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Disordered Josephson junction chains: Anderson localization of normal
modes and impedance fluctuations
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We study the properties of the normal modes of a chain of Josephson junctions in the simultaneous presence
of disorder and absorption. We consider the superconducting regime of small phase fluctuations and focus on the
case where the effects of disorder and absorption can be treated additively. We analyze the frequency shift and
the localization length of the modes. We also calculate the distribution of the frequency-dependent impedance of
the chain. The distribution is Gaussian if the localization length is long compared to the absorption length, while

it has a power-law tail in the opposite limit.
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I. INTRODUCTION

For more than a decade now, one-dimensional chains of
Josephson junctions have been used as controlled electro-
magnetic environments in experiments on superconducting
nanocircuits. This includes their use as high-impedance
environments'™ and, more recently, as superinductors.“‘6
Indeed, depending on the ratio of the characteristic charging
energy E¢ and Josephson coupling energy E;, Josephson
junction chains can be tuned into the insulating regime,
Ec/E; > 1, characterized by a highly resistive response, or
the superconducting regime, Ec/E; < 1, with a response
dominated by the total effective Josephson inductance.””'
The use of chains made out of superconducting quantum
interference device (SQUID) loops makes it possible to tune
the ratio E¢/Ejin situ experimentally by varying the applied
magnetic flux.’

In the superconducting regime, the fluctuations of the
superconducting phase difference across each junction in the
chain are small."> The chain behaves as an effective trans-
mission line, sustaining propagating electromagnetic modes.
Details of the chain’s electromagnetic response depend on
the properties of these modes. In this paper, we focus on the
superconducting regime and consider disordered chains for
which the values of the parameters of the junctions forming
the chain vary randomly from one junction to the other.
Dyson'* was the first to analyze the frequency distribution
of the normal modes of disordered transmission lines. Later,
the spectral properties of random chains were investigated
in the framework of localization phenomena.'®> These studies
neglected effects related to absorption. Absorption should be
taken into account in the case of Josephson junction chains,
as Josephson junctions are generally characterized by a finite
quality factor.'®!7 Effects of absorption and disorder have been
studied in Refs. 18-23 for the one-dimensional Helmholtz
equation with spatially fluctuating dielectric constant.

In this paper, we analyze the effects of the simultaneous
presence of disorder and absorption on the electromagnetic
properties of Josephson junction chains in the superconducting
regime. Here, we consider the whole range of frequencies, and
only in the low-frequency limit can the Josephson junction
chain be effectively described by the Helmholtz equation.
Specifically, we study the properties of the normal modes
and calculate the localization length and frequency shift for
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the case where absorption and disorder act additively. We
also study the statistics of the chain’s frequency-dependent
impedance and calculate its distribution. The corresponding
main results of the paper are presented by Eqs. (13), (14),
(21), and (22).

Our results are relevant in view of the aforementioned
experiments, in which uniform Josephson junction chains are
implemented as tunable environments in quantum circuitry.' -
Disorder is inevitably present when fabricating Josephson
junction arrays and knowledge as to what disorder levels are
acceptable in order for the chains to be uniform enough for
applications is important. On the other hand, our results can
also be useful in the context of mode engineering. Indeed, using
intentionally induced disorder, certain modes will be localized,
thus suppressing the electromagnetic response of the chain at
the corresponding frequencies, which might be of interest for
applications of chains as electromagnetic environments.

The paper is organized as follows. We start by discussing
the model in Sec. II and present a qualitative discussion of
the main results in Sec. III. The detailed calculations are
presented in Secs. [V-VI. Determining the normal modes
for a disordered Josephson junction chain in the presence of
absorption corresponds to solving a non-Hermitian eigenvalue
problem, which we address in Sec. IV. The localization length
of the normal modes is calculated in Sec. V. The statistics
of the chain’s impedance is analyzed in Sec. VI. Section VII
contains our conclusions.

II. THE MODEL

The chain to be studied in the present paper is assumed to
consist of N superconducting islands, labeled by an integer
n=1,...,N. The Josephson junction between the islands
n and n+ 1 is labeled by the half-integer n + 1/2. We
focus on small oscillations of the superconducting phase ¢,
of each island, so that the Josephson current through the
(n + 1/2)th junction, I P sin(¢,+1 — ¢,), can be linearized
as I,y (@ns1 —@n). Here, I, is the critical current
of the junction, related to the Josephson energy E; +12 =
hl,.,,,/(2e). The observable quantity on which we focus in
the present paper is the complex impedance Z(w) of the chain
at the frequency w, defined as the ratio of the voltage V,,
on an external ac voltage source, connected to the first and
the last islands of the chain, to the current I, through this
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FIG. 1. (Color online) (a) A schematic view of the Josephson
junction chain and its impedance measurement. (b) The transmission
line described by Eq. (2), equivalent to the chain shown in (a) for Iy =
L =1,1L,...,Iy.1 =0, Vy —V; = V,. (c) The circuit used to
define the impedance of a semi-infinite chain.

source, as shown in Fig. 1(a). The complex impedance is
in one-to-one correspondence with the reflection coefficient
of the equivalent transmission line, shown in Fig. 1(b), as
discussed in Appendix A.

For small oscillations, the superconducting phases of the
chain of N islands at frequency w can be represented as
2eV, e"i¢t

o —iw’
where V,, is the ac voltage on the nth island, and e < O is the
electron charge. The voltages satisfy the following system of
linear equations:
Yip(Vi — Vo) —iwC{V, =11,
Yooip(Vy = V) + Yag1 o0V = Vig)) —iwCEV,
=1, (1<n<N), 2)
Yn-12(Vy — Vy—1) —iwCy Vy = Iy.

The nth equation of this system is nothing but the first
Kirchhoff law (current conservation condition) at the nth

PHYSICAL REVIEW B 88, 094507 (2013)

island. 7, represents an external current injected into the nth
island [actually, the setting shown in Fig. 1(a) corresponds
to only Iy = —I; being nonzero, but we include all /,,’s to
formally display the right-hand side of the linear system].
Each island is assumed to have some capacitance C; with
respect to the ground, so —iwCj V, is the displacement current
leaking to the ground through this capacitance. Y12 is the
admittance of the (n + 1/2)th junction, so Y, 12(V, — Vig1)
is the current leaving the nth island through this junction.
In accordance with the standard resistively and capacitively
shunted junction (RCSJ) model for Josephson junctions,'®!”
the admittance includes three terms:

1

Ruyip2

Yipip(@) = — —iwCpy12 + 3)

iwL,i12
The first one represents the linearized Josephson contribution
I, /2(<p,,+1 — @), by virtue of Eq. (1) and by the definition
of the Josephson inductance L, = —%/(2el, /2). The
second term is the contribution of the capacitive electrostatic
coupling between the neighboring islands. Finally, 1/R,41/2
is the dissipative junction conductance due to the normal
current carried by quasiparticles. It is expected to vanish
(Ry41/2 — 00) at zero temperature, and approach the normal
state conductance as the critical temperature is approached.
The system (2) corresponds to the effective electric circuit
shown in Fig. 1(b).

