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Abstract

We have observed multiphoton transitions between two macroscopi ¢ quantum-mechanical superposi-
tion states of a superconducting flux quantum bit (qubit) consisting of a superconducting loop with three
Josephson junctions. Two persistent currents circulating in opposite directions in the loop are macro-
scopically distinct states. Resonant peaks and dips of up to three-photon transitions were observed in
spectroscopic measurements when the system was irradiated with a strong radio frequency (RF) photon
field. The widths of the multiphoton absorption dips shown to scale with the Bessel functions are in
agreement with theoretical predictions derived from Bloch equations and the dressed-atom description.
From this analysis, we obtained the relaxation and dephasing time of the qubit, which are measures of
the qubit’s quality and its environment. This information should prove useful for designing and opti-

mizing qubits in the future.

1. Introduction

Quantum state engineering has become one of the
most attractive fields in modern physics. Nuclear
magnetic resonance techniques in atomic and molec-
ular physics have been studied enthusiastically inrela-
tion to quantum computation and communication [1].
In principle, any quantum two-state system has the
potential to be applied to aquantum bit (qubit). Of the
many candidates that may enable usto achieve quan-
tum computation, superconducting qubits based on
Josephson junctions have been gaining importance.
Solid-state qubits such as semiconductor qubits or
superconducting qubits have the distinct merit of scal-
ability dueto the mature state of nanometer-scale fab-
rication technology. Furthermore, their coherence
times have been greatly improved in recent years[2].
There are three types of superconducting qubit. With
thefirst, the charge degree of freedom of Cooper pairs
is used to induce coherent quantum oscillations
between two charge states of a Cooper pair box [2],
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[3]. The second type, known as the Josephson phase
gubit, consists of acircuit withasinglerelatively large
Josephson junction, which is current-biased close to
its critical current [4]. The third type is the flux qubit
where three Josephson junctions are arranged in a
superconducting loop and threaded by an externally
applied magnetic flux [5]. Severa qubit operations
have been reported with this system [6]. The device
could aso be prepared in a quantum superposition of
the two states carrying opposite macroscopic persis-
tent currents [7]. From the viewpoint of macroscopic
guantum phenomena, it isinteresting that macroscop-
icaly distinguishable states, such as a persistent cur-
rent, form the superposition states.

The energy scale of quantum circuits containing
Josephson junctionsisin the microwave regime. This
property was demonstrated in the current-voltage
characteristics of a Josephson junction under
microwave irradiation displaying the well-known
Shapiro steps [8]. They appear at voltages corre-
sponding to integer multiples of the applied
microwave energy. With this phenomenon, the super-
conductor phase difference at the junction, whichisa
macroscopic degree of freedom, can be treated as a
classical degree of freedom moving in the Josephson
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potential in phase space. In contrast, the quantum-
mechanical behavior of the macroscopic phase differ-
ence was demonstrated using one-photon absorption
processes between quantized energy levels within a
single Josephson potentia well [9]. Recently, Wallraff
et al. presented experimental evidence of multiphoton
absorption between quantized energy levels within a
single potential well formed by alarge current-biased
Josephson junction [10]. In this paper, we report the
first observation of multiphoton transitions between
superposition states of a macroscopically distinct
state [11], which are formed in the double-well poten-
tial system of a superconducting flux qubit [12].

2. Experiment

2.1 Samplefabrication

Figure 1(a) shows a scanning electron microscope
image of a superconducting flux qubit system. The
inner loop with three Josephson junctions constitutes
the flux qubit and the outer loop with two junctionsis
adc-SQUID (superconducting quantum interference
device) acting as a qubit state detector. They are spa-
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tially separated but magnetically coupled (mutual
inductance M = 7 pH). The area of the qubit loop is
5.1 x5.3um?andthedc-SQUID is7.3x 7.7 um?. The
qubit contains two identical Josephson junctions and
onethat is 3(=0.7) times smaller. They have junction
areas of 100 x 300 and 100 x 210 nm?, respectively.
The Josephson energy Ej =#14/2e of the two identical
junctions and the energy splitting #A at the degeneracy
point were 340 and 0.54 GHz, respectively, as estimat-
ed from spectroscopy measurements. Here, |¢ is the
critical current of the junction and e is the electron
charge. The qubit system is made of aluminum and is
contacted by on-chip gold leads and pads. A 260-um-
wide on-chip Au-strip line induces oscillating magnet-
ic fields in the qubit loop. The distance between the
qubit and the edge of the strip line is 20 um. The 100-
nm-thick strip line and the leads and pads were manu-
factured on a silicon wafer with 1 um of SO, by e
beam lithography and the liftoff technique. We then
fabricated the qubit system using e-beam lithography
and the standard shadow evaporation technique [13].
Two successive auminum layers (40 and 50 nm) were
deposited on the substrate. After depositing the first
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Fig. 1. (a) Scanning electron microscope image of a superconducting flux qubit system. (b) Schematic illustration of qubit
energy levels as a function of the applied flux around ®,,;/®, = 1.5. The blue and red curves represent the ground
and first excited states of the qubit. The upward pointing arrows indicate multiphoton absorption processes. (c)
Schematic drawing of the qubit readout at around ®,;/ P = 1.5. The green curve represents the average thermal
readout between the ground (blue curve) and the first excited state (red curve) under microwave irradiation.
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layer, we oxidized it with 1 mTorr of pure oxygen for 2
minutes. The double evaporation direction is shifted by
+17° to create Al overlapsforming Josephson junctions.

