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Multiphoton Transitions in a Macroscopic Quantum Two-State System
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We have observed multiphoton transitions between two macroscopic quantum-mechanical super-
position states formed by two opposite circulating currents in a superconducting loop with three
Josephson junctions. Resonant peaks and dips of up to three-photon transitions were observed in
spectroscopic measurements when the system was irradiated with a strong rf-photon field. The widths of
the multiphoton absorption dips are shown to scale with the Bessel functions in agreement with
theoretical predictions derived from the Bloch equation or from a spin-boson model.
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A macroscopic quantum two-state system (TSS) offers
a unique testing ground for exploring the foundations of
quantum mechanics [1]. This system can be in a quantum-
mechanical superposition of macroscopically distinct
states, and its quantum nature can be revealed by mea-
suring the absorption of an integer number of photons
from an externally applied photon field [2]. Since a
macroscopic quantum system cannot be completely de-
coupled from its environment, dissipative and decoher-
ence effects are unavoidable [1-3]. In addition to the
investigation of fundamental physics, the quantum TSS
also serves as an elementary carrier of information in a
quantum information processor in the form of a quantum
bit (qubit) [4]. Artificially designed superconducting cir-
cuits with mesoscopic Josephson junctions constitute an
important class of macroscopic quantum systems. The
charge degree of freedom of Cooper pairs is used to
induce coherent quantum oscillations between two charge
states of a Cooper pair box [5]. A circuit with a single
relatively large Josephson junction, which is current-
biased close to its critical current, forms a so-called
Josephson phase qubit [6]. Moreover, three Josephson
junctions arranged in a superconducting loop threaded
by an externally applied magnetic flux constitute a flux
qubit [7]. The device could be prepared in a quantum
superposition of two states carrying opposite macro-
scopic persistent currents [8]. Coherent Rabi oscillations
have been reported, when the qubit and the readout device
are connected to operate it at the degeneracy point [9].
Since these solid-state devices are thought to be scalable
up to a large number of qubits, they are of particular
interest in the context of solid-state quantum information
processing [10].

The energy scale of quantum circuits containing
Josephson junctions is in the microwave regime. This
property was demonstrated in the current-voltage char-
acteristics of a Josephson junction under microwave irra-
diation displaying the well-known Shapiro steps [11].
They appear at voltages corresponding to integer multi-
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ples of the applied microwave energy. With this phenome-
non, the superconductor phase difference at the junction,
which is a macroscopic degree of freedom, can be treated
as a classical degree of freedom moving in the Josephson
potential. In contrast, the quantum-mechanical behavior
of the macroscopic phase difference was demonstrated
using one-photon absorption processes between quantized
energy levels within a single Josephson potential well
[12]. Recently, Wallraff et al presented experimental
evidence of multiphoton absorption between quantized
energy levels within the single potential well formed by
a large current-biased Josephson junction [13]. In this
Letter, we report the first observation of muliphoton
transitions between superposition states of macroscopi-
cally distinct states [14], which are formed in the double-
well potential system of a superconducting flux qubit.
Our device is fabricated by lithographic techniques that
define the structure of an inner aluminum loop forming
the qubit and an outer enclosing SQUID loop for the
readout [see Fig. 1(a)]. They are spatially separated but
magnetically coupled by the mutual inductance M =
7 pH. The inner loop contains three Josephson junctions,
one of which has an area B(= 0.7) times smaller than the
nominally identical areas of the other two. The larger
junctions have a Josephson energy of E; = fil./2e, where
I, is the critical current of the junction and e is the
electron charge. The outer loop contains two Josephson
junctions. By carefully designing the junction parameters
[7,8], the inner loop can be made to behave as an effective
TSS. In fact, the readout result of the qubit changes
greatly with the qubit design ranging from the purely
classical to the quantum regime [15]. It is described by
the Hamiltonian I:Iqb =2(g90, + AG,), where &, are
the Pauli spin operators. Two eigenstates of &, are local-
ized states | |) corresponding to a clockwise persistent
current of the qubit and | ) corresponding to a counter-
clockwise current. The energy eigenstates |0) and |1) of
I:Iqb show an energy anticrossing with energy gap AiA. An
externally applied static magnetic flux @ generates
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FIG. 1. (a) Scanning-electron-microscope picture of a super-
conducting flux qubit system. (b) Signal-to-noise ratio Aly,/Iyq
(solid curve) and average switching current [, (dashed curve)
as a function of applied flux through the qubit loop. The two
arrows indicate the signal-to-noise ratios at @ /Py = 0.5
and 1.5. (c) Spectroscopic data of the qubit. Resonant frequency
is plotted as a function of the half distance between the
resonant peak and dip in @ /Py. The solid curve represents
a numerical fit to the data. The dashed line is the energy
difference between localized states | |) and | 1). From this fit,
we obtained E;/h = 380 [GHz] and A/27 = 0.56 [GHz].

the energy bias figg = Ip@o(Pyypic/ Py — fop) between
the two potential wells, where ®, = h/2e is the flux
quantum, Ip = I4/1 — (1/28)? is the persistent current
of the qubit, and f,, is the qubit operating point which is
a half integer. The effective energy gap in the biased qubit

is iAy, = fiy/e3 + A%. The qubit dynamics is controlled
by a time-dependent rf field s(f) = s cosw, ¢ provided by
an on-chip rf line. This leads to an additional term in the
Hamiltonian H.(t) = —%s([)a“z. If A is zero, I:Iqb +
H(?) has only diagonal terms. In this case, the rf field
cannot excite the qubit from the ground to any excited
state. A nonzero A is therefore a prerequisite for a spec-
troscopic experiment. In other words, resonant peaks and
dips in the qubit signals are direct evidence for the
coherent superposition of the macroscopically distinct
states and for the multiphoton transitions to occur be-
tween them.

The qubit state was detected by measuring the switch-
ing currents of the dc-SQUID. We defined the switching
current as the current when the SQUID voltage exceeded
30 wV. The probability distribution of the switching
current was obtained by repeating the measurements
typically 500 times. The measurements were carried out
in a dilution refrigerator at a temperature of 30 mK. The
bias voltage had a triangular waveform and was fed
through large bias resistors of 1 M{) to achieve a cur-
rent-bias measurement. The sweep rate of the current was
set at 120 uwA/s, and the frequency of the wave was
310 Hz. The rf line used to apply microwaves contained
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three attenuators in the input line: 30 dB at room tem-
perature, 10 dB at 4.2 K, and 10 dB at the base tempera-
ture. We fabricated 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 f,, at @/ Py = 1.5. Figure 1(b) shows
the signal-to-noise ratio (S/N) Al,/I, and the average
switching current I, as a function of the applied flux
through the qubit loop, where Iy denotes the standard
deviation of the SQUID switching currents over
150 events, which may be considered to be a noise level
in the qubit readout. The qubit signal amplitude Ay,
should be proportional to the flux derivative of I, and
this means that we can estimate Aly, by using the signal
amplitude Alyy at Py /Py = 1.5 [see Fig. 2(a)]. In
experiments, the qubit signal appears when @i/ Py is
a half integer, and the two arrows in Fig. 1(b) indicate the
S/N at @y, /Py = 0.5 and 1.5. Hence, we chose the
operating point at ®g; /Py = 1.5 to achieve a higher
readout resolution.

Figure 2(a) shows the qubit signal 61, as a function of
the external flux @ i at gy /Py = 1.5, which is de-
rived by subtracting the sinusoidal background from the
SQUID switching current /,. It shows a change in the
thermal averaged persistent current of the qubit [8].
We obtained the sample temperature of 65 mK from a
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FIG. 2. Applied magnetic flux dependence of the qubit signal
6l,. We subtracted a sinusoidal background signal from the
averaged switching current of the dc SQUID [,. (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 micro-
wave power and frequency were 5 dBm at the generator and
9.1 GHz, respectively. Resonant peaks of up to two-photon
processes and dips of up to three-photon processes were
observed.
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numerical fit to the data by using the qubit parameters Ej
and A, which are derived from the spectroscopy mea-
surements [see Fig. 1(c)]. Figure 2(b) shows the @
dependence of the qubit signal under microwave irradia-
tion. The observed distinct resonant peaks and dips are
attributed to situations, in which the energy separation of
the two qubit states A, matches an integer multiple of the
rf photon energy nhiw.,. We have detected up to three
resonant peaks and dips for various fixed rf frequencies. It
should be noted that, at the resonant peaks and dips, the
qubit is in a macroscopic quantum superposition of the
two energy eigenstates.

The half width at half maximum (HWHM,,) and the
normalized amplitude A, of the dips are shown in
Figs. 3(a) and 3(b) with various microwave amplitude
I; for n =1, 2, 3, which is defined by I, = 10"%/20,
Here P, [dBm] is the microwave power at the signal
generator. We derived the HWHM,, and A, from fitting
the @i/ Py dependence of 61, around the resonant
dips [see Fig. 2(b)] by using a Lorentzian with a linear
background. The A, values are normalized by the full
amplitude of the dips (3 [nA]). The HWHM,, carries
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FIG. 3. Half width at half maximum (a) and normalized
amplitude (b) of the resonant dips as functions of the micro-
wave amplitude /. The microwave frequency is w, /27 = 3.8
[GHz]. Solid (dashed) curves represent theoretical fits obtained
by the Bloch equations combined with the dressed-atom ap-
proach (by the real-time path-integral method). We obtained
Ty = 31(27) [ns], Ty, = 84(66) [ns], T,; = 430(240) [ns], T, =
4.0(4.2) [ns], ¢ = 0.55(0.55). We have obtained similar results
for w,/27 = 9.1 [GHz] and 11.4 [GHz] (not shown).
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important information on the dephasing and relaxation
processes caused by the interaction with the environment.
To calculate the line shape of the one-photon absorption
dip, we have used phenomenological Bloch equations in a
first approach. To describe the strong driving region and
the nth dip, we replace the single-photon Rabi frequency
in the Bloch equations by the corresponding multiphoton
frequency derived from the theory of the dressed-atom
approach [16]. This substitution has been verified by
numerical simulations [17]. In a second approach, we
have used a microscopic driven spin-boson model with
a standard Ohmic spectral density [3,18] to calculate the
line shape of the resonances. Both methods yield similar
results in excellent agreement with the experimental ones
as seen in Fig. 3(a).

The Bloch equations describe the dynamics of a spin 1
in a constant field in the z direction and a time-dependent
field perpendicular to it. To keep the analogy between the
spin % and the flux qubit, we write the Hamiltonian in
terms of the energy eigenstates [19] and obtain

A= gHAb - Z—Zs(z)}&z + AAbs(t)oA'x} (1)
The second term of the Hamiltonian leads to a nonadia-
batic periodic variation in the Larmor frequency. When
Z—is =~ A,, the Rabi frequency is decreased. However, we
can disregard this term under the usual experimental
condition, Z—‘;s < A,. We have confirmed this by numeri-
cal simulations. If we adopt the rotating-wave approxi-
mation, the motion of the qubit spin (&(r)) in the

laboratory frame can be described by the Bloch equations

d{G /(1)) . = (G4/y(1))
= = [ ) X By, —
e () _ - . = (.() — a9
BT~ o) < B, - T =0 @)
Here, 7I§(t) = —%(z%bscoswext,z%bssinwext, Ayp), oy is

the thermal equilibrium value of (d,(¢)), and T, and T
are the relaxation and dephasing times. The steady-state
solutions of Eqs. (2) can be obtained in the rotating frame
by setting W = 0. A resonant dip with a Lorentzian
line shape appears at around w., =~ A,. The HWHM;, and
the amplitude A, of the resonant dip follow as

1\2 T, \2
HWHM | = <—> +w%<—> , (3)
Ty Ty
A wiT,Ty ”
"+ 0T T,
where w| = 2STAb is the Rabi frequency of the one photon
absorption process.
To describe the regime of strong driving and n-photon

absorption processes, we apply the dressed-atom
approach to the flux qubit. The Hamiltonian is given by

0 “
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H= I:Iqb + hiweata + go.(a + at), where a and at are
the annihilation and creation operators for a field mode
with angular frequency w., and g is a coupling constant
between the qubit and the field. The Hamiltonian can be
explicitly diagonalized when A = 0. The eigenstates are
given by | T(1); Maressea = expl—(+)glat = a)/iwe ]l 1
()INy and their eigenenergies are E;(,U = Nhiwe, —
g?/hwex + (=)1hey, where |N) are eigenstates of
fiweata. For A < g, first-order perturbation theory in
the qubit Hamiltonian yields the term linear in A and
when nhiw. = hA,, the two dressed states show anti-
crossing due to off-diagonal coupling %Jn(a). Here,
J,(a) is the nth order Bessel function of the first
kind and a = 4gm/hwex is the scaled amplitude
of the driving field. If we prepare a localized initial
state, Rabi oscillations occur with frequency w, =
|A]7,(a) [20].

We also applied a second approach starting from a
microscopic driven spin-boson model with weak coupling
to an Ohmic bath [3,18]. In particular, we simplify the
high-frequency approximation by numerically solving
the pole equation (8) of Ref. [18]. We find that the solutions
for the n-photon transition are given by § = 6, and 6 =
6,. Inserting this in the expression for P,,, we obtain an
expression for the HWHM,, similar to that in Eq. (3),
where the phenomenological dephasing and relaxation
times T/, follow as the inverse of the weak-coupling
rates of the spin-boson model [3]. This result differs
slightly from that of the Bloch equations, which can be
recovered by setting the field-dressed level spacing A, =
AJy(a) = A in the second approach.

To analyze the HWHM,, and A,, of the resonant dips, we
substituted w, for Egs. (3) and (4). We took T, Ty, Ti3,
Ty, = Ty, and c as fitting parameters. Here Ty, and T,
are the relaxation and dephasing times related to the nth
photon absorption process. We defined a coupling constant
¢ as cl; = a. We found excellent agreement with the
experimental data for both HWHM,, and A, (see Fig. 3).
It should be noted that the relaxation and dephasing times
T, and Ty do not depend on the frequency of the corre-
sponding multiphoton transition for a pure structureless
Ohmic environment [see also Eqgs. (2)]. This is no longer
the case for a more complicated structured harmonic
environment [21] as it is present in our device. Here, the
plasmon frequency of the dc-SQUID provides an addi-
tional energy scale of the environment. Nevertheless, the
global physics is captured by our simplified model.

In conclusion, we have reported on measurements of
macroscopic superconducting circuits that reveal their
quantum-mechanical behavior at low temperature. We
have identified multiphoton transition processes in the
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qubit and found that the width of the n-photon resonance
scales with the nth Bessel function with its argument
given as the ratio of the driving-field strength to the
frequency of the photons.
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