For a weakly disordered Josephson junction chain, the
capacitances, inductances, and resistances of its elements can
be represented as

C8 = C8(1 + n,),
L
Loy = , 4)
+1/ 1+¢

Cn+1/2 = C(l + Cn)’

where the weak relative fluctuations 7,,¢, are independent
Gaussian random variables with zero average and

(m) =05, (&) = o3 )

Here, the angular brackets denote the statistical average, and
variables with different n’s are uncorrelated. The assumption
of weak disorder implies o,,05 < 1. Note that the fluctuations
of Lyyip and C,4yyp are not independent: the product
Lyg12Cpip=1 /a)i is assumed to be constant, equal to
the inverse squared junction plasma frequency w,. This is
because we assume that the fluctuations of L and C are due
to fluctuations of the junction sizes S. Typically, L ~ 1/8,
whereas C ~ S.

We do not consider the fluctuations of the normal resis-
tances, assuming R, (/> = R. We are interested in the regime
of large R, when the average effect of the resistance (namely,
the absorption) is small; weak fluctuations of R acting on top
of this small average have a negligible effect on the statistics
of impedance, as compared to the fluctuations of inductances
and capacitances. This can be checked directly by repeating
the calculations of Sec. VI in the presence of fluctuations of R;
they are fully analogous but more cumbersome, and the result
is quite trivial. Thus we prefer to neglect the fluctuations of R
from the very beginning.

094507-2



DISORDERED JOSEPHSON JUNCTION CHAINS: ...

III. QUALITATIVE DISCUSSION AND SUMMARY OF THE
MAIN RESULTS

We start by noting that the system (2) can be used to study
two, generally speaking, physically distinct problems. The first
one is the problem of free oscillations (eigenmodes), which
consists in finding nontrivial solutions for the voltages V,, when
all external currents I, = 0. Such solutions exist only for some
special values of w, which are, generally speaking, complex,
because of the dissipation induced by the resistors. Physically,
these solutions represent charge distributions that oscillate and
relax exponentially in time while maintaining their spatial
shape (which corresponds to a gedanken experiment, rather
than a real one). Mathematically, this corresponds to a non-
Hermitian quadratic eigenvalue problem, to be discussed in
detail in Sec. I'V. In an infinite disorder-free chain, the solutions
are necessarily plane waves, V, o e’*", so the corresponding
frequencies define the dispersion relation €2(k), which is a
complex function of a real argument k. This dispersion relation
can be represented as a curve in the complex plane of w
(see Fig. 2). In a disordered system, the eigenmodes are no
longer plane waves, but are exponentially localized with some
localization length &. Strictly speaking, their frequencies do
not form a continuous curve in the complex plane of w, but
rather represent a set of points. Still, when the disorder is
weak, so that the localization length & is sufficiently large, the
uncertainty in the wave vector 1/£ « k, so the points lie in
the vicinity of the original dispersion curve of the disorder-free
chain (see Fig. 2). To the leading order in the disorder strength,
one can speak about the localization length & as a function of
the wave vector k.

10° Im /o,

_6:....|....|....|....|....|....|....|....|....|....
0 01 02 03 04 05 06 07 08 09 1

Re o/w,

FIG. 2. (Color online) Complex plane of @ in the units of w, =
(LC)™'/2. The solid line shows the dispersion curve Q(k) forw, RC =
10*, C$/C = 0.01. The symbols represent the frequencies of the
normal modes of a disordered chain with N = 500 islands and 0} =
0.1, 07 = 0. The condition &(w) < N is fulfilled only for w/w, >
0.969.. ., so most of the interval 0 < w < w, is occupied by modes
that are weakly perturbed by the disorder. However, most of the
modes (about 87%) lie in the narrow frequency interval with &(w) <
N. Strong fluctuations of Im w, seen as the vertical feature on the
right edge of the figure, occur for the modes whose frequencies lie
close to the band edge of the clean chain. Their localization lengh is
& ~ 1, so the approach used in the present paper is not valid for their
description.
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The second problem is that of forced oscillations, which
consists in finding the voltage profile V, in the presence of
external currents [, oscillating at a real frequency w. In
particular, the impedance of the chain Z(w), introduced in
the beginning of the previous section (see Fig. 1), is found
from the solution of such a problem with the currents applied
to the two ends of the chain, while away from the ends
I, = -.- = Iy_; = 0. Mathematically, the problem is just to
invert the matrix of the system (2). In the absence of disorder,
the voltage profile away from the ends is still represented
by plane waves. However, in the presence of dissipation, the
corresponding wave vector must be complex: V,, oc e/k+in,
and k + ik are determined by the solutions of the equation
Q(k + i) = w with real w. Physically, this means that the ac
excitation penetrates the chain only within the distance ~1/«
from the ends, and at longer distances it decays because of the
absorption. Thus 1/« can be called the absorption length. In
a disordered chain, the solution for V, decays away from the
ends even in the absence of dissipation, due to the localization,
and the corresponding length scale is the localization length &.

When both dissipation and disorder are present, they both
contribute to the spatial decay of the solution (whose rate
is called Lyapunov exponent), and, generally speaking, their
effects are not easy to separate. For this reason, the notion
of the localization length as a function of frequency in the
complex plane is not very well defined in the presence of
dissipation. Still, in the limit of weak disorder and weak
dissipation the effects of localization and absorption can be
assumed to be additive. Namely, the Lyapunov exponent is
given by the sum « + 1/& where « is calculated for weak
dissipation and no disorder (that is, small 1/R and ag,asz =0),
while £ is calculated for weak disorder and no dissipation (that
is, I/R = 0 and small agz,ag). Indeed, the additive expression
k + 1/& is nothing but the first (linear) term in the expansion
of the Lyapunov exponent in the small parameters 1/ R,cr;,asz.
If this first term is not sufficient, localization and dissipation
cannot be assumed to enter additively.

For the particular case of the chain, shown in Fig. 1 and
described by Eq. (2), the dispersion relation of the disorder-
free chain is well-known in the absence of dissipation (R —
00)>!324 and can be straightforwardly generalized to the case
of finite R:

Q(k) 2¢; A% . &/0
= — —i ., (6
) e + 072 Qe + £72)2 2¢r + 472

where we have denoted

Lk _ Ccs
6k5251n2§, , EZEF’ 0 =w,RC.

@)

wp =

Here, w,, is the plasma frequency of a single junction, which
is a convenient unit of frequency, Q is the quality factor of a
single junction, which is nothing but the resistance R in the
units of \/L/C, and ¢ is the screening length, so that ¢ 2 is the
ground capacitance C# in the units of C. The real wave vector
k varies from O to ;v for an infinite chain, while for a chain of
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N islands assumes N discrete values,

T 27 (N —-Dm
NN N

the eigenmodes of the system being V,, o cos k(n — 1/2). For

the low-frequency modes at small £ < min{1,£~'},
Re Q(k) Kl Im Q(k) (ke)?

w) ’ w) 20 °
so that their damping is weak, | Im Q(k)| < |Re Q(k)|, even
if the quality factor is not very high.

