,./27m = 100 MHz and
w,/2m = 7.8 GHz, which translates to A, /27 >~ 2.1 GHz. (a)
Frequency of the transition to the first excited state obtained by
numerical diagonalization of Eq. (56). As obtained from Egs. (65) to
(68), the major component in the spectrum of w,.(t) when shaking
the flux away from the flux sweet spot at frequency wgc also has
frequency wrc. However, when shaking around the sweet spot, the
dominant harmonic has frequency 2wgc. Furthermore, the mean value
of w,, is shifted by G. (b) Rabi frequency of the red sideband
transition |1; 0) <> |0; 1). The system is initially in |1; 0) and evolves
under the Hamiltonian given by Eq. (42) and a flux drive described
by Eq. (61). Solid red line, analytical results from Eq. (70) with
m =1 and ¢; = 0.25; dotted blue line, m =2 and ¢; = 0; black
dots and triangles, exact numerical results. (¢) Geometric shift for
¢; = 0.25 (solid red line) and O (dotted blue line). (d) Increase in
the Rabi frequency for higher coupling strengths with ¢; = 0.25
and A¢ = 0.075. (e) Behavior of the resonance frequency for the
flux drive. As long as the dispersive approximation holds (g <
geit/2m = 1061 MHz), it remains well approximated by Eq. (69), as
shown by the solid red line. The same conclusion holds for the Rabi
frequency.
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1 tan’¢;\ Ag?
€34 (g + T) w, tand),-?, 67)

Ag*
P3072°

As illustrated in Fig. 3(a), in the special case where ¢; = 0,
that is, around the flux sweet spot, only the even harmonics
2w, and 4w, are nonzero. Furthermore, in realistic situations,
A¢ « 0.1, meaning that €,, falls off extremely quickly
with m. This makes it possible to focus only on the first
nonvanishing harmonic coming from the FC drive in the
following discussion.

Let m be that dominant harmonic. Then, shaking the flux
at a frequency such that

&40 = (4 + 20 tan? o + 15 tan* o)’

(63)

mopc = A 1 + G, (69)

it is possible to induce red sideband transitions between states
|j + 1;n) < |j;n 4+ 1) at the Rabi frequency,

gj j+1

Emews (70)
J+1 +G

Q] j+1

where A" 1 = @i — @) — o, +n(Sjy — S;) — S is the
Lamb and Stark-shifted detuning between the resonator
frequency and the jth transmon splitting.

In Fig. 3(b), the Rabi frequencies predicted by the above
formula are compared to numerical simulations using the full
Hamiltonian Eq. (42), along with a cosine flux drive. The
geometric shifts described by Eq. (64) are also plotted in
Fig. 3(c), along with numerical results. In both cases, the
scaling with respect to A¢ follows very well the numerical
predictions, allowing us to conclude that our simple analytical
model accurately synthesizes the physics occurring in the full
Hamiltonian. It should be noted that, contrary to intuition, the
geometric shift is roughly the same at and away from the sweet
spot. This is simply due to the fact that the band curvature does
not change much between the two operation points. However,
as expected from Egs. (65) to (68), the Rabi frequencies are
much larger for the same drive amplitude when the transmon
is, on average, away from its flux sweet spot. In that regime,
large Rabi frequencies ~30—40 MHz can be attained, which
is well above dephasing rates in actual circuit QED systems,
especially in the 3D cavity [3]. However, the available power
that can be sent to the flux line might be limited in the labora-
tory, putting an upper bound on achievable rates. Furthermore,
at those rates, fast rotating terms such as the ones dropped
between Eqgs. (29) and (30) start to play a role, adding spurious
oscillations in the Rabi oscillations that reduce the fidelity.
These additional oscillations have been seen to be especially
large for big relevant ¢,,,,/ A?, it ratios, that is, when the qubit
spends a significant amount of time close to resonance with
the resonator and the dispersive approximation breaks down.

Moreover, the analytical model developed here relies on
the dispersive approximation, and thus breaks down unless
A( ) it is small. This breakdown is illustrated in Figs. 3(d) and
3(e) which respectively illustrate the behavior of the Rabi
frequency and the geometric shift with increasing g®. The
regime of validity of the dispersive approximation can be
captured semiquantitatively using the critical photon number
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Neie = A?/4g? [1]. Inverting that relation, we get a critical
coupling strength g.;; = A /2./n. For ared sideband involving
only one excitation, this reduces to g.it = A /2. The region
for which g > g corresponds to the shaded green areas in
the figure. It correctly corresponds to the point where our
analytical model starts to deviate from the the full numerical
results.

