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It is important to know the decoherence mechanism of a qubit based on Josephson junctions. At low tem-
peratures, as quasiparticle concentration becomes exponentially small, one needs to consider energy transfer
from tunneling electrons to other degrees of freedom to find dissipation in Josephson junctions and decoherence
in qubits. Here we discuss the energy transfer to two-level systems, i.e. the transitions between two different
configurations of ions inside insulating layer separated by a potential barrier. We derive a general equation
of motion for the phase difference between two superconducting electrodes and we find a retarded dissipation
term due to electromagnetic mechanism and also contribution due to electron tunneling mechanism. Using the
equation of motion we calculate the decay of Rabi oscillations and frequency shift in qubits due to the presence
of the two-level systems. In the long time limit our results coincide with those obtained by Martinis ez al. [J. M.
Martinis et al.. Phys. Rev. Lett. 95, 210503 (2005)] within the Fermi’s Golden rule approach up to a numerical

factor.

PACS numbers: 74.78.-w, 74.50.+r, 85.25.Pb

I. INTRODUCTION

A Josephson tunneling junction can operate effectively as a
phase qubit if one can achieve a long coherence time by re-
ducing dissipation and the corresponding noise.'™ It is well
established that dissipation in tunneling Josephson junctions
near the critical temperature 7. and at intermediate tempera-
ture is caused by quasiparticles.>® However, at very low tem-
peratures, T < 2A,, the quasiparticles are frozen out and their
contribution to dissipation is exponentially small being pro-
portional to exp(—=2A,/T), where A, is the superconducting
gap.”® Here we have assumed that the electrodes are made of
s-wave superconductors. Hence, another mechanism of irre-
versible energy transfer from tunneling Cooper pairs to other
degrees of freedom should be at work as experimental data
confirm the existence of dissipation and phase decoherence in
qubits at very low temperatures.">° We consider in the follow-
ing only sources of dissipation intrinsic to Josephson junctions
excluding external sources such as photon induced tunneling
discussed in Ref. 10. Dissipation due to excitation of phonons
discussed in Refs. 11-14 is not effective at very low energies
and we will not account for it here.

Following the discussions by Martinis e al.! we will con-
sider the dissipation at low temperatures 7' < A, originat-
ing from two-level systems, i.e. the transitions between two
different configurations of ions inside amorphous insulating
layer separated by a potential barrier. It was well established
experimentally that two-level systems are responsible for spe-
cific heat and ac dielectric losses at low temperatures and fre-
quencies below 20 GHz in amorphous dielectrics'> which are
inevitably present inside Josephson junctions.

In Ref. 1, the decay of Rabi oscillations was obtained using
the Fermi’s Golden rule approach. The dynamics of Joseph-
son junctions is governed by an equation of motion for the
gauge invariant phase difference. Such an equation account-
ing for the presence of the two-level systems is not available
to date. In the present work, we derive such an equation of
motion by accounting for both the electromagnetic and tun-
neling mechanism for the dissipation caused by the two-level

systems. The resulting general equation of motion can be used
to describe the dynamics of junction at arbitrary time after the
junction is perturbed away from equilibrium.

We will derive a general form of the dissipation term in
the equation of motion for the phase difference in tunneling
junctions with amorphous dielectric layer. We model this di-
electric layer as an ensemble of two-level systems. Interac-
tion of the phase difference with the two-level systems is elec-
tromagnetic in nature and results in retarded dissipation, i.e.
the dissipative term in the equation for the phase difference is
nonlocal in time and the corresponding equation for the phase
difference is an integral one with respect to time. We also con-
sider the tunneling mechanism for dissipation and show that
it is less effective than the electromagnetic one. We then treat
a qubit as a two-level system and use the Bloch equations for
a “spin” to describe the qubit and two-level systems in the
insulating layer. We show that in the long time limit the dis-
sipation of the low-amplitude Rabi oscillation in qubit differs
from the results of Martinis ef al.' only by a numerical factor
and a weakly frequency-dependent logarithmic factor.