The inverse absorption length « for the disorder-free chain
at real w should be found as the solution of the equation Q(k +
ik) = w, which is equivalent to
w722 w
5 A O -
l-o2—iw/Q »
The resulting expression for « is rather lengthy, so we give
here the approximate expression, valid to the leading order in
/oK1
1 w2
K= —
0 (1 -o)/1—o2—o22/4

k=0 , ®)

€))

1 —costk +ix) =

(10)

+0(07H. D

Note that to the leading order in 07!, we have « =
—Im Q(k)/(d Re Q2(k)/dk), which corresponds to the solution
of Q(k + ix) = w perturbatively in the imaginary parts.

The impedance of a finite disorder-free chain [as defined
in Fig. 1(a)] can be represented as a sum over the eigenmodes
(see Sec. IV for details):

B i Ay iA}

Z(@) = zk: |:a) “o®) ot Q*(k)]’ (122)
1 4 cos*(k/2) sin?(kN /2)
N C8+&[2C +i/QKk)R]

For a disordered chain, we have calculated the localization
length £ in the limit of weak disorder and no dissipation (see
Sec. V for details). As discussed in the beginning of this
section, to the leading order in the disorder strength, one can
still label the eigenstates by their wave vector k, and speak
about the k-dependent localization length, which is given by

1_ o5 +o; K (05 +07)mt 2/8. 13

£ 2 2 1—-o?2-w22/4
Since aﬁ,ogz <« 1, the inequality 1/ < k holds almost ev-
erywhere, except for a narrow region of k around k = . At
@ — 0, the localization length diverges as 1/w?. Such low-
frequency behavior is quite common for disordered bosonic
problems.'>2>=27 In our case, the divergence is related to the
existence of the delocalized zero mode, i.e., an eigenmode
with w = 0, V,, = const, when no currents flow in the system,
for any realization of the disorder. This is the Goldstone mode
related to the global gauge invariance of the system.

The case of short chains, N < &,1/k, is the simplest
to analyze theoretically, and at the same time it is quite
relevant for experiments. Due to the condition N < 1/k, the
spacing between eigenmode frequencies is larger than their
broadening, so the discrete modes are well resolved. The
condition N « & ensures that corrections to the eigenmode

Ay

(12b)
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profiles and frequencies are relatively small. The latter,
however, does not mean that the correction to the impedance of
the chain is small. Indeed, the impedance changes significantly
when the eigenmode frequency shift dw; due to disorder
is of the order of the broadening Im Q(k), even if Swy is
small compared to the frequency Re €2(k) itself. At the same
time, the disorder-induced corrections to the amplitude Ay
and to the broadening produce just small corrections to the
impedance. Thus we focus on the random shift §wy, calculated
perturbatively in Sec. IV. The average (dwy) =0, and the
fluctuations are given by

2 2 _
of+0l 2l

N Qe+ €723

(14)

When the chain is long compared to the inverse Lyapunov
exponent, N > (k + 1/£)7!, the two ends of the chain are
effectively decoupled. Then the impedance of the chain Z(w),
as defined in Fig. 1(a), equals to the sum of the impedances of
two semi-infinite chains, shown in Fig. 1(c). The impedance
of a semi-infinite chain in the absence of disorder, which we
denote by Z8(w), is given by

1 Y (o)
© — _ _
Zoo(@) = 2Y(a))( Ty = ocs )

1 1
Y(@) = —— + — —ioC.
(w) ia)L+R iwC

s)

When disorder is present, the two ends of a sufficiently long
chain feel two different realizations of disorder, so Z(w) is
a sum of two impedances Z..(w), which are statistically
independent. Thus, to characterize the statistics of Z(w), it
is sufficient to find the statistics of the impedance Z.,(w) of a
semi-infinite chain. This impedance is given by the lower right
(i.e., N,N) element of the inverse matrix of the system (2). So
far, we have made the assumptions of weak dissipation, which
implies k > k, and of weak disorder, k >> 1/&. Still, under
these assumptions, two possible regimes can be identified:
k> 1/& and ¥ < 1/&. The difference in statistics of the
impedance in the two regimes can be understood from the
following qualitative arguments.

Let us focus on the real part of the impedance, which
determines the absorption. In terms of the complex eigen-
mode frequencies, which we write as Q, = *wy — i Vs, & =
1,...,N — 1, absorption can be represented by a sum of
Lorentzians corresponding to the eigenmodes:

YaAa

Re Zso(w) = Z PE v

o, =

(16)

(the imaginary parts of A, have been neglected). Even though
the number of terms in the sum can be very large, only those
modes effectively contribute to the sum, which are located
within a distance ~& from the end; for others, the coefficient
A, is exponentially small. The typical distance between the
Lorentzians corresponds to the typical frequency spacing ¢
between the modes within one localization length &, while
the typical width of each Lorentzian is y. Clearly, one can
imagine two regimes, depending on the relation between y
and 8:. When ¢ < y, the Lorentzians overlap strongly, so the
fluctuations of Z..(w) are much smaller than its average [see
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FIG. 3. A schematic representation of different terms contributing
to ReZ,, (a) at §; < y (strongly overlapping Lorentzians), and
(b) at 8 > y (well-separated Lorentzians).

Fig. 3(a)]. When 8¢ > y, the Lorentzians are well separated,
and, depending on the realization of the disorder, the frequency
w may either fall near one of the peak centers w,, which
gives a large absorption, or it may fall between the peaks, and
then the absorption will be small [see Fig. 3(b)]. Thus, in the
case 8 > y, the fluctuation will be strong, so the disorder-
averaged impedance is not a very useful concept; rather, the
whole distribution function should be evaluated. Finally, we
recall the relation ¥ = y /[d Re Q(k)/dk], established earlier,
and note that the density of modes within the localization
length can also be evaluated using the disorder-free dispersion,
1/6¢ = & dk/[2m d Re Q(k)]. Thus the parameter controlling
the two regimes is precisely

Y _ ﬁ 17)
55 2
and the mode group velocity d Re 2(k)/dk drops out.
Based on this picture, one can make some estimates. Let us
assume that the main source of fluctuations of Z.,(w) are the
random positions w,. Let us choose an interval of frequencies,
centered at w and having the width A, such that 8¢,y < A <
. Let us count only those modes whose frequencies w,, fall
inside this interval; indeed, the modes whose positions w,, are
too far from o (further than a few times y), contribute very
little to the sum in Eq. (16). Typically, there are Ng = A /3,
modes inside the interval. For all such modes, let us set all y,,’s
equal to a constant y, and all A, = A (the smooth dependence
of A and y on w can be neglected due to the condition A <
w). As for the peak positions w,, let us assume them to be
uniformly and independently distributed over the interval (v —
A /2,0 + A/2). Of course, such a Poisson distribution totally
neglects level repulsion, but for our quantitative estimate is
good enough. The average Re Z is then given by

w+A/2dwl da)NE £ )/A
ReZe)= | AR X wr T
w—A/2 o 14

a=1

Ng TA
A 5
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Let us now study the probability distribution of the dimension-
less impedance, relative to its average value, which we denote

by x:
w+A/2 d dw
P(x) :/ _‘A’)‘ ..._ANs
w—A)2
Ne
Sy /7
x§ | x —Z— ) (19)
— 2 2
—(w—wy) +y

This probability distribution can be straightforwardly eval-
vated in the two limiting cases 8 < y and 8 > y (see
Appendix B for details).