C. C-NOT gate using FC driving on transmons

In this section, we present simulation results for the
pulse sequence described in Eq. (50) using the red sideband
described above for the transmon. The envelope function of
the FC flux modulation is chosen to be a truncated Gaussian

Aet=w/20% if Tt <t <+,
Ap(t) = { 71

0 otherwise.

In order to reduce leakage to unwanted levels due to the
weak anharmonicity of the transmon, we use first-order DRAG
corrections on R%) and 0)5.21)2 pulses [34]. More precisely, for
each corrected Gaussian pulse, we add a drive component
that is phase-shifted by 7 /2 and that is proportional to the
derivative of Eq. (71) for |t — u| < 7.

In practice, using a device such as a transmon, we do
not only have leakage out of the computational subspace,
but we also have to take into account the geometric shift
described in the preceding section. Indeed, since that shift
depends on the flux drive amplitude, the resonance frequency
of the red sideband process changes during the application of
FC drives with G(A¢(t)). In order to cancel that effect, we
drive the sideband at the resonance frequency for a geometric
shift that corresponds to A¢’, as illustrated on Fig. 4. This
amplitude is chosen such that the pulse area for which the
geometric shift is above G(A¢’) is the same as the pulse area
for which it is below G(A¢’). Using this definition yields
A¢' = Aexp(—a®/20?), where

a =20 erf! [%erf (ﬁ)] . (72)

This method is first applied to simulate a R(()ll) pulse by
evolving the two-transmon—one-resonator system under the
Hamiltonian of Eq. (42), along with the FC drive Hamiltonian

w—r w—a p

t

n+a

o+ T

FIG. 4. Amplitude of the Gaussian pulse over time. A¢’ is such
that the areas A, and 2.A_ are equal. Then, driving the sideband at
its resonance frequency for the geometric shift that corresponds to
the flux drive amplitude A¢’ allows population inversion.

PHYSICAL REVIEW A 86, 022305 (2012)

TABLE 1. Pulse sequence used in the simulations of a C-NOT
using transmons. The amplitude of the pulses are in units of
¢o/m for the flux pulses and in MHz for the direct drive on the
second transmon. The total duration of the sequence is 129.92 ns.
Transmon parameters are Ef,l) /2m = 25 GHz, E(Cl ) /27 = 250 MHz,
oM =0.25, EY /2 = 61 GHz, E /2 = 300 MHz, ¢® = 0.25,
8% /2w = g% /2w = 100 MHz. Four levels are considered for each
transmon. The resonator is truncated to five levels and has w, /27 =
7.8 GHz.

Pulse A (¢o/m,2m x MHz) u (ns) o (ns) 27 (ns)
R} 0.073 08 16 7 28
R 0.025 20 46.5 6.25 25
ah 51.1412 6596 148 5.92
RY 0.025 20 85.42 6.25 25
R} 0.073 08 115.92 7 28

for the pulse. The simulation parameters are indicated in
Table 1. To generate the sideband pulse R(()ll) , the target qubit
splitting is modulated at a frequency that lies exactly between
the red sideband resonance for the spectator qubit in states |0)
or |1), such that the fidelity will be the same for both of these
spectator qubit states. We calculate the population transfer
probability for |1;0) <> |0; 1) after the pulse and find a success
rate of 99.2% for both initial states | 1; 0) and |0; 1). This is sim-
ilar to the prediction from Eq. (41), which yields 98.7%. The
agreement between the full numerics and the simple analytical
results is remarkable, especially given that with |51/€,| =
0.23 the small §1+ < €, assumption is not satisfied. Thus,
population transfers between the transmon and the resonator
are achievable with a good fidelity even in the presence of Stark
shift errors coming from the spectator qubit (see Sec. III).

The pulse sequence Ug, of Eq. (50) is then used to
numerically prepare qubit-qubit entangled states. The pa-
rameters of every pulse entering in Ug, are presented in
Table I. Given that as many as four sideband pulses are used,
one might expect the success probability to be rather low.
However, applying that sequence on each of the separable
states (|00) & |01))/+/2, (]10) & |11))/~/2, we obtain overlaps
with maximally entangled states of ~99%, as shown in
Table II. The phases coming from the geometric shifts, which
appear in Eq. (51) describing Uy, are found by choosing the
set {¢1,¢2,¢3} that optimizes the transfer rates.

The average fidelity is found numerically by using as the
initial state the Choi matrix ij 7)Ykl @ |j) k|, with j,k €
{100;0),|01;0),]10;0),|11;0)}. The evolution is computed

TABLE II. Population transfer success rates from the basis of
product states to the basis of Bell states using the pulse sequence
displayed in Table I. The phases are ¢; = 0.053, ¢, = 2.31,and ¢35 =
5.59.

Initial state P(|®.)) P(|®_)) P(¥y)) P(W_))
16.) 2 % 104 0993  2x105  8x 105
[p-) 0.993 8 x 1073 6 x 107 8 x 1073
) 8x105  9x105  7x10°° 0.991

) 51075 3x 1075 0978  3x 10
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FIG. 5. Average fidelity of the pulse sequence Uy as a function
of cavity damping «. The simulation includes realistic damping 7, =
2 us of the transmons and neglects pure dephasing. Purcell decay is
taking into account in the simulation. The other parameters are given
in Table I.

numerically on the first copy under the Hamiltonian of Eq. (42),
along with the drive Hamiltonians for the pulses. In this
way, we find the set of phases {¢;,¢,,¢3} that best fits the
numerically realized gate and find an average fidelity of 99.1%.
It should be noted that the presence of decoherence can only
degrade these fidelities. In order to obtain better fidelities one
would need to use more sophisticated pulse shaping techniques
to compensate for the Stark shift errors.

Finally, we included dissipation in our model using a
Markovian master equation for two MLSs and a resonator.’
Because the resonator is loaded with real (and not only virtual)
photons, we find that the protocol is sensitive to photon loss «.
Figure 5 shows the average fidelity as a function of the cavity
decay rate. High gate fidelities require low cavity damping.
This is possible using 3D cavities [3] or taking advantage of
the multimode structure of 2D resonators [16]. Note that the
dependence of the fidelity on qubit relaxation and dephasing
is similar.

VI. DISCUSSION

Table III summarizes theoretical predictions and experi-
mental results for recent proposals for two-qubit gates in
circuit QED. These can be divided in two broad classes.
The first includes approaches that rely on anticrossings in the
qubit-resonator or qubit-qubit spectrum. They are typically
very fast, since their rate is equal to the coupling strength
involved in the anticrossing. Couplings can be achieved either

2We use Eq. (2.6) of Ref. [35] with in, = y, = 0.
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through direct capacitive coupling of the qubits with strength
Jc [36], or through the 11-02 anticrossing in the two-transmon
spectrum, which is mediated by the cavity [8,19]. The latter
technique has been successfully used with large coupling rates
Ji1—o2 and Bell-state fidelities of ~94%. However, since these
gates are activated by tuning the qubits in and out of resonance,
they have a finite on/off ratio determined by the distance
between the relevant spectral lines. Thus, the fact that the gate
is never completely turned off will make it very complicated
to scale up to large numbers of qubits. Furthermore, adding
qubits in the resonator leads to more spectral lines that also
reduce scalability. In that situation, turning the gates on and off
by tuning qubit transition frequencies in and out of resonance
without crossing these additional lines becomes increasingly
difficult as qubits are added in the resonator, an effect known
as spectral crowding.

The second class of gates includes cross-resonance, second-
order sidebands, and our proposal. Since these approaches
rely on external drives, their rate is not strictly set by the
relevant coupling rate between involved states, but also by the
ratio between the drive strength and some detuning, which
in practice is always smaller than 1. This makes these gates
slightly slower than those relying on anticrossings. However,
since these approaches rely on external drives that can be
turned on and off at will, their on/off ratio is, in principle,
infinite. Therefore, even if they take longer times than
anticrossing approaches, they will become more interesting
as T, gets better. Additionally, since they are operated either
with fixed qubit frequencies or with qubit splittings oscillating
around a central frequency, they should be less subject to
spectral crowding. It should be noted that our proposal is
predicted to be faster than cross resonance, since it scales
with g rather than with J, which is of second order in g.
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TABLE III. Schemes for two-qubit operations in circuit QED. € is the strength of the drive used in the scheme, if any.

Scheme Operation Theoretical rate Crossings On/off ratio
Capacitive coupling [36] iSWAP ~Jc Yes ~A2Q JJE

11-02 anticrossing [8,19] CPHASE ~Ji1—0 Yes ~o® — w102,
Cross resonance [21] C-NOT ~Je/Ag None 00
Second-order blue SB [14,16] Bell state generation ~g3e?/A* None 00
First-order red SB C-NOT ~ge/A None? o0

“There are no crossings in that gate provided that the qubits have frequencies separated enough that they do not overlap during FC modulations.
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APPENDIX A: DIAGONALIZATION OF THE
TWO-QUBIT-ONE-RESONATOR SYSTEM IN THE
DISPERSIVE REGIME

As shown in Sec. I A, after the application of the general-
ized dispersive transformation of Eq. (3), the second-order
two-qubit plus one resonator Hamiltonian Eq. (5) is not
completely diagonal. In this appendix, we diagonalize the
remaining nondiagonal term which corresponds to virtual
qubit-qubit interaction.

This is done by first realizing that the Hamiltonian of
Eq. (5) breaks down into 4 x 4 blocks corresponding to a given
Fock state n. One such block is given in Eq. (7) and can be
diagonalized exactly. Doing so, we get four eigenenergies and
four eigenstates per photon subspace. These eigenstates span a
basis labeled {|00; n),|01;n),|10;n),|11;n)} that defines two
effective uncoupled qubits whose frequencies depend on the
resonator state. Expressed as a function of the eigenstates in
the dispersive basis, these effective qubit states are

[10;n) = —sina,|gen) + cosa,|egn), (Ala)
|01;n) = cosa,|gen) + sina,|egn), (Alb)
|00; n) = cos B,|ggn) + sin B, |een), (Alc)
[11;n) = —sin B, |ggn) + cos B, |een), (Ald)
with the mixing angles
- - 2
ALJ2 — T2+ (AL)2
o, = arctan [ Q 7 ( Q ) i|, (A2a)
sn2— JIr+ (S )2)
B, = arctan [ Q 7 ( Q ) j| (A2b)
The corresponding energies are
n 2
Ejo1 = £/ 72+ (A4/2)", (A3)
= 2
Eijo0 = £/ 72+ (£5/2)". (A4)

Defining the Pauli operators 7! = (|1)(1] — |0)(0]) ® I® and
Tzz =1M & (J1)(1] — ]0){(0]), we can express the diagonalized
two-qubit plus one-resonator Hamiltonian as

Hdiag = a)rata + (\/JZ + (EQ/2 + aTa25)2

Tl
2+ (Bo/2 4 alans?) Z,

+ (\/12 +(Zq/2 + afaXs)?

2

_Z
2 .

— 72+ (g2 + alansP) (AS)
In the regime where J < g + 2nXs,Aq + 2nAg, that is, at

large qubit-qubit detuning and low photon number, we can
expand the square roots to second order in J/(Xq + 2nXs)
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and J/(Aq + 2nAs) to obtain the approximate Hamiltonian
of Eq. (10).

Using Eqs. (Ala) to (A1d), it is useful to express the Pauli
matrices in the dispersive frame o7 _ in terms of the effective

. . . j
qubit Pauli matrices 73 _,

| €os2d& + cos 2B | €0s2& — cos 28 2
o, = > T, — > T

+2sinécosa(r 2 +tlc?
+ +

+2sinBcos B! 2 + tJ'rrer), (A6)

,  cos2a — cos2f |  cos2& +cos2B ,
0, =~ ) % ) %
—2sind cos&(rlrf + tJ'rrE)
+2 sinB cos ,3(rirz + 1:41_142_), (A7)
1 - 3 TSI B
oy =cos@cos Bty —sindsinp o
1.2

Ao B PPN R )
—cosasinft, 1o —sind&cos BT, T4,

(A8)

2 5 B2 1 in A ein A2
oy =cos@cos Bty +sindsinf o

Ao Aol 2 s p1.2
—cosasinfrot; +sin@cosfryr;, (A9
where @ and j are operators obtained from the mixing angles
a, and B, by replacing n with a'a.

Using these expressions, we can now express any control
drive on the qubits in the diagonal frame. As a first example, it
is useful to consider a direct drive on qubit 1 which is described
in the bare frame by

Hy = eq1(t)(ol e + H.c.). (A10)
Ignoring dispersive corrections, in the frame rotating at the
qubit and resonator frequencies and assuming w,;; = wf,z), we
find an additional term of the form

H . oss = —€41(t)(cos & sin /§ + sin & cos ﬁ)tzl rxz. (A11)
This corresponds to the cross-resonance gate [6,21]. The
present description has the advantage of including the effects
of the resonator state. Indeed, we find that the Rabi frequency
associated with this gate depends on the photon number. For
J <« Aq and neglecting counter-rotating terms, this rate is
proportional to J/(Aq + 2nAg). Therefore, depending on the
sign of Ag with respect to Aq, additional photons act as an
increased or decreased qubit-resonator detuning. If Ag and
Aq have the same sign, which happens for oV, 0® < w, or
oV ©® > w,, the cross-resonance rate increases when the
cavity is filled with photons. Otherwise, that rate decreases
when photons are added, allowing us to expect a saturation of
the cross-resonance rate as a function of the drive power.

We now express the FC drives in the diagonalized basis.
Expressing the Hamiltonian of Eq. (1) in the diagonal frame
using Egs. (A6) and (A7), we find

HECE () = H(t) + HX(1) + Hig (1) + Hay(0)

+ Hpo(t) + Hoo(t) + Hoo (1), (A12)
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where the effects of the J coupling are taken into account exactly. In this expression, we have defined
1

N AT
H (1) = {30 fD(1)[cos 2 + cos 28] — 5 £ (1)[cos 2& — cos 281} ZZ’ (A13)
2
o AT
HX(t) = { =350 fO0)[cos 26 — cos 28] + 52 fP(1)[cos 26 + cos 2,3]}%, (A14)
His() = —fO0 [V cosacos B — AV sina sin fla’t! + (AD cos@ cos p — AV sina sin fa'z
— (A(l) cos & sinﬁ + AP sina cos ,BA)athl rf_ — (k(l) sin & cosﬁ + AW cos & sin 3)aTtZ1 2+ H.c.] ,  (A15)
He () = — fA0) [(AP cosacos B+ AP sinasin flalt? + (AP cos @ cos B+ 1V sina sin fa't2
+ (A(z) sin & cos ,3 — 2@ cosa sin 3)a]\‘t_‘l_1’3 + (A(z) sin& cosﬁ — AP cos é sin ﬁ)attlrzz + H.c.] ,  (A16)
1
' o AT
Hpo(1) = —(a* + aﬂ){ DAL FD(r)(cos 28 + cos2B) — AP AP fP(#)(cos 26 — cos 281
. . T2
+[=ADAD fD (1) (cos 26 — cos2B) + 1P AP f(t)(cos 2& + cos 281
+2sind cos @AV AD fO(r) = APA@ D)) (2 +7l1?)
+2sin B cos BAVAD fFD(@) + AP AP f P (2 + il } (A17)
(s @
Hoq(t) = [—on cos2a + (fPsD — FP@)3?) sind cos a:| (tle? +7lt?)
My @ . . R
_W’“ cos2B + (fP(05" + fP)3) sin B cos ,3} (12 +7ltd), (A18)
Hé’Q(Z) = —(fD)+ ) {xo cos & sin@ [(cos2 ,3r}r1:l + sin® ! t}r)rzz - rzl(cos2 Brfr% + sin® ﬁtfr}r)]
—xj cos Bsin B[(sin® ¢rit! +cos’arle))r? — v (cos*arit? +sin’ar?7})]}, (A19)

where xg = AVA® — AWA® and x; = AVA® 4+ AD AP We notice the presence of an additional term HSQ(I) with respect
to the result of Eq. (14), which represents oscillating shifts on qubit i conditional on the state of qubit j. However, in the limit
J < A, X, these terms are of fourth order in gV and g®® and are thus negligible.

APPENDIX B: DISPERSIVE THEORY FOR TWO
MANY-LEVEL SYSTEMS COUPLED TO A RESONATOR
BEYOND THE ROTATING-WAVE APPROXIMATION

As explained in Sec. IV A, the two-level dispersive theory
of Sec. IT A can be extended to the case of two MLSs coupled
to a resonator. The Hamiltonian of this system, described in
Eq. (42), can be partly diagonalized by the following dispersive
transformation:

UIIS/ILS
= exp [ Y GR+GHR+GE +GE + G+ ng;u]
k=1,2
(BI)

The first two terms in the exponential are the familiar terms
introduced in Ref. [37], here extended to a MLS,

Gy = D APmal = ()M e B2)

Qi+l i+1,i%
iG'HMfl
k) __ (k) (k) (k)\* (k)
Ger = Z A; Hi,i+la_(Ai ) Hi+1,iat’ (B3)
iEHM,|

with all dispersive parameters defined in Sec. IV A. Including
only these terms would lead to incomplete diagonalization
of the Hamiltonian to second order in the couplings. Indeed,

we would obtain a resonator squeezing term [37] and terms
involving jump operators between second-nearest-neighbor
MLS states [31]. To cancel these terms, we need to add
second-order corrections to the dispersive transform. These
are

GY =Y &’ —He, (B4)
i€eHm
k k k k
Géu) = Z (Ei/( 'ala + & ))Hl(‘,i)u —Hece, (BY
iEHM,z
k 1) (k
Gp= Y ¢“mf a”—He., (B6)
i€eHy—
k k)1 (k
Goo= Y ¢¥n¥ e —He, (B7)
i€eHpy—2

where we have defined

(k) (k)

(k) (k)
XiZi T — X — My

£ = ™ , (BY)
-
k k

E/(k) _ 775 )+ 77;( ) (BY)

i 2 (k) k) \’

(“)i _wi+2)

(k) 4 (k) (k) 4 (k)

S/’(k) _ & i1 — 8 (B10)

' Z(a)gk) — a)l(l_?z) '
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(k)

o = Z(wﬁi)z _";Ek) — zwr)’ (B11)
o _ i 51
and l 2(“)1(']22 - wz('k) + 20,)
= ey
U;(k) = gfk)AE% - g§?1Az('k)- (B14)
We note that
19 = 3O [0, - o) — (o — )] ®15)

and similarly for ;. This means that for a MLS that can
be described as a weakly anharmonic resonator, such as
the transmon, terms involving n; or n; are negligible. More
precisely, these terms can be safely neglected when |(w;;2 —
wit1) — (Wi — )| K wr,w; Vi.

Using the Campbell-Baker-Hausdorf formula, we find that,
to second order in the couplings, the generalized dispersive
Hamiltonian is

Hp = w,a'a + Z Z [d)f.k)l'll(-ﬁ) + S;k)l'lg?afa]
k=12 icHy

Jj+Lj Li+177 ), j+1 +Hec.,

i,j€Hm-1

(B16)
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where
1 (M2 (2)\* 1.(2) (D) (y*
Ty =38 (% — A7) +387 (3" —A), (B
_ 1 My @ 2) 1 2y (1)
Ji?/’ =38 ()‘j _Aj )+§gi ()‘j _Aj ) (BI8)

This Hamiltonian is not yet diagonal because of the J;; and
J l.’j terms. To complete the diagonalization, we assume that the
detunings between transitions in the first and the second MLS
are all much larger than J;; and Jif]- V i, j. Then, we can apply
the unitary transformation

UJMLS
_ J ) J () 2)
= exp Z A m AL 0 —Hel,
i,j€Hm-1
(B19)
where
I
J_ ij
)»ij =~ o (B20)
Wiy1,i — Wity
J.
J_ ij
Al-j =~ o (B21)
Wipy ;T O

To second order in the couplings, this transformation sup-
presses the interaction between the two MLSs and brings
Eq. (B16) to its diagonal form, Eq. (43).

[1] A. Blais, R. S. Huang, A. Wallraff, S. M. Girvin, and R. J.
Schoelkopf, Phys. Rev. A 69, 062320 (2004).

[2] A. Wallraff, D. I. Schuster, A. Blais, L. Frunzio, R. S. Huang,
J. Majer, S. Kumar, S. M. Girvin, and R. J. Schoelkopf, Nature
(London) 431, 162 (2004).

[3] H. Paik, D. L. Schuster, L. S. Bishop, G. Kirchmair, G. Catelani,
A. P. Sears, B. R. Johnson, M. J. Reagor, L. Frunzio, L. L.
Glazman, S. M. Girvin, M. H. Devoret, and R. J. Schoelkopf,
Phys. Rev. Lett. 107, 240501 (2011).

[4] A. Blais, J. Gambetta, A. Wallraff, D. I. Schuster, S. M. Girvin,
M. H. Devoret, and R. J. Schoelkopf, Phys. Rev. A 75, 032329
(2007).

[5] J. Li, K. Chalapat, and G. S. Paraoanu, Phys. Rev. B 78, 064503
(2008).

[6] C. Rigetti and M. Devoret, Phys. Rev. B 81, 134507
(2010).

[7] G. Haack, F. Helmer, M. Mariantoni, F. Marquardt, and
E. Solano, Phys. Rev. B 82, 024514 (2010).

[8] L. DiCarlo, J. Chow, J. Gambetta, L. Bishop, B. Johnson,
D. Schuster, J. Majer, A. Blais, L. Frunzio, S. Girvin et al.,
Nature (London) 460, 240 (2009).

[9] J. Majer, J. Chow, J. Gambetta, J. Koch, B. Johnson, J. Schreier,
L. Frunzio, D. Schuster, A. Houck, A. Wallraff et al., Nature
(London) 449, 443 (2007).

[10] M. Mariantoni, H. Wang, T. Yamamoto, M. Neeley, R. C.
Bialczak, Y. Chen, M. Lenander, E. Lucero, A. D. O’Connell,

D. Sank, M. Weides, J. Wenner, Y. Yin, J. Zhao, A. N. Korotkov,
A. N. Cleland, and J. M. Martinis, Science 334, 61 (2011).

[11] A. Fedorov, L. Steffen, M. Baur, M. da Silva, and A. Wallraff,
Nature (London) 481, 170 (2011).

[12] M. Reed, L. DiCarlo, S. Nigg, L. Sun, L. Frunzio, S. Girvin, and
R. Schoelkopf, Nature (London) 482, 382 (2012).

[13] J. I. Cirac and P. Zoller, Phys. Rev. Lett. 74, 4091 (1995).

[14] P. J. Leek, S. Filipp, P. Maurer, M. Baur, R. Bianchetti, J. M.
Fink, M. Goppl, L. Steffen, and A. Wallraff, Phys. Rev. B 79,
180511 (2009).

[15] A. Wallraff, D. I. Schuster, A. Blais, J. M. Gambetta, J. Schreier,
L. Frunzio, M. H. Devoret, S. M. Girvin, and R. J. Schoelkopf,
Phys. Rev. Lett. 99, 050501 (2007).

[16] P. J. Leek, M. Baur, J. M. Fink, R. Bianchetti, L. Steffen,
S. Filipp, and A. Wallraff, Phys. Rev. Lett. 104, 100504
(2010).

[17] M. Hofheinz, E. M. Weig, M. Ansmann, R. C. Bialczak,
E. Lucero, M. Neeley, A. D. O’Connell, H. Wang, J. M. Martinis,
and A. N. Cleland, Nature (London) 454, 310 (2008).

[18] M. Hofheinz, H. Wang, M. Ansmann, R. C. Bialczak, E. Lucero,
M. Neeley, A. D. O’Connell, D. Sank, J. Wenner, J. M. Martinis
et al., Nature (London) 459, 546 (2009).

[19] L. DiCarlo, M. D. Reed, L. Sun, B. R. Johnson,
J. M. Chow, J. M. Gambetta, L. Frunzio, S. M. Girvin,
M. H. Devoret, and R. J. Schoelkopf, Nature (London) 467,
574 (2010).

022305-13


http://dx.doi.org/10.1103/PhysRevA.69.062320
http://dx.doi.org/10.1038/nature02851
http://dx.doi.org/10.1038/nature02851
http://dx.doi.org/10.1103/PhysRevLett.107.240501
http://dx.doi.org/10.1103/PhysRevA.75.032329
http://dx.doi.org/10.1103/PhysRevA.75.032329
http://dx.doi.org/10.1103/PhysRevB.78.064503
http://dx.doi.org/10.1103/PhysRevB.78.064503
http://dx.doi.org/10.1103/PhysRevB.81.134507
http://dx.doi.org/10.1103/PhysRevB.81.134507
http://dx.doi.org/10.1103/PhysRevB.82.024514
http://dx.doi.org/10.1038/nature08121
http://dx.doi.org/10.1038/nature06184
http://dx.doi.org/10.1038/nature06184
http://dx.doi.org/10.1126/science.1208517
http://dx.doi.org/10.1038/nature10713
http://dx.doi.org/10.1038/nature10786
http://dx.doi.org/10.1103/PhysRevLett.74.4091
http://dx.doi.org/10.1103/PhysRevB.79.180511
http://dx.doi.org/10.1103/PhysRevB.79.180511
http://dx.doi.org/10.1103/PhysRevLett.99.050501
http://dx.doi.org/10.1103/PhysRevLett.104.100504
http://dx.doi.org/10.1103/PhysRevLett.104.100504
http://dx.doi.org/10.1038/nature07136
http://dx.doi.org/10.1038/nature08005
http://dx.doi.org/10.1038/nature09416
http://dx.doi.org/10.1038/nature09416

BEAUDOIN, DA SILVA, DUTTON, AND BLAIS

[20] C.Rigetti, A. Blais, and M. Devoret, Phys. Rev. Lett. 94, 240502
(2005).

[21] J. M. Chow, A. D. Cércoles, J. M. Gambetta, C. Rigetti, B. R.
Johnson, J. A. Smolin, J. R. Rozen, G. A. Keefe, M. B. Rothwell,
M. B. Ketchen, and M. Steffen, Phys. Rev. Lett. 107, 080502
(2011).

[22] J. Hausinger and M. Grifoni, New J. Phys. 10, 115015 (2008).

[23] F. Beaudoin, J. M. Gambetta, and A. Blais, Phys. Rev. A 84,
043832 (2011).

[24] D. Walls and G. Milburn, Quantum Optics (Springer, Berlin,
1994).

[25] M. Choi, Linear Algebra Appl. 10, 285 (1975).

[26] K. Kraus, A. Bohm, J. Dollard, and W. Wootters, in States,
Effects, and Operations Fundamental Notions of Quantum
Theory (Springer-Verlag, Berlin, 1983), Vol. 190.

[27] M. A and Nielsen, Phys. Lett. A 303, 249 (2002).

[28] B. Peropadre, P. Forn-Diaz, E. Solano, and J. J. Garcia-Ripoll,
Phys. Rev. Lett. 105, 023601 (2010).

[29] J. M. Gambetta, A. A. Houck, and A. Blais, Phys. Rev. Lett.
106, 030502 (2011).

PHYSICAL REVIEW A 86, 022305 (2012)

[30] S. Pasini, T. Fischer, P. Karbach, and G. S. Uhrig, Phys. Rev. A
77, 032315 (2008).

[31] J. Koch, T. M. Yu, J. Gambetta, A. A. Houck, D. 1. Schuster,
J. Majer, A. Blais, M. H. Devoret, S. M. Girvin, and R. J.
Schoelkopf, Phys. Rev. A 76, 042319 (2007).

[32] J. Q. You, X. Hu, S. Ashhab, and F. Nori, Phys. Rev. B 75,
140515 (2007).

[33]1J. A. Schreier, A. A. Houck, J. Koch, D. 1. Schuster, B. R.
Johnson, J. M. Chow, J. M. Gambetta, J. Majer, L. Frunzio,
M. H. Devoret et al., Phys. Rev. B 77, 180502 (2008).

[34] J. M. Gambetta, F. Motzoi, S. T. Merkel, and F. K. Wilhelm,
Phys. Rev. A 83, 012308 (2011).

[35] M. Boissonneault, A. C. Doherty, F. R. Ong, P. Bertet,
D. Vion, D. Esteve, and A. Blais, Phys. Rev. A 85, 022305
(2012).

[36] R. Bialczak, M. Ansmann, M. Hofheinz, E. Lucero, M. Neeley,
A. O’Connell, D. Sank, H. Wang, J. Wenner, M. Steffen et al.,
Nat. Phys. 6, 409 (2010).

[37] D. Zueco, G. M. Reuther, S. Kohler, and P. Hanggi, Phys. Rev.
A 80, 033846 (2009).

022305-14


http://dx.doi.org/10.1103/PhysRevLett.94.240502
http://dx.doi.org/10.1103/PhysRevLett.94.240502
http://dx.doi.org/10.1103/PhysRevLett.107.080502
http://dx.doi.org/10.1103/PhysRevLett.107.080502
http://dx.doi.org/10.1088/1367-2630/10/11/115015
http://dx.doi.org/10.1103/PhysRevA.84.043832
http://dx.doi.org/10.1103/PhysRevA.84.043832
http://dx.doi.org/10.1016/0024-3795(75)90075-0
http://dx.doi.org/10.1016/S0375-9601(02)01272-0
http://dx.doi.org/10.1103/PhysRevLett.105.023601
http://dx.doi.org/10.1103/PhysRevLett.106.030502
http://dx.doi.org/10.1103/PhysRevLett.106.030502
http://dx.doi.org/10.1103/PhysRevA.77.032315
http://dx.doi.org/10.1103/PhysRevA.77.032315
http://dx.doi.org/10.1103/PhysRevA.76.042319
http://dx.doi.org/10.1103/PhysRevB.75.140515
http://dx.doi.org/10.1103/PhysRevB.75.140515
http://dx.doi.org/10.1103/PhysRevB.77.180502
http://dx.doi.org/10.1103/PhysRevA.83.012308
http://dx.doi.org/10.1103/PhysRevA.85.022305
http://dx.doi.org/10.1103/PhysRevA.85.022305
http://dx.doi.org/10.1038/nphys1639
http://dx.doi.org/10.1103/PhysRevA.80.033846
http://dx.doi.org/10.1103/PhysRevA.80.033846