II. ELECTROMAGNETIC MECHANISM

We consider low energy excitations inherent to two-level
systems in amorphous dielectrics (i.e. SiO, and SiN,) be-
tween junction electrodes. Specifically, oxygen ions in SiO;
or nitrogen ions in SiN, may occupy two close positions in
Si matrix separated by a distance b, of the order of atomic
length. In energy space these two configurations are separated
by a potential barrier. We denote these positions as L and R,
we take the energy of such states as €;;, = A, and egg = —A,.
In the space of states |L) and |R) tunneling of ion between
these two configurations results in the off-diagonal matrix el-
ements ;g = —€gz, = Ao, in the Hamiltonian describing the
two-level systems. The value of A, is related to the distance
b, between the two ions in the states |L) and |R) as

ZAO,a(ba) = €& eXP(—ba/a), (1)



where ¢, is of the order of atomic energy and a is a characteris-
tic atomic length. For a given junction, we assume that €, and
a are fixed while b, varies from site to site with an index «. In
the presence of an electric field E = 7ig/2ed between junction
electrodes, the diagonal energies admit additional contribu-
tions +e* b, E cos n, for ;7 and egg, respectively. Here ¢ is the
superconducting phase difference and ¢ is its first time deriva-
tive. d is the junction thickness, e is the effective charge of
tunneling ions and 7, is the angle between the vector b, and
the direction of the electric field between electrodes, z. These
contributions due to the electric field describe the interaction
Hine between the two-level systems and the phase difference
¢(1). The eigenstates of the two-level system are

|[=) = sin(6,/2)IL) — cos(6,/2)IR), (2)
[+) = sin(6,/2)|L) + cos(0,/2)|R), (3)

with the eigenvalues +7Q, /2 = J_r(Afl +A% 0)1/2. Heretan6, =
Ago/A,. The dipole moment of the two-level systems is
(e*by) cosB,(]+) — |-)). The matrix element H;, between
states |£) is (—|Hin|+) = Ee’b,sinf, cosn,. The distribu-
tion of two-level system parameters A, and b, is assumed to
be uniform,

P(Au, bo)dAgdby = PdAydb,, )

where the normalization parameter # will be defined later.
Such a tunneling model describes the experimental data on
the specific heat and electric losses in amorphous dielectrics
quite well up to frequencies about 20 GHz.!> This frequency
is much higher than the Josephson frequency and we take this
frequency as a cutoff frequency in our theory. In the |+) repre-
sentation the Hamiltonian of interaction between the two-level
system with the index « and the phase difference ¢ is

H, = h[QuS . + ad(cot 8,5, + S ), ®)
Ao = (2e*by/ed) sin @, cosn,, (6)

where S = 64 /2 and G are Pauli matrices with k = x, y, z.
The junction Hamiltonian is

Hy = JoA[l — cos ¢ + w,*$?* /2 — 18], (7)

where Jj is the Josephson coupling density, A is the junction
area, wy is the Josephson frequency and I is the bias current
I via the junction in units of the Josephson critical current /,,
I=1g/l.

Using the Heisenberg equation, we obtain the Bloch equa-
tions for “spin” variables S,

Sx,a = _(Qa + /ln¢ cot ga)Sy,(n (8)
Sya = (Qq + Aap cot8,)S vo — AadS - )
The solution in the case of weak coupling, i.e. small
Stas Sya < landS,, ~ 1 when 1,0 < Q,, is
!
Sta= /l“f dr' p(t") sin[Q, (1 — 1], (10)
0

!
S ew = 4O f a1 (1) cos[Qult - )],
0

and the two-level system frequency is renormalized from Q,
to Q,+dA, cotb,. We replace Q,+@A1, cotd, by Q, in the fol-
lowing discussions. Initially the junction is assumed in equi-
librium, ¢(t = 0) = 0. In the equation for the phase difference
we obtain the dissipation contribution due to the two-level sys-
tems:

W p 4+ sing = > (ha/JoA)S vo = 1. (11)

We replace summation over @ by integration over A and b
with a uniform distribution function Eq. (4). In the integral
over A and b we replace variables A and b by new variables
hQ = (A% + Aé)l/2 and sin 0 = Ay /(hQ):

a ah
dAdb = ——dAdAy = ———dQd(sin 0), (12
A AR = 1y sin ) )

[IW]l = h(0aQ20, SIn O — 07,04 sin 0) = cos 8/ (hQ), (13)

The last term in the left hand side of Eq. (11) gives the dissi-
pation term

2 n 3
Jogn d f dQQd(sin 6)dn tan 6 1n> ( - Q;n 0) cos? 1 x
!
f dr' (1) cos[Q(t — 1)]
0
o) v
~ f Z2E(Q) f dt' §(1') cos[Q(t — )], (14)
0 Qm 0
whuoQd . 5 (Qq Qo 5 (&,
&) == H(Q) o n(g)
2n’uord?e? &
To=—"" Q== 15
0 s m (15)

where u = 2e*a/ed, while the cutoff frequency is Q,, = 20
GHz and o is the volume density of the two-level systems.
Here ¢, is the high frequency dielectric function. In obtain-
ing Eq. (14), we have neglected sin 6 inside logarithm. It
only results in a numerical factor of the order of unity inside
the logarithm, lnz(ea/hQ), which is omitted within logarith-
mic accuracy. The logarithmic factor In(Q,/€) is valid only
for Q > wy = Q, exp(—l/o-l/3a) as we have assumed that the
two-level systems do not overlap. At lower frequencies, Q
inside the logarithmic factor should be replaced by wy.

III. TUNNELING MECHANISM

Displacements of ions described by the two-level system
model induce the electric field inside the dielectric and thus
change the electric potential V barrier for tunneling electron.
The electron tunneling integral S is given as

B = e, exp [—hl f dz(2m,[eV(2) — e.)"?|, (16)
0

where 1, is the electron mass and e, is its energy. We consider
the case that the frequencies Q of two-level systems are much



lower than the inverse transversal time for tunneling, 1/77,
where 77 is given by the quasiclassical formula

n,
- R — 17
" f: C\ eV —al (17)

The change of 8 due to ion displacements, 38 = 8 — Sy, is

5B meed d:5V(2) = In(e,/Bo)

e Tem® dzoV(2),
Bo ~ In(eBo) Jo Vod  Jy OV

(18)
where V) ~ e/a. The change of potential, §V(z), induced

by the dipoles p, = e*b, of two-level systems positioned at
Ty, Zas with ry = (-xa/’ ya)y is

SV(z) = i—;(b : V)[ ! ] (19)

[(r—1o) + (2 — 20)?]'/?

The change in the Josephson coupling density 6Jy caused by
the change in electron tunneling 63 is 6Jo/Jo = 20f3/Bo. For
the tunneling mechanism the Hamiltonian for the interaction
between the two-level systems with index « and the phase dif-
ference is

d
Hro = —Jo f ar2lBo) (| o548, f dz6V(r,2) =
V()d 0

A ll'l(Ga/ﬁ())

J
"Vod

(1 -cosp)S f dzsV(r = 0,2). (20)
0

Using the Bloch equations for a “spins” we find

Syo) = —QQBQI dr'[1 = cos ()] sin[Q, (1 — 1)] =
0
-8B, f dr’ sin(1") cos[Q, (t — )], 21
0

B, = f dz[bz,a(z —Za) — (bx,a/-xa/ - by,aya/)]R73(Z)’
0
R(@)=(@-z) +1;. (22)

The coordinates r,, z, are defined up to the size of the two-
level system dipole b. In the equation for the phase difference,
Eq. (11), we have an additional two-level system contribution
due to the tunneling mechanism

¢ In(e/fo) > Ao sinp(1) f 0t sin () cos[Q1 — 1]
e, Vod — ¢ 0 ’
bia(“ —2)(V —2o) + (bx,axa + by,(yy(y)z
Ay = j: du fod dv B .

We replace the summation ), by integration over coordinates
Iy, Zo Of two-level systems

d
A=Y A= [, [ dac.z). @
P 0

Integration over r, and averaging over directions of two-level
system dipoles b, gives

7Tb20' f fdz fdz [ 2uv
A = dz dudv| ——+
2 0 -z -z [zl [VI(|ue] + |V|)2

\/E(I/l4 + V4)1/2 :|

W2 +12)2 + V22 + V)Wt + vh)12

~

n*b*odIn (%) . (24)

We estimate the contribution to the dissipation due to the tun-
neling mechanism in the equation for the phase difference, Eq.
(11), as

O dQ : ' 3N o ’ ’
f Q—T(Q) sin ¢(1) j(; dt' ¢(t") sin ¢p(¢") cos[Q(t — t)].
0 m

ne* ln(ea/,Bo))z a'sind/a), (Q_
€q€ d ! Q '

The ratio r of the tunneling contribution to the dissipation and
that of the electromagnetic mechanism at a given Q and small

@ is

T(Q) = ( (25)

Ej d/\ e2Q a

r ~ g TRl o) (2)(7161@3)11](51). 26)
Due to a < d and w; < €?/(hid) the tunneling mechanism
contribution is small everywhere except at low €, where it re-
mains nonzero in the limit Q — 0, while the electromagnetic
contribution vanishes in this limit. The different behavior for
both mechanisms in this limit is because the two-level system
interacts directly with the phase difference via cos ¢ for the
tunneling mechanism as shown in Eq. (20), while in the elec-
tromagnetic mechanism it interacts with ¢ as shown in Eq. (5).
We note that the tunneling mechanism gives contribution to
the dissipation which is nonlinear in the phase difference and
thus it is negligible at small deviations from the equilibrium.

IV. DECAY OF RABI OSCILLATIONS IN THE ABSENCE
OF BIAS CURRENT

We consider dissipation for small-amplitude oscillations at
Iz = 0 neglecting the tunneling contribution. We need to solve
the equation

WP+ ¢+

O dQ L
f —S(Q)f dr () cos[Q-1)]=0. (27)
0 Qm 0

Note that if & is frequency independent and €, is infinite, we
would obtain for the last term in the left-hand side the standard
dissipation term .

Neglecting the logarithmic factor in £(€2), we integrate over
Q. After changing variables r — ¢’ = u/Q,,, we get

. Iy (& .
w;2¢+¢+w—‘; fo dud(t — u/Q,) fw) =0,  (28)

T
f(u) = sinu/u— (1 —cosu)/u’.



To understand the long-time behavior we take ¢ (1) = exp(iwt)
in Eq. (28) and obtain for the left-hand side

il it

Sl f duexp(—iwu/ Q) f(u)} exp(io?).
a)l 0

We see that ¢(r) = exp(iwt) is indeed the solution of Eq. (28)
in the long time limit Q,,z > 1 if we take the complex number
was w = wy + 0w + iy with

-2 2
—w; WP+ P+

mwy o Towy Qu
~ , Ow= In[— 29
40, “*50, n(w,) 29

for w; <« Q,. The parameter y is the dissipation rate and
ow is the shift of Rabi oscillation frequency due to interaction
with two-level systems. Accounting for the logarithmic factor,
we obtain

o Tl o (Qa
y= Ty, ( Q) (30)
1—‘0"-)J Qm 2 Qa
~ In[— |In"[—]. 1
ow >0, n(wj)n Q, 31

Thus the retardation effect is not important at ,,, > wy in the
stationary solution which is established in the long-time limit
Qut > 1.

V. DISSIPATION OF RABI OSCILLATIONS IN A QUBIT

We consider now a Josephson junction in the presence of
a bias current. Then energy levels in the quantum regime be-
come non-equidistant and we consider the operation only be-
tween the ground state and the first excited state by ignoring
the other energy levels valid for a sufficiently high bias current
Iz. We replace ¢ by the momentum operator and the Hamil-
tonian for a qubit takes the form

H; = JoA(l — cos ¢) — 4E.0°/0¢* — hlgd/(2e),  (32)

where E. = ¢%/2C and C is the junction capacitance. The bias
current consists of a dc and an ac component, Iz = I, + 1.
We find the Hamiltonian of interaction between the oscillator
and two-level systems by replacing ¢ by the momentum oper-
ator P = i0/d¢ according to the relation ¢ — 8PE,/h. Then
the qubit is described by a two-level system with the Pauli
matrices Q for a qubit “spin”. The matrix element of the op-
erator P between the ground state and the first excited state of
the oscillator is given by the expression i(iwpe?/2C)"/? and
we write the total Hamiltonian for the qubit and the two-level
systems as

R . Q, -
H = h|Z00. = 1eQ,/2e) + ) =S|+ Hin (33)

2

1 A A 3 A4b, o (hwee’ 172
%HI—EEG]PQQXSX,G, Py =i ( e ,(34)

where wj is the energy difference between the first excited
state and the ground state of the qubit. This Hamiltonian

describes the transfer of energy from the qubit to the two-
level systems, and then back from the two-level systems to
the qubit. Experimentally, a coherent state of qubit oscillation
between the ground and the first excited state is prepared at
time ¢ = 0 and then probability to find the qubit in the excited
state at time ¢ is measured. Using the Heisenberg equation of
motion for “spin” operators, we obtain the Bloch equations
for the system

Qx = _‘UIOQy =14 Q:/e, Qy = w100x — Z Pan,sz/h,

Sx,a = _QaSy,a/’ Sy,a = Qana/ + PaSz,anx/h~ (35)

These equations describe the dynamics of a qubit in the pres-
ence of 1,. and two-level systems in the insulating layer. For
weak excitations, Qy, Oy < 1, 8,4, Sy < land Q; = 1,
S.o = 1l atl, =0, after excluding the operators for the two-
level systems, we obtain the equation for the qubit

|Pof?
H2

O+ w0+ ) fo di’ Q:(1') sin[Qu (7 = 1')] = 0.

After summation over all two-level systems, this equation
within a logarithmic accuracy takes the form
o
W Ox + Ox +

2(Qa ft , o L=cos[Q,(t—1)]
Toln ( Qm) Q) =0, (6)

We assume that the qubit is perturbed away from equilibrium
state at time t = 0, i.e. Q,(t = 0) # 0. For time ¢ < Q! dis-
sipation is absent due to its retarded nature. In the stationary
state at time # > !, the retardation becomes ineffective and
we take the solution as Q,(f) ~ exp(iwt) with w = wig+ow+iy

determined by

w? Ty Q o iwu
- — +—1In*|=2 — =0, (37
w%O + Q. n (Qm)fo duexp[gm]g(u) 0, (37)
g(u) = (1 —cosu)/u.

We then obtain for the dissipation rate and the frequency shift

_rwily | 5[y
y< ol (_Qm). (38)
wiolo . (). 5[ Q0
~ In|— |1 — .
ow Q, n(wlo) n (Qm (39)

At intermediate time ¢ ~ Q,‘nl, one needs to solve Eq. (36).

Result for y coincides with that of Martinis e al.', y =
nwiolo/(6€,,), except for a numerical factor and the logarith-
mic factor lnz(Qa/ Q,,) missed in their treatment. In our ap-
proach, as well as that of Ref. 1, transfer of energy to noninter-
acting two-level systems was assumed, i.e. the dipole-dipole
interaction of two-level systems was neglected. As shown in
Ref. 16, this is possible if the amplitude of Rabi oscillations,
O.(t = 0), is small, i.e. (drno/hQ,)(e*a)>* VO =0) < 1.
For o /i, ~ 3 x 10% (erg - cm®)7!, see Ref. 1, this condition
is fulfilled very well.

Excitation of Rabi oscillations by an ac current is described
by Egs. (35). For short external current pulses with duration



7, the retarded dissipation due to two-level systems may be
neglected at any current if QQ,,7 < 1. Otherwise, the condition
of ignoring dissipation is I,;./e > vy. For stationary solutions,
the retarded nature of dissipation term is not important.

VI. CONCLUSIONS

In conclusion, we have derived a general form of two-level
systems driven dissipative terms in equation of motion for the
phase difference in tunneling junctions with an amorphous
dielectric layer at very low temperatures when dissipation
caused by quasiparticles is negligible. We account for the di-
rect electromagnetic mechanisms of phase and two-level sys-
tems interaction and also for the effect of two-level systems on
electron tunneling in junctions. We show that they give terms
which are nonlinear and linear in phase, respectively. We find

that the dissipation from the tunneling mechanism is less ef-
fective than the electromagnetic one. Finally we have derived
the decay rate of the Rabi oscillations due to the presence of
two-level systems in the insulating layer of Josephson junc-
tions. Our results are consistent with those obtained in Ref.
1 up to a numerical factor and a weakly frequency-dependent
logarithmic factor.
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