For §; <« y, we have

P(x) = /v /8 e~ 3)a=1?

The narrow Gaussian distribution arises naturally as a conse-
quence of the central limit theorem, since there are many terms
in the sum (16) that contribute to Re Z,. For 6 > v,

(20a)

e V/(x8) 8¢
P(x)= , O0<x < —, (20b)
Tx32 )8 [(my) — x Ty

and P(x) = 0 outside the indicated interval. The exponential
suppression of P(x) at small x comes from the fact that
an anomalously small x requires a region of frequencies of
the width Aw > &, free of Lorentzians. For the Poisson
distribution of w,’s, assumed here, the probability to have such
a region vanishes as e~2“/%; if level repulsion is taken into
account, the suppression is even stronger. The weak singularity
at large x = 8¢ /(ry) is a consequence of the assumption
Ay = A, ¥, = Y, which implies that all Lorentzians have the
same height. In reality, a spread in the heights smears the
singularity.

In Sec. VI, we calculate the distribution function of Z., in
the regime of weak fluctutations (x& >> 1) using the Fokker-
Planck equation:

P(ZOO)O(CXP(— 4 ’Zg%)‘z
where «, &, and Z(()?(a)) are given by Egs. (11), (13), and
(15), respectively. Keeping in mind the relation (17), we see
that the semiqualitative Eq. (20a) gives the correct functional
form (Gaussian), underestimating the fluctuations by a factor
of 2. The latter is not surprising, as in deriving Eq. (20a),
we completely ignored the fluctuations of the eigenmode
amplitudes and widths. Equation (21) has also been confirmed
by direct numerical sampling.”8

In the regime of strong fluctuations, k& < 1, we were
unable to solve the problem analytically, so we analyzed
it numerically (see Sec. VI). Our numerical results, indeed,
indicate that the distribution of Re Z,, has a power-law tail
described by

0.5 R Zé?
PRe Zo) ~ € 5 ( °

Re Z \Re Zy
in agreement with Eq. (20b). This also agrees with the

distribution of the reflection coefficient, calculated for the
one-dimensional Helmholtz equation with spatially fluctuating

1.5
) , C~03-05 (22
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dielectric constant in Ref. 19 (see Appendix A for the relation
between the impedance and the reflection coefficient).

IV. THE EIGENVALUE PROBLEM

To begin with, we note that the formal manipulations
performed in this section, in fact, are quite analogous to those
for the elementary damped harmonic oscillator. The latter is
discussed in Appendix C in order to make the present section
more transparent.

Let us write the system (2) in a compact form:

(L7"—iwR™"'—?C)V = —iol, (23)

where V and I are N-dimensional column vectors containing
the node voltages V, and currents [,, respectively, and
L=', R™", and C are real, symmetric, tridiagonal matrices.
Besides, they are positive-definite; indeed, for an arbitrary real
vector X,

N— l(x X )2

XL7x =) = >, (242)
~  Lunp
N—-1 B 2

TP 1x = Z (1 — Xn)” >0, (24b)
~  Rup

x'Cx = Z Cr12(ong1 = Xn)” + Z Cixy > 0.
n=1
(24¢)

L~"and R~ have exactly one zero eigenvalue with the eigen-
vectorxg = (1 1. 1)7/\/_ N. At the same time, X Cxo = C8,
the spatial average of the ground capacitance.

Thanks to these properties, one can define the matrix square
roots L.=1/2,C1/2, as well as the inverse C~!/2, which are
also real, symmetric, and positive-definite matrices. Then the
system (23), quadratic in w can be identically rewritten as

_-C’\fl/ZIéfléfl/Z 671/21’:71/2
ov— (" V
L71/2C71/2 0

oY) Al)2
:(zC I>7 VE(C V>’ 25)
0 w

where w is an auxiliary N-dimensional column vector. It
should be noted that while £~!, R~!, and € are tridiagonal
and thus are relatively easy to deal with numerically, their
square roots are nonlocal, so Eq. (25) is only convenient for
formal manipulations. The main advantage of Eq. (25) is that
its solutions can be expressed in terms of eigenvalues and
egenvectors of the 2N x 2N matrix

_iO-2p-1p-12 A-12f-1)2
A:( e RC ek ) (26)
L™12C-12 0
The matrix A is non-Hermitian, so it may have less then 2N
eigenvectors if its eigenvalues are degenerate. In a disordered
system, all degeneracies can be assumed to be lifted, except
those which are protected by a symmetry and do not depend on
the disorder realization. The only special value of w is ® = 0,
due to the gauge invariance, as discussed in Sec. III. For any
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disorder realization, it is an eigenvalue with two eigenvectors:

C‘l/ZXO ) @n

1
vV 2@ ( Ztl\/aX()

Thus, with probability 1, the matrix A has exactly 2N
eigenvectors, which form a complete set. Since it is symmetric,
AT = A, different eigenvectors o and § are orthogonal as

Vor =

VIV = VIOV, +wWliwg = 84p. (28)

The matrix A satisfies the property o*zfl”‘aZ = —A, where
o, is the Pauli matrix acting in the 2 x 2 space of N x N
blocks. Thus if w is an eigenvalue of .A with the corresponding
eigenvector (C'/2V w)7, then —w* is also an eigenvalue, and
the corresponding eigenvector is (C'/2V* — w*)T. Since the
absorption is assumed to be weak, we neglect the possibility to
have purely imaginary eigenvalues, and countbya =1, ... ,N
the eigenvalues with Rew, > 0. Then the unit 2N x 2N
matrix can be represented as

. (évzxoxgéuz/a 0 )

0 XoXJ
clry, VT 12 Cvl/ZVaWT
_"_ o
azl ( w,VIC1/? Wow?!
N-1 I/ZV*VTCL/Z _o12yrwt
+ *yT 1/2 * : “ (29)
o —WaVaC W W/,

and the resolvent of A as

- A 1 (CVxxICV2/Cs 0
w— = —
w 0 XoXJ)
e
J’_
o w — Wy
CIAVVIE2  E1Y, w!
X @ o
w,VIC1/2 Wy Wl
e

—wiViC12

1/2\]*‘]]L Cl/2
wowl

_él/2v* i
“W“> . (30)

Eliminating the auxiliary vector w, we obtain
N-1

T N-1 T *yt
X0Xg V.V, ViVl o\ .
V= — I, 31
(i X2 s S % an

W — Wy
a=1
where the eigenvectors V,, should be normalized as

VI(C+w L)Wy =1, a=1,....N—1. (32

The impedance of a finite chain as defined in Fig. 1(a), is now
given by

N—-1

. (Votl - VaN)2
Z(w) =1 |:

0; w — Wy

V* _ V* 2
+( a1~ Vo) ] (33)
W+ W}
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In a disorder-free chain, the eigenmodes are plane waves [c.f.
Eq. (8)]:

Vin = ag cosk(n —1/2), k=0 ..,(N—l)%,

(34a)

T
’N’

where the amplitudes a; are determined by the normalization
condition (32):

! NCg+N C+ !
_ = € _
a,z;ﬁo 2 k a),%L

— NC! + Ne, <2C n L) (34b)
a)kR
Substitution of these expressions into Eq. (33) gives
Egs. (12a) and (12b). Here and below, the following relations
prove useful:

N

N
> cos*k(n — 1/2) = >
n=1

N
3N
Zcos“k(n —-1/2) = =
n=1
Nl (35)
> “leosk(n +1/2) — cosk(n — 1/2)]* = Ne,
n=1
N-1
3N
> “leosk(n +1/2) — cosk(n — 1/2)]* = > ez.
n=1
Let us determine the shift of an eigenvalue w, due to a small
perturbation. If .4 is a perturbation of A, the shift is given by

Swe = VI 8AV,. (36)

Assuming that the perturbation is due to a fluctuation in the
capacitances and inductances and neglecting this fluctuation
when it is multiplied by a small quantity 1/R, we can write

. 0 S(C12L12
sa=( . 0. B REED)
S(L=12C1/2) 0
which gives
1 . .
dwy = — VI(SL™" — w28C)V,. (38)
Wy
For the fluctuations given by Eq. (4), this becomes
| N—1
(Sot: - ozC 2w (Va,n _Votn2
o= (g );” et Vo)
N-1
—wuC8 Y Vs, (39)
n=1

For the eigenmodes (34a) the fluctuation (Sa),%) can be
evaluated using relations (35), which gives Eq. (14).

V. LOCALIZATION LENGTH OF THE NORMAL MODES

To determine the localization length & for the eigenmodes
of the system (2) in the absence of dissipation (R — o0), we
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rewrite it identically in the form
Vntl = My Uy, (40)

where v, is two-component column

V,
Uy = Yn—1/2(v 1), (41)

and m,, is the transfer matrix

1)y, — G )y
— <y1+ I9n = e /y1>’
Vn 0
(42)

_ Yn+1/2
In= o
Y12
The localization length is calculated from the Lyapunov
exponent of the product m,...m; at n — oo (see, e.g.,
Ref. 29). T

We substitute the expressions from Eq. (4), expand to
second order, and omit products of uncorrelated fluctuations:

<2(1 —e)(1+82/2) +€Y, —-1+4+E,— ag/2>
m, = s

== 1+ 8, + 822 0
(43)
where we have denoted for brevity
. 2 _ 2
En _ g-n ;-nfl _ gn gn_l . (443)
2 4
G+
Vo= Gt Guor = 20— (44b)
and
w?’LC%)/2
= 45
=1z w?LC “45)

has the same meaning as in Sec. III: for such real values of
w that 0 < € < 2, the solution of the equation € = 1 — cosk
determines the dispersion relation of the disorder-free chain.
This is precisely the range of frequencies we are interested in.
Let us switch to the basis in which the evolution of v, for
the disorder-free chain is trivial: o
eikn e—ikn

n = Kn ~nv Kn = (n— ik . 46
Un = BnUn, B <etk(n ) ik 1)> (46)

The rotated transfer matrix 7, = K, +11 m, K, is given by

~ - E% is 0 e—2ikn
m, = —_— o) .
n n eZlkn 0

Tn k 1 e—2ikn
+ Z tan E _eZikn 1 . (47)

In the disorder-free case, the two components of the vector
U, represent the amplitudes of the right- and left-travelling
waves. The product of the transfer matrices 7, ...n1; of

a disordered segment of length n determines the amplitude
reflection and transmission coefficients of this segment. The
Hermitian matrix

TR (48)
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determines the intensity transmission coefficient. By noting
that M, satisfies the constraints

detM, =1, M,=o0.Mo,, (49)

where o, is the first Pauli matrix, and the last two constraints
follow from the same properties obeyed by 7it,, one can

parameterize the matrix M, as

_( coshp, €% sinhp, 0
= \eée%sinhu, coshp, /)’ Hon = 5
(50)
|
: —2ikn
cosg, sinhu, e cosh u,
M =M, +2E . .
ntl 2 " < e?*1 cosh u,  cos ¢, sinh 11,
€Y, — sin ¢, sinh w,
sink \ ie?*"(cosh w, + e~ sinh y,,)
Log? cosh u, e~ 2ikn
1\ ek cos @, sinh i,

€Y, B, sin ¢, sinh u,

€2Y2(cosh u, + cos g, sinh ;)
+ -
2sin? k

sink

where we derloted ¢n = 2kn + ¢,. Let us also denote
€Y, /sink = 27,. Then

Hnt+1 = Un + 2E, cos $n — 2?n sin @n
+2(E, sing, + Y, cos ¢,)? coth 1,

+2(8, sing, + Y, cos 9,) Ty, (53a)
Gny1 = ¢p — 2(Ey sing, + Tn cos ¢,) coth w,, — an
+0(E2,T1.E.T). (53b)

In fact, to determine the average growth rate of u,, we do
not need to know the dynamics of ¢,, because the phase ¢,
entering Eq. (53a) contains the term 2kn that varies more
rapidly than ¢,. Indeed, the evolution of ¢, is governed
by the disorder, and thus occurs on the typical length scale &,
while for 2kn this scale is ~1/k. As discussed in Sec. III, we
are interested in the weak-disorder limit, k&€ > 1 (otherwise
the whole approach of this section is not valid). Thus
summation of many small increments (t,+1 — Un) + (Unt2 —
Unt1) + oo+ (Upps — Unri—1) for 1> 1/k is equivalent to
averaging over ¢ (see Ref. 31, though).

It is important to note that E,,Y, are not independent of
En—1,Y,—1. Because of this, it is not sufficient just to average
the right-hand side of Eq. (53a) over the disorder and over the
phase ¢, . Indeed, expressing ¢, in terms of ¢,,_; with the help
of Eq. (53b), we obtain (up to the second order in E,Y):

28, cos ¢, — 27, sin g,
=28, cos(@u_1 + 2k) — 27, sin(p,_; + 2k)

ie* " (cosh p, + €' sinh p,)

(

PHYSICAL REVIEW B 88, 094507 (2013)

tun

The eigenvalues of M, are e™*», and the intensity trans-

mission coefficient of the disordered segment of n sites is
1/ coshz(p,n /2) (see Ref. 30). At n — oo, it should decrease
exponentially as e=2"/¢, where & is the localization length of
the envelope wave function. Thus £ can be determined from
the relation

1

M

1 .
= — lim
2n—o00 n

D

Note that statistical averaging is not needed here: u,, is a self-

averaging quantity,” as naturally follows from the fact that it

is a logarithm of the product of many independent factors.
The change of the matrix M,, upon one iteration is given by

)

—ie 2" (cosh i, + €' sinh p,,)
— sin ¢, sinh @,

)
)

—ie %k (cosh p, + e sinh ;)

cos ¢, sinh
cosh w,

)

sin ¢, sinh w,,
_672ikn
| .

1

_eZikn

(52)

+ 2’Y‘n—l [ZEn Sin((pn—l + 2k) + 2'?11 COS(‘pn—l + 2k)]
+ [2En Sin(‘ﬁn—l + 2k) + an COS((Pn—l + Zk)]
X [2 Enfl sin $n—1 + 2?,1,] Ccos (pn71]~

The average of the last term over the phase ¢, is not zero
and should be taken into account.

Finally, we assume u,, > 1 and set coth w,, — 1. Then, the
average increment of i, in one step is given by

=
=

: (22) +(T7) + 2(Eu Bt + T Vi) cos 2k

+2(8, Y- — Y, E,_1) sin 2k, (54)

which yields Eq. (13).

VI. IMPEDANCE FLUCTUATIONS

In order to calculate the probability distribution of the
impedance of a semi-infinite chain, defined in Fig. 1(c), let
us consider Zy(w), the impedance of a chain with N — 1
junctions, but defined according to Fig. 1(c), instead of
Fig. 1(a). Upon adding one junction to the chain, its impedance
is transformed as

1
—ioCy  + (Zy+1/Yyp2)7 "

Zyyr = (55)
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where
1

Riy12

Yniip(o) = — —iwCpnyi1p2 (56)

ioLyi12
is the admittance of the added junction.

In the disorder-free chain, the recursive relation (55) has a
stationary point Z8(w), given by Eq. (15). In the vicinity of
this stationary point, the recursive relation can be linearized,

Zyy1 — 29 ~ t(zZy — Z2Y), (57)
with the eigenvalue t given by

YZS
t= ( o
YZS +1

where k,« are defined as solutions of the equation 1 — cos(k +
ik) = iwC¢/[2Y (w)], which is identical to Eq. (10). Thus the
effect of dissipation, k > 0, is to squeeze the points Zy towards
the stationary point in the complex plane.

In the presence of a weak disorder, the recursive relation
becomes random. The effect of the randomness is to make
Zy perform a random walk in the complex plane, thereby
taking them away from the stationary point. Thus disorder
and dissipation are competing. At N — oo they balance
each other, and the probability distribution of Zy reaches a
stationary limit. If dissipation is strong enough compared to
disorder, the stationary distribution is concentrated near the
stationary point, where the linearized recursive relation (57) is
valid. Below we will calculate the stationary distribution for
this case analytically, and show that it is the Gaussian. This
case corresponds precisely to the limit & > 1 discussed in
Sec. 1.

Let us take into account fluctuations of C,”:, 41 and Yyi1,
determined by Eq. (4). They produce an additional stochastic
term in Eq. (57). To the second order in ny1,¢x, the linearized
recursive relation becomes

Y(Zyi1 — Z8)) = 47y (Zy — Z29) — e* iy
_ kg w _ i edik2
2sin(k/2)

2 .
) — esz—2K’ (58)

.k i i
X sin 5(7712\41 + e nnrily + € kCz%/)’
(59)
where Y is the same as for the clean chain [i.e., defined
as in Eq. (56), but in terms of the nonfluctuating quantities
L,C,R]. We neglected « in the coefficients at ny.y,¢{y, as
Kk & 1 gives just a small correction to the diffusion produced

by the stochastic terms.
Let us write

Y(Zy — Z9) = ipy NN, (60)

We calculate the increment py.; — oy to the first order in «
and to the second order in ny1,¢n:

PN+1 — pn = —4kry + /oN Nn+1 28I0(2kN + ¢ + k)
+ /PN ENn 25in(2kN + ¢y)

.k k
— /PN 77,2V+14sm§cos <2kN+¢N + E)
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o k k
— /PN 77N+1CN4sin§cos (2kN + oy — 5)

k 3k
—/on Cf,4sin§cos (2kN + oy — 7)
, COS(2kN + ¢y — k/2)

VPN Sy sin(k/2)
+2nn11n cosk + kL + L3, (61a)
On+1 — v = O(y41,8n)- (61b)

To determine the stationary distribution of Z, we do not need
to know the dynamics of ¢y. Indeed, the main contribution
to the dynamics of the phase of Zy — Z&) comes from the
factor ¢**N that we have explicitly separated in Eq. (60).
The trigonometric factors cos(2kN + - - ), sin(2kN + - --) in
Eq. (61a) average to zero after N ~ 1/k steps®! (note that even
for k <« 1, when this averaging length is large, the length of
the chain, N > 1/« is still larger since x < k). Hence, the
drift of py, determined by the average of the right-hand side
of Eq. (61a), is contributed to only by the first and the two
last terms of Eq. (61a). The diffusion is determined by the
average square of the right-hand side of Eq. (61a), so it is
contributed to by the second and the third terms, which are
linear in ny 4 and ¢y (all quadratic terms give a higher-order
contribution). Following the standard procedure,?? one arrives
at the Fokker-Plank equation for the probability distribution

Pn(p):

oP d oP
— =—pl4kP 2402 —|. 62
oN 8'0,0|: K +(US +O’g) 8,0] (62)

From its solution,

4/(,0/(052 + 05) ] 63)

PNU”‘XCXP[—]ir;:natWJ

which in the stationary limit (N — oo) reduces to Eq. (21), we
also extract the typical length, 1/(4«), at which this stationary
limit is reached.

In the case k& « 1, we were unable to obtain an analytical
solution. To treat the problem numerically, and in particular,
to analyze the power-law tail of the distribution of Re Z,

O T T T T
[ < Tx TN
/ 7 ~N 0.
L y <.
I . N
5 1 \\\. -
/ 3\
2 T ! ‘N
D o l ' -
~ [ YN\
E L | ' v
-10f | v _
1 -\
r | . 1
|l -
i \
- ) \
PRI RSN S SR TR S S SN S S SR R RS S |
-13 -10 -5 0 5 10

FIG. 4. (Color online) In P(2) for w/w, =0.5, C8/C = 0.01,
o} =0.01, ng =0, and the quality factor Q = 10°,10%,107 (the
dot-dashed, dashed, and solid curves, respectively), corresponding
to k€ = 4.6 x 1072,4.6 x 107%,4.6 x 107*, respectively.
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0 T T T T T

5 .
< | %
X N\
= | >

-10F %, ]

_ PP PP BRI R B PR PR

15 -10 -5 0 5 10

A

FIG. 5. (Color online) In P() for w/w, = 0.8, C$/C = 0.01,
and Q =2 x 10°. The three sets of symbols represent the distri-
butions for ¢ = 0.01, ng =0 (circles), o2 = 0.005, 0&? =0.005
(squares), and 0§ =0, o; =0.01 (triangles), all corresponding
to k& =3.3 x 107, They collapse to one curve, showing that
the distribution is sensitive only to the combination o2 +ng.
The solid curves represent the distributions for 0> =0 and o} =
0.05, 0.03, 0.003, 0.001 (the curves with the longer flat part cor-
responding to larger o2) for which the parameter k& = 6.6 x
1074, 1.1 x 1072, 1.1 x 1072, 3.3 x 1072, respectively.

discussed in Sec. III, it is convenient to introduce the
logarithmic variable
Re Z(w)

A=In——2 (64)
Re Z9(w)

where Re Zf)%)(a)) is the impedance of a semi-infinite disorder-
free chain, introduced in Eq. (15), and used here as a convenient
unit of measure. If the ratio Re Z,,/ Re Zéi) has a power-law
distribution,

©)\ «
Re Z
P(ReZy/ReZ©) = A <, 65
0 T T T T T
5 -
g -
m
= | |
-10F .
PEEEE B S SRS IS SR S S RSN ST | P |
-1 -10 -5 0 5 10
A

FIG. 6. (Color online) In P(A) for C¢/C =0.05, Q = 10°,
o} = 0.05,05 =0, and w/w, =0.1,0.2,0.3,0.4,0.5,0.6,0.7, 0.8,
0.9, 0.99. corresponding to k& = 3.60 x 1073, 3.65 x 1073, 3.75 x
107%,3.90 x 107°, 4.12 x 1077, 4.46 x 107,4.98 x 107,5.90 x
1073,7.99 x 1073, 1.57 x 1072, respectively. The curves with the
longer flat part correspond to lower frequencies.
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0.01_— b

0.001 0.01

KE

FIG. 7. (Color online) The coefficient A in Eq. (65) vs the
parameter «& for the distributions shown in Figs. 4 (triangles), 5
(squares), and 6 (circles).

in some range of Re Z,, the corresponding distribution of A
is exponential, P(X) = Ae~@=DX Thus, in the following, we
study numerically In P()) and extract the exponent « and the
prefactor A from the slope and the offset of the dependence
In P()) versus A. Each distribution is obtained from about
10° — 107 realizations of the chain, and the convergence of
the limit N — oo is reached at N 2 (5-6) &.

For all curves In P(A) versus A shown in Figs. 4-6,
one can see a flat part corresponding to a power-law tail,
being more pronounced for smaller «&. For all curves, the
slope corresponds to o — 1~ (0.5 (within a few percent),
in agreement with Eq. (22). The coefficient A in Eq. (65),
determined from the offset for all curves in Figs. 4,5,6, is
plotted in Fig. 7 versus the parameter «£. The points are
reasonably close to a straight line corresponding to A o< 1/k&
with the coefficient between 0.3 and 0.5, as stated in Eq. (22).
However, we cannot exclude that the deviations from the
straight line are not just due to numerical reasons (insufficient
statistics, poor convergence, etc.) and signal the true invalidity
of single-parameter scaling in the strong fluctuation regime.

VII. CONCLUSIONS

In this paper, we analyzed the properties of the normal
modes of a chain of Josephson junctions in the supercon-
ducting regime, in the simultaneous presence of disorder
and absorption. We considered the limit where disorder
and absorption can be treated additively and computed the
frequency shift and the localization length of the modes. We
also calculated the distribution of the frequency-dependent
impedance of the chain. The statistics depend on the parameter
k&, the ratio of the localization length and the absorption
length. If k&€ > 1, the modes within one localization length are
much broadened by absorption and strongly overlap. This is the
regime of weak fluctuations; the distribution is Gaussian. In the
opposite limit of little broadening, the modes present within
one localization length are well separated in frequency and
fluctuations are strong; the distribution has a power-law tail.

The frequency-dependent impedance of Josephson junction
chains can be probed experimentally in principle, e.g., by
incorporating the chain in a resonator which is capacitively
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coupled to a co-planar wave guide (CPW).> Microwave
transmission experiments on the CPW enable one to probe the
small oscillation modes of the chain directly. Alternatively,
one could include a weaker junction with a small Josephson
energy (a so-called black-sheep junction®?) into the chain, and
measure its dc current-voltage characteristics. The low-voltage
dc response yields information about the ac impedance of
the chain at frequencies ~2eV /h, as discussed in detail in
Appendix D.

Finally, Josephson junction chains have been predicted
to constitute quantum phase-slip (QPS) elements.>* Recent
experiments have provided evidence for the occurrence of
QPS in Josephson junction chains.?*33-3¢ Phase-slip elements
are of interest for applications,?” e.g., as qubits for quantum
information processing®® and as a current standard for quantum
metrology.® A typical quantum phase-slip event generally
excites the normal modes of the chain, therefore the QPS am-
plitude strongly depends on spectral properties of the modes.>*
It would be interesting to calculate the QPS amplitude for
disordered Josephson chains. In the presence of disorder, the
phase-slip process could be decoupled from part of the modes,
afact that might well result in an enhancement of the phase-slip
amplitude.
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APPENDIX A: RELATION BETWEEN IMPEDANCE AND
REFLECTION

To define the amplitude reflection coefficient of a Josephson
junction chain, one should consider the system (2) with all 1, =
0, replace the part of the chain to the left of the island n = N;
by an effective impedance Z.,, and assume the part of the
chain on the right to be disorder-free and dissipationless. Thus
the equation for n = N; should be replaced by the effective
boundary condition

! C)\(Vy, — V1) + LT
- —iw — =0,
iwL e N
and the solution of the system _for n > N should be sought in
the form V, = e~ k"=ND 4 peik(=ND where the wave vector
k is related to the frequency w by the dispersion relation (6) at
Q — oo. This gives

14+ iwC8 Zole, +iv1 — (1 — €,)*1/(2€,)

r=— , 2)
1 + ingZoo[Gw - i\/ - (1 - Ew)z]/(zew)
where €, = (w?LC%/2)/(1 — > LC).If Zy, isreal, then |r| =
1. Otherwise,

(AD)

1— (1 —e,2wCéRe Zo

1—r]* =

The one-to-one correspondence between Z, and r, expressed
by Eq. (A2), implies that the numerical results of Sec. VI
for the distribution of Re Z,, in the regime k& <« 1 can
be straightforwardly translated into the distribution of |r|?,
which turns out to have a power-law tail oc (1 — |r|?)72°, in
agreement with Ref. 19.

APPENDIX B: PROBABILITY DISTRIBUTION OF A SUM
OF LORENTZIANS

Instead of the probability distribution function, we first cal-
culate its Laplace transform called the characteristic function,

oo A/2 d d
Q(S)E/ efsxp(x)dxzf doi  4oN
0 —AJ2 A A

Ne .y
séey/m
X exp —Z—w2+y2 ,

a=1

(BI)

where we have shifted the integration variables by w. The
N¢-fold integral is factorised into a product of N identical
integrals. Recalling that N = A /8¢, we represent each such

V1= (1 — €,)20C8Re Zog + €0 — €,0C8IM Zoo + |0C8 Zoo|2/2

(A3)

integral as
Nede/2 o, séey /T
Neo: TP\ T 212
—Nese/2 NVeOg o] +y
o 1)
N dy{l—exp[—M“, (B2)

Ngag y2 +1

where we introduced the dimensionless variable y = w;/y
and used the fact that the exponential is different from unity
only for |w;| ~ /s8:y < Ngdg, so one can extend the limits
of the last integral to infinity. Since this last integral no longer
depends on N, the characteristic function can be represented

as
3 F)\™
o) = (1 - NE )

where we took the limit N — oo. The function F(s) can be
calculated exactly:

~ T,

(B3)

58 /(wy) 71/0 +Dyg
Fls) = f dy / :
y2 +1
T §8: /(wy)
= a—y e~ Iy(z/2) dz
& JO

1) 1) 1)
= sexp = )| fo( oo )+ 1 () |, B
2y 2ry 2ry
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where Iy, 1, are the modified Bessel functions. This immedi-
ately gives us access to the moments of P(x):

(1) =e 7O =1, (B5a)
(x) =F(0) =1, (B5b)

)
<ﬁ—uﬁ=<ﬂ@=5%. (B5¢)

The first two equations are trivial (recall that we have defined
x relative to the average value), but the last one already tells
us that the fluctuations become large when 8¢ /y > 1.

To obtain the distribution function P(x), we have to perform
the inverse Laplace transform of e=*). Unable to do it for the
exact expression (B4), we use two asymptotic expressions:

s —s28§/(4n)/), soe/y <K 1,
F(s) = { A5y /5, sy > 1. (B6)

The most important values of s for the reconstruction of P(x)
are those for which F(s) ~ 1, thatis, s ~ max{1,6;/y}. Thus
the first expression from Eq. (B6) is good for the limit §; < v,
while the second one is good when §: >> y. One can check
the that the inverse Laplace transforms of e=*) for the two
expressions are given by

P(x) = /V/SE e*(n)’/ﬁs)(xfl)z’ 55 <Ly, (B7a)
e V/(x8)
P(x) = 8 > y. (B7b)

NEICWEOT =N

For the first expression the check is straightforward, while for
the second one, we have (rescaling s — sy /6¢)

Ty
2 o0
= ﬁ exp(—t — e 2 — se*)dt
—00
; ; Ins
= — _—
4
1/4
_ 25"/ OO 7t72\/§cosh2tdt
—00
4S1/4 0
= N e VS Cosh 2 (oot dt
T Jo
= (sinht = u)
4 1/4 o]
_ s / oIS gy s
== = .

(B8)

While Eq. (B7a) is good enough and coincides with
Eq. (20a), the distribution in Eq. (B7b) has all moments
divergent, as a consequence of the nonanalyticity of F(s) =
V4sy /8 at s — 0. This nonanalyticity is an artefact of the
asymptotic expression we have used, which loses its validity at
small s ~ y /8¢, while the exact F(x) from Eq. (B4) is always
analytic at s — 0. In terms of P(x), this means that the large-x
tail P(x) oc x %2 should be cut off at x ~ & /y.

The cutoff can be easily obtained directly from the
definition of P(x), Eq. (19), by noting that large x corresponds
to w being close to one of the Lorentzians. Neglecting the
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probability of overlap of two Lorentzians, and noting that any
of the N¢ Lorentizans can be close to w, we obtain

o g 5
P(x):Ng/ Kwﬁ(x— j’:r/nz)
oo ?+y

1
- (B9)

ax32 [5 [(my) —x

valid for x > y /8¢ (which is the typical value of x between
the Lorentzians). The previous expression, Eq. (B7b), is valid
for 0 < x < 8¢/y. Thus the two expressions are both valid in
the wide region y /8 < x < 8¢ /y, where they both reduce to

1/4/7(8¢/y)x3. Combining the two, we arrive at Eq. (20b).

APPENDIX C: DAMPED HARMONIC OSCILLATOR

Consider the Hamiltonian equations for adamped harmonic
oscillator of the mass m and eigenfrequency wy, subject to an
external force f(¢):

d
d—’t’ = —maix — 2yp + (1), (Cla)
dx P

dx _p. Clb
dt m ( )

2y being the damping rate. Assuming the force to be
monochromatic and looking for the solutions oce™*', we
obtain the equation

(0§ —2iyw — o’) p = —iof, (€2)
which is the analog of Eq. (23). The analog of Eq. (25) is then

(-90)-=() @

with the matrix A given by

R —2i
A= ( Yy o ) (C4)
w( 0
The auxiliary variable w is nothing but w = —ix.

The matrix A has two nondegenerate eigenvalues

—iy £/ —y2,

except for the special case y = wy. In this case, there is one
doubly degenerate eigenvalue, and the matrix A has only one
eigenvector. For y < w( (weak damping), the two eigenvalues
can be denoted by w; and —w7. The normalization condition,
analogous to Eq. (32),

2
MO+%>=L (C5)
1

determines the oscillator moblity b = p/f, which is analogous
to the impedance in Eq. (33):

) N .
i i iw
P T (Pl) _

, (C6
—w o+ o] (o)

b(w) =
(@) 1) w? = 2iyw — w

which, of course, also follows directly from Eq. (C2).

094507-12



DISORDERED JOSEPHSON JUNCTION CHAINS: ...

N

g W
E1“/72 \\‘Cly E/j-1/2
7 |
e I e e A e P 0y

\‘Rly N Ry

N-1/2
H
7

1

C
/2
g
;/ c’ Cn‘;/ C;/ o ;/
7 7 7 7

FIG. 8. (Color online) A schematic view of the black-sheep
scheme of impedance measurement.

APPENDIX D: CURRENT-VOLTAGE CHARACTERISTIC
OF A BLACK-SHEEP JUNCTION COUPLED TO A
JOSEPHSON CHAIN

We consider a voltage-biased circuit (bias voltage V)
containing a black-sheep (BS) junction with capacitance
Cps and Josephson coupling energy E; ps in series with
a Josephson junction chain (see Fig. 8). In the absence of
quasiparticles, a small dc voltage bias V is expected to induce
a Cooper pair current I(V). The necessary dissipation is
provided by the broadened modes of the Josephson junction
chain. For small E; pg, a perturbative calