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We report the implementation of qubit—qubit coupling in a three-dimensional (3D) cavity, using the exchange of
virtual photons, to realize logical operations. We measure single photon and multi-photon transitions in this qubit—qubit
coupling system and obtain its energy avoided-crossing spectrum. With ac-Stark effect, fast control of the qubits is achieved

to tune the effective coupling on and off and the state-swap gate

SWAP is successfully constructed. Moreover, using

two-photon transition between the ground state and doubly excited states, a kind of two-photon Rabi-like oscillation is
observed. A quarter period of this oscillation corresponds to the logical gate +/'bSWAP, which is used for generating Bell
states. vVbSWAP and viSWAP are the foundations of future preparation of two-qubit Bell states and realization of CNOT

gate.

Keywords: 3D transmon qubit, qubit—qubit coupling, coherent state exchange, Rabi-like oscillation

PACS: 42.50.Ct, 03.67.Lx, 74.78.Na, 85.25.Hv

1. Introduction

Superconducting circuits are promising candidates for
constructing a quantum computer, and superconducting quan-
tum computation has witnessed fast development.!’”] Re-
cent progress in superconducting quantum computation con-
cerns the demonstration of high-fidelity single-qubit quantum

[3.4 [5-10

I high-fidelity qubit measurements,>~'% and realiza-

g [11-15

gates,
tion of basic quantum algorithm I However, in order to
realize quantum computing, the operation of two qubits logical
gates is necessary. Theoretically, single-qubit gates and two-
qubit gates are all the ingredients needed for quantum compu-
tation. Multi-qubit quantum gates based on phase qubit![!¢-2!]
have been reported.

Compared to other superconducting qubits, three-
dimensional (3D) superconducting transmon qubit has long
coherence time. However, it is difficult to realize multi-qubit
coupling and perform relevant logical gate operation. In this
paper, we studied the coupling between two transmon qubits
in a 3D cavity. When two qubits are in resonance, iISWAP
gate and v/iSWAP gate are constructed in |01) <+ |10) state-
swap process. When two qubits are off resonance, bSWAP
gate and v/bSWAP gate are constructed by using the two-
photon absorption process from the ground state |00) to the
double-excited state |11). As a comparison, the elapsed time
of v/iSWAP gate based on resonant qubits can be controlled by
tuning their coupling strength. +/bSWAP gate is based on non-

resonant qubits, therefore it cannot be restricted through qubit
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frequencies. Besides, VbSWAP gate requires longer elapsed
time since it comprises two-photon process.

2. Qubit-qubit coupling system

Qubits can share either tunable coupling or fixed cou-
pling. In tunable coupling geometry, the coupling path be-
tween different qubits can be switched on and off. In fixed
coupling geometry, the coupling path always exists between
qubits, while the coupling strength can be adjusted by tuning
the qubits on or off resonance. Both coupling types enable the
realization of two-qubit quantum gate.

The experiment is performed at cryogenic dilution refrig-
erator with a base temperature of 10 mK. Figure 1 is the wiring
diagram and circuit components. A 3D copper microwave cav-
ity is used to couple two independent transmon qubit chips.
The two qubits are mounted in parallel in the middle of the
cavity, as shown in Fig. 1(b). The 3D cavity has a fundamental
eigen-frequency of @./2w = 7.9411 GHz and a loaded qual-
ity factor Qp ~ 15000. The fabrication process of qubits is
based on double angle evaporation and the area of Al/AlO,/Al
Josephson junction is about 210 nm x 150 nm. The junction
structures of these two transmon qubits are SQUID-type and
single-junction-type, respectively, which are marked as Q1
and Q2. SQUID-type qubit has two junctions in a loop whose
frequency is tunable. We can vary the external magnetic field
to tune the qubit’s energy spectrum. Besides, the method of
single sideband modulation is used to perform two-qubit gates,
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allowing fast-tuning of microwave source frequency to match
the qubit frequency. The technique of ac-Stark shift has also
been applied to the measurement to realize fast-tuning of the
qubit transition frequency and swapping two qubits states for
performing logical gate.
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Fig. 1. (color online) Schematic diagram of the experimental system and 3D
transmon sample. (a) Experimental setup; (b) 3D cavity; and (c) SQUID-
type transmon sample.

The two qubits in the coupling system are coupled to each
other by 3D cavity with virtual photon process. The-single-
junction-type qubit (Q2) couples to the cavity, and by vary-
ing the external magnetic flux, the SQUID-type qubit (Q1)
is tuned into resonance with the cavity, which means these

two qubits are in resonance through the cavity. The effective

Hamiltonian of this system can be written as follows:>?!
h h
H = Eco“)cf}l) + E(o(z)oz(z)

+h (a)c +x el +x(2)6§2)) a‘a

+hJ (Gﬁl)cf) + Gﬁz) 6@) , (1)
where x(!) and ¥ denote the qubit-state-dependent cavity
frequency shift and J is the effective coupling strength of the
two qubits. The interaction strength is controlled by tuning
SQUID-type qubit energy level. By applying an external mag-
netic flux, the Q1 transition frequency is tuned close to Q2, and
then the energy spectrum of this coupling system is measured.

Figure 2 shows the energy spectrum of the quit—qubit cou-
pling system at two different magnetic bias currents. Because
of the detuning between two qubits in these two magnetic
bias currents, the qubit—qubit coherent interaction strength is
weak and the energy spectrum of each qubit can be distin-
guished. Comparing the red and blue curves, it shows that
three peaks are fixed in the varying magnetic field. These fixed
peaks correspond to the transition frequencies of Q2: féf) =
7.1523 GHz, f{3'/2 = 6.9887 GHz, £.2/3 = 6.8250 GHz,
and the energy level anharmonicity o?) = 327.2 MHz. The

transition frequencies of QI are varying with the bias mag-
netic field. When magnetic bias currents are 18.15 mA and
18.55 mA, the transition frequencies are féll) = 7.0570 GHz
and féll) = 6.9541 GHz, respectively. The anharmonicity is
al) =276.0 MHz. The spectral peak of the two photons
transition |00) — |11) is also observed in the coupling sys-
tem spectrum which corresponds to the transition frequency
(f(gll) +f(§f))/2 and can be adjusted by tuning the Q1 fre-
quency.
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Fig. 2. (color online) Energy spectrum of qubit—qubit coupling system
at 18.15 mA (blue line) and 18.55 mA (red line) magnetic bias current.
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Fig. 3. (color online) The schematic energy levels of two qubits coupled by
virtual photon via cavity.

In this coupling system, the two qubits interact by virtual
exchange of photons via the cavity. If qubit Q1 is tuned into
resonance with qubit Q2, the excited state in a qubit will gener-
ate a virtual photon in the cavity, transferring the excitation to
the other qubit, as shown in Fig. 3, and the effective strength of
swap interaction is J = gV g (1/A0) +1/A?2)) /2. By vary-
ing the external magnetic bias current, when the qubits are
near resonance, an avoided crossing is observed in the energy
spectrum, which reflects the exchange of the coherent state
between two qubits by the virtual photon interaction. >3] If the
two qubits are far detuned ‘a)(l) — com‘ > J, the swap inter-
action will be effectively suppressed and the two qubits are
decoupled.

In order to measure the maximum coupling strength J be-
tween two qubits via cavity, we vary the magnetic bias current

and tune the two qubits near resonance. Swap interaction leads
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to the splitting in two-qubit energy spectrum, where the split-
ting width should be 2J. When the transition frequencies of Q1
and Q2 are f01 = féf) = 7.1523 GHz, the detuning between
qubits and cavity are A() /25 = A®) /21 = 0.8357 GHz. By
varying the external magnetic field and scanning the transmis-
sion 1 of qubit and cavity coupling system, the spectrum of
vacuum Rabi splitting is obtained and the distance between
the splitting peaks is twice the coupling strength between the
qubit and the cavity, 2g. Therefore, the qubit-cavity coupling
strength is g(!) ~ 27 x 120 MHz. Since Q1 and Q2 have
the same qubit-cavity coupling capacitance, they should have
similar qubit-cavity coupling strength, g'?) ~ 27 x 120 MHz.
Then the effective qubit—qubit coupling strength can be the-
oretically calculated: J = 27 x 17.2 MHz. From the experi-
mental results shown in Fig. 4, the distance of the splitting is
29.0 MHz, which reflects the value of the effective qubit—qubit
coupling strength in resonance J = 27 X 14.5 MHz, slightly
less than the calculated value 27 x 17.2 MHz. It may be due
to the error in vacuum Rabi splitting measurement, or that the
qubit’s anharmonicity is not large enough to make a two-level
system approximation, thus higher levels have influence on the
qubit—qubit coupling.

Spectroscopy frequency/GHz

7.10
17.6 17.7 17.8 17.9

Bias current/mA
Fig. 4. (color online) Spectroscopy of avoided-crossing.

When the transition frequencies of these two qubits are
far detuned, the interaction will be weak enough. Therefore,
the qubits can be characterized separately. In order to calibrate
the intrinsic properties of each qubit, the transition frequency
of Q1 is tuned to féll ) = 8.932 GHz, thus the detuning between
the two qubits is 1.78 GHz.
also been measured, including Rabi oscillation, energy relax-

Then, the decay features have

ation, and spin echo. The coherence times are measured to be

R(;t)anS us, T()*16ps, e(ch)of07us TR(agl*ISus
T(z) = 1.3 ps, and Te(ch)o = 2.8 ps. The comparison of the co-
herence times of the two qubits shows that these two qubits
have close energy relaxation times, but the dephasing times
are quite different. Because the SQUID-type qubit is sensi-

tive to the magnetic flux noise while the magnetic noise has

almost no influence on the singe junction type qubit, the Q1
(1) )
<T

> “echo echo’

dephasing time is shorter than Q2, T,

3. Realizing viSWAP and vVbSWAP gates

Using the virtual photon process in qubit—qubit cou-
pling system, two-qubit logical gates can be constructed, such
as state-swap gates iSWAP and viSWAP.[>*l By adjusting
the qubit—qubit detuning, the effective qubit—qubit coupling
strength J can be controlled. In order to shift the effective
qubit transition frequencies, ac-Stark effect is applied to the
coupling system to change the number of photons in the cav-
ity. The ac-Stark shift of the qubit frequencies can be pre-
cisely controlled by the qubit—qubit detuning and the mean
photon numbers in the cavity. Therefore, ac-Stark effect is
used to tune the qubit frequency and then construct the logical
ViSWAP gate.

In the experiment of qubit—qubit state swap, a & pulse is
applied to one qubit to generate the system state |01) or |10),
followed by a Stark pulse to the coupling system for tuning
the two qubit frequencies. Different Stark pulses will result
in different frequency shifts for Q1 and Q2. Due to the dif-
ferent detuning between the Stark drive field and each qubit,
Aétla)rk #* Aéfa)rk, Q1 and Q2 have different frequency shifts, then
the qubit—qubit detuning § will vary. By changing the power
and frequency of the Stark drive field, the qubit—qubit detun-
ing & is tuned to pull qubits into resonance. Thus, the state
swap between |01) and |10) will be realized. Here, the mag-
netic bias current is set as 18.05 mA, so that the Q1 frequency
is fé} ) —7.0815 GHz. The detuning between two qubits is
0/2n = féf) — fé} ) =708 MHz, which means the interac-
tion between the qubits is weak enough that we can operate
separately on these two qubits. The initial state of the sys-
tem is |00). A 7 pulse is applied to Q2 to produce the state
[10). After that, the Stark shift is induced to bring the qubits
near resonance and then the length of driving pulse is scanned.
The Stark drive field frequency is fsurk = 7.350 GHz and the
power is —12 dBm. The detuning between the Stark drive
field and the qubits is ASta /27 =268.5 MHz and A&ark/z” =
197.7 MHz, respectively. From the curve in Fig. 5(a), with
the variation of the Stark pulse length, the system state pe-
riodically oscillates between |01) and |10), which represents
the state transfer from one qubit to another. The swap fre-
quency corresponds to the effective coupling strength and the
Stark pulse length of a quarter swap period corresponds to a
ViSWAP gate operation. The decay of the amplitude of the
oscillation curve corresponds to the decoherence of the sys-
tem states. When both qubits relax, the process of swap states

cannot be detected any more.
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Fig. 5. (color online) Coherent states exchange between qubits. (a) Stark
drive power is —12 dBm and (b) Stark drive power varies.

Figure 5(b) is the repeated experiments to observe the
characters of two-qubit state swap at different Stark pulse pow-
ers. It shows that the state swap oscillation will be altered
with the variation of the Stark pulse power. This phenomenon
corresponds to the change of qubit—qubit detuning & caused
by the Stark pulse power, thus resulting in the change of the
state swap frequency. For further discussion, each oscillation
frequency in Fig. 5 is extracted and we get the relationship
between the state swap frequency and the Stark pulse power,
as shown in Fig. 6. It shows that the frequency of the two-
qubit state swap will decrease as the Stark pulse power in-
creases. It corresponds to the qubit-Stark drive field detuning
Al )k > A2 )k >. Under the effect of the Stark drive field, the

Star Star

Qp =

~20Q*(~7 (aV +a®) +a (e +5) + o (@? - 5))

frequency shift of Q2 is larger than that of Q1 and both of them
are shifted to lower frequencies. Because fé? > fo(ll ), the de-
tuning between these two qubit will decrease, which results in
the reduced frequency of the state swap. By varying the Stark
pulse power, the detuning of the two qubits d is minimized to
271 x 37.5 MHz, which is close to the energy avoided crossing
splitting 2J = 27 x 29 MHz.

®ls 5 ¢
60k ¢33

55 §
50 {

a5} ¢

40t { %

35F
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Stark drive power/dBm
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o

Fig. 6. The variation of state-swap frequency as the Stark drive power
mcreases.

According to the spectrum in Fig. 2, the process of the
two-photon transition | 00) <+ | 11) is observed. Using this
two-photon transition, we can construct two-qubit logical gate
VbSWAP which can be used to generate two-qubit Bell state
(1 00) + e'?| 11))/v2.
set at 18.05 mA. Applying a driving field with driving fre-

Here, the magnetic bias current is

quency near ( féll )4 féf))/ 2 to the qubit—qubit coupling sys-
tem, the ground state and the doubly excited state will be
coupled. By spectrum measurement, the transition frequency
of two-photon process | 00) — | 11) is obtained, which is
7.1186 GHz. Comparing the experimental results to the theo-
retical value ( fé}) + félz)) /2, the difference is about 1.7 MHz.
Under the rotating wave approximation, when the driving field
frequency is equal to the two-photon transition frequency, the
qubit—qubit coupling system will undergo Rabi-like oscillation
between the ground state | 00) and the doubly excited states
| 11), and the oscillation frequency Qg is as follows:[>!

@)

Here, Q is the magnitude of the driving field. It is assumed
that the driving field has a similar coupling strength with each
qubit. When the length of the driving pulse is equal to a quar-
ter of oscillation period t+ = 7/2Qg, this kind of pulse opera-
tion is defined as two-qubit logical gate v/bSWAP. Setting the
driving frequency at @; = 27 x 7.1186 GHz, the experimental
result of | 00) — | 11) two-photon Rabi-like oscillation is ob-

(a)+8) (a® —

5)52

tained in this qubit—qubit coupling system, as shown in Fig. 7.
It presents the variation of Rabi-like oscillations at different
drive powers, and shows that the oscillation saturates at a value
larger than the intermediate value. This is due to the Jaynes—
Cummings readout method. Compared with the output signal
of the ground state, when the system is excited, the amplitude

of the output signal is much larger. As the oscillation satu-

084207-4



Chin. Phys. B Vol. 27, No. 8 (2018) 084207

ration value is larger than the intermediate value, it indicates
that the population of the excited state is larger than that of
the ground state. The system finally saturates in the steady
states of all four states |00), |01), |10), and |11), instead of the
mixture of two states |00) and |11).

0 0.2 0.4 0.6 0.8 1.0 1.2

Time/ps
Fig. 7. (color online) The Rabi-like oscillations of the two-photon pro-

cess |00) — |11) in different driving powers.

Taking the decoherence of Q1 and Q2 into account, the
following function is used for fitting the two-photon Rabi-like

oscillation:
S =ap+a; x eit/Tlggbii“
. T _
X sin (.QBt — 2) +apyxe 1/Tor,02 3)
Here, ngb_i“ is the decoherence time of the Rabi-like oscilla-

tion, while Ty @2 is the decoherence time of each qubit. Based
on this function, the fitting results are shown in Fig. 7. The
blue and green curves correspond to the Rabi-like oscillation
under the drive power 4 dBm and 6 dBm, respectively. The fit-
ting curve matches well with the experimental data, and thus
this function can be used to describe the two-photon process
|00) — |11). From the fitting results, when the driving power
is 4 dBm, the corresponding parameters are Tlggt; = 0.44 ps,
1q1,02 = 0.91 ps, and Qp = 27 x 3.39 MHz. When the driv-
ing power is 6 dBm, the parameters are Tlggb_i '=0.49 us,
101,02 = 0.97 ps, and 2 =27 x 4.03 MHz. According to the
fitting results, it has the relationship Té)ggi 1~ Tg1,02 < TR(it))i,
TR(il)Ji, which indicates noise has greater effects on the two-
photon process. Due to the noise effects, the decoherence time
of the two-photon process is shorter than the single qubit de-
coherence time. Another explanation involves the effect of
the two-photon drive field. It may produce the ac-Stark effect
on each qubit and make the spectrum shifted and broadened.
Therefore, the decoherence time of the two-photon process be-
comes shorter.

4. Conclusion

To summarize, we have implemented the coupling sys-
tem of two separated transmon qubits in a 3D cavity. The two

qubits do not couple with each other directly. They indirectly
interact by virtual-photon via cavity. Due to the coupling ef-
fect, by tuning the transition frequency of one qubit, avoided
crossing spectrum is observed in the process of single photon
transition |00) — |10) and |00) — |01). The degree of splitting
reflects the qubit—qubit coupling strength 2J = 27 x 29 MHz.
With ac-Stark effect, fast tuning of qubit transition frequen-
cies is realized. By varying the ac-Stark driving power and
frequency, the two qubits are tuned near resonance and the
exchange of states is realized between the two qubits. A quar-
ter swap period of the stark pulse corresponds to a two-qubit
ViSWAP gate operation. Besides, applying a driving field
with a driving frequency near ( féi ) 4 féf))/ 2 to this qubit-—
qubit coupling system, we have successfully performed Rabi-
like oscillation of two-photon process |00) — |11), and a quar-
ter period of the oscillation corresponds to v/bSWAP gate op-
eration.
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