2.2 Superconducting flux qubit

By carefully designing the junction parameters [5]-
[7], we can maketheinner loop behave as an effective
guantum two-state system. In fact, the qubit readout
changes greatly with the qubit design, ranging from
the purely classical regime to the quantum regime
[14]. It is described by the Hamiltonian

~

Hop = 2(8052 +A0y), where Ox.; are the Pauli spin

operators. Two eigenstates of 0z are localized states
| ! > corresponding to the persistent clockwise current
of the qubit and ‘T> corresponding to its persistent
anticlockwise current. The energy eigenstates|0) and

1) of Hep show an energy anticrossing with energy
gap hA at the degeneracy point. An externally applied
static magnetic flux ®quvit generates the energy bias

€0 = 1pPo( Pausit / Po = Top) between the two local-
ized states, where ®¢ = h/2e is the flux guantum,

lp = |C,/1_(]/23)2 is the persistent current of the

qubit, and fop is the qubit operating point, which is a
half integer. The effective energy gap in the biased

qubit is yA, = p/e5 +A2 - The qubit dynamics is

controlled by a time-dependent RF field
s(t) = scoswet with amplitude s and frequency e
provided by an on-chip RF-line. Thisleadsto an addi-

tional term in the Hamiltonian Hge(t) = —gs(t)ﬁz.

Figure 1(b) shows a schematic energy diagram of the
qubit as a function of ®qubit/Po. The blue and red
curves represent the ground state |0) and the first
excited state|1), respectively. They show the energy
anticrossing with energy gap %A at the degeneracy
point ®qunit/Po = 1.5. The arrows schematically
describe the processes by which the qubit absorbs the
RF photon when the effective energy gap A\, matches
an integer multiple of the RF photon energy nhcuoy.
If Ais zero, Hgp + Hre(t) has only diagonal terms. In
this case, the RF field cannot excite the qubit from the
ground state to any excited state. A non-zero A isthere-
fore a prerequisite for a spectroscopic experiment. In
other words, resonant peaks and dips in the qubit sig-
nals are direct evidence for the coherent superposition
of the macroscopically distinct states and for the mul-
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tiphoton transitions that occur between them.

2.3 Qubit readout

When the external flux ®qunit/Po diverges slightly
from half integers, the observabl e difference between
the qubit states|0) and|1) is the direction of the flux
induced by the qubit circulation current. To measure
the flux, we used the current-voltage (I-V) character-
istics of adc-SQUID, which worked as a highly sen-
sitive flux detector. The switching current, where the
voltage across the dc-SQUID jumps from zero to a
finite value in the |-V characteristics, depends on the
magnetic flux piercing the dc-SQUID. We can there-
fore detect the qubit states by measuring the switch-
ing currents of the dc-SQUID. The switching current
wastypically obtained by averaging the val ues of 500
measurements. Figure 1(c) shows schematic readout
curves of the qubit corresponding to|0) (blue curve)
and|1) (red curve). Because the measurements were
carried out in adilution refrigerator at a temperature
of 30 mK and were averaged, we observed the ther-
mal average between them (like the green curve,
which is calculated) [15]. With the microwaveirradi-
ation, we also observed resonant peaks and dips due
to the multiphoton absorption. The bias voltage need-
ed to obtain the I-V characteristics had a triangular
waveform and was fed through large bias resistors of
1 MQ to achieve a current-bias measurement. The
sweep rate of the current was set at 120 pA/s and the
frequency of the wave was 310 Hz. The RF line used
to apply microwaves contained three attenuators in
the input line: 30 dB at room temperature, 10 dB at
4.2 K, and 10 dB at the base temperature. We fabri-
cated an on-chip strip line to achieve strong coupling
between the qubit and the RF line.

To achieve a good readout resolution, we chose the
operating point fop to be ®quni/Po = 1.5. Figure 2
shows the signal-to-noise (S/N) ratio Alg/lsd (red
curve) and average switching current |sy (blue curve)
as a function of the applied flux through the qubit
loop, where |¢q denotes the standard deviation of the
SQUID switching currents over 150 events, which
may be considered to be the noise level in the qubit
readout. The qubit signal amplitude Alg, should be
proportional to the flux derivative of |y, which means
that we can estimate Algq, by using the signal ampli-
tude Algro @ Pqunit/Po = 1.5 (see Fig. 3(a)). In the
experiments, the qubit signal appeared when ®qupit/ Po
was a half-integer and the two arrows in Fig. 2 indi-
cate the S/N ratio at Pqunit/Po = 0.5 and 1.5. Hencewe
chose the operating point to be ®quit/Po = 1.5 to
achieve a higher readout resolution.
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3. Resultsand discussion

3.1 Experimental results

Figure 3(a) showsthe qubit signal dlsy asafunction
of the external flux Pqunit a Pqubi/Po = 1.5, which is
3
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Fig. 2. Signal-to-noise (S/N) ratio Algw/lsta and the

switching current of the dc-SQUID kw as a function
of applied flux through the qubit loop. The two
arrows show the S/N ratio at the qubit operating
points ®qubi/Po = 0.5 and 1.5.
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Fig. 3. Applied magnetic flux dependence of the qubit signal

Olsw. (a) Without microwave irradiation. The data
were obtained after averaging 2000 measurements.
(b) With microwave irradiation. The data were
obtained after averaging 500 measurements. The
microwave power and frequency were 5 dBm at the
generator and 9.1 GHz, respectively.
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derived by subtracting the sinusoidal background
switching current from the SQUID switching current
Isw. It shows a change in the thermal average persis-
tent current of the qubit [7]. We obtained a sample
temperature of 65 mK from anumerical fit to the data
by using the qubit parameters E; and A, which we
derived from spectroscopy measurements. Figure
3(b) shows the ®qubit dependence of the qubit signal
under microwave irradiation. The distinct resonant
peaks and dips are attributed to situations where the
energy separation of the two qubit statesfiA, matches
an integer multiple of the RF photon energy nficux.
We have detected up to three resonant peaks and dips
for various fixed RF frequencies. The half width at
half maximum (HWHM}) and the normalized ampli-
tude A, of thedipsare shown in Figs. 4(a) and (b) for
various microwave amplitudes Igr for n = 1, 2, 3,
which is defined by Ire = 10PR7¥20, Here, Prr (dBm) is
the microwave power at the signal generator. We
derived the HWHM, and A, by fitting the ®qubit/Po
dependence of Al sy around the resonant dips (see Fig.
3(b)) using a Lorentzian. The A, values are normal-
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Fig. 4. Half width at half maximum (a) and normalized
amplitude (b) of the resonant dips as functions of
the microwave amplitude Irr. The solid curves
represent theoretical fits obtained by Bloch

equations combined with the dressed-atom
approach.
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ized by the full amplitude of the dips (3 nA). The
HWHM,, carries important information about the
dephasing and relaxation processes caused by the
interaction with the environment. To calculate the
line shape of the one-photon absorption dip, we used
phenomenological Bloch equations. To describe the
strong driving region and the n-th dip, we replaced
the single-photon Rabi frequency w in the Bloch
equations with the corresponding multi-photon fre-
guency derived from the theory of the dressed-atom
approach [16]. This substitution has been verified by
numerical simulations [17]. This method yields
results that are in excellent agreement with experi-
mentally obtained ones, as seenin Fig. 4.

3.2 Bloch equations

The Bloch equations describe the dynamics of a
spin-1/2 in a constant field in the z-direction and a
time-dependent field perpendicular to it [18]. With
the flux qubit, the constant field represents the effec-
tive energy gap 7\, namely the Larmor frequency
and the time-dependent field comes from the applied
microwave, which causes Rabi oscillation. To main-
tain the analogy between the spin-1/2 and the flux
gubit, we write the Hamiltonian in terms of the ener-
gy eigenstates [19] and obtain

A=loh - Rd)p S deg O
The second term of the Hamntonlan leads to a non-
adiabatic periodic variation in the Larmor frequency.
When z—(;szAb, the Rabi frequency is decreased.
However, we can disregard this term under the usual
experimental condition, Z—°s< A,. We have con-

b
firmed this by numerical simulations. If we use the
rotati ng-wave approximation, the motion of the qubit

spin (0(t)) in the laboratory frame can be described
by the Bloch equations

@ =[y(()) * 8], - <&;§)> ,
d<0d vt(t)> =[v(a(0) x B(1)] - <G£Et)> @
dﬁi“” ~[yto -], =

%(wlcoswext, w@sin at, Ap), oo
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is the thermal equilibrium value of (G,(t)), Trand T,
aretherelaxation and dephasing times, and w, = %

b
is the Rabi frequency of the one-photon absorption
process. The steady-state solutions of Egs. (2) can be

obtained in the rotating frame by setting d{ai (t)) _

dt
where i = X, y, z. Our dc-SQUID measures the flux
produced by the qubit circulating current. Thismeans
that the readout corresponds to the z-component of the

qubit spin (a(t)). Hence we are interested in (7,(t))
of the steady state, which is given by

wlTT

él 1+ Aa)T +afTT @”

where Aw= Ap —tex. IN Eq. (3), aresonant dip dueto
one photon with a Lorentzian line shape appears at
around cwex = Ap. The HWHM 1 and the amplitude Ax
of the resonant dip are

— Dll:F ZDTrl:l2
HWHMl—\/BT—(pH +leT_¢H’

2
wi T T
A!. :%O—O-
1+ T Ty,

©)

(4)

3.3 Dressed-atom approach

To describe the regime of strong driving and n-pho-
ton absorption processes, we apply the dressed-atom
approach to theflux qubit. The Hamiltonian isgiven by

H= g(soﬁz +A0,) +hwxa'a+g &Z(a +a+),
wherea and a* are the annihilation and creation oper-
atorsfor afield mode with angular frequency e and

g is a coupling constant between the qubit and the
field. The first term represents the qubit Hamiltonian

in the basis of the localized state |1 ) and |1 ). The
Hamiltonian can be explicitly diagonalized when

A =0. Theeigenstatesare given bY‘T (l ) N>dm =

exp[—(+) a —a/ha)ex]‘T |N> and their eigen-

energies are EN( )N Niwe, — 9%/ hoas +(—)§'hgo,
where |N) are eigenstates of hwa*a. For A << g,
first-order perturbation theory in the qubit Hamilton-
ian yields a term that is linear in A and when
Nficux = hlp, the two dressed states show anticross-
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ing due to off-diagonal coupling %Jn(a). Here,

Jn(a) isthe n-th order Bessel function of the first kind
and a = 49,/(N) /hwe, is the scaled amplitude of the
driving field. If we prepare a localized initial state,
Rabi oscillations occur with frequency w, =|A]J,(a)
[20].

To analyze the HWHM, and A, of the resonant
dips, we substituted «n for i in Egs. (4). We used
Ti1, Tr2, Tra, T = Ty, and c as fitting parameters.
Here, Trn and Tyn are the relaxation and dephasing
times related to the n-th photon absorption process.
We defined a coupling constant ¢ as clrr = a. We
found excellent agreement between the calculated
and experimental data for both HWHM, and A (see
Fig.4). Weobtained T,1 =31ns, Tr2=84ns, T,3=430
ns, Ty = 4.0 ns, and ¢ = 0.55 from the fitting at a
microwave freguency of 3.8 GHz. We have obtained
similar results for we/2m= 9.1 and 11.4 GHz (not
shown). It should be noted that the relaxation and
dephasing times Ty, and T, do not depend on the fre-
guency of the corresponding multiphoton transition
for a pure structureless ohmic environment (see aso
Egs. (2)). Thisis no longer the case for a more com-
plicated structured harmonic environment [21] asis
present in our device. Here, the plasmon frequency of
the dc-SQUID provides an additional energy scale of
the environment. Nevertheless, the global physicsis
captured by our simplified model.

4. Conclusion

In conclusion, we reported on measurements of
macroscopic superconducting circuits that reveal
their quantum-mechanical behavior at low tempera-
ture. We identified multiphoton transition processes
in the qubit and found that the width of the n-photon
resonance scales with the n-th Bessel function with
its argument given by the ratio of the driving-field
strength to the frequency of the photons. We also
obtained the relaxation and dephasing times of the
qubit, which are measures of the qubit quality and its
environment. This information should be useful
when designing and optimizing qubitsin the future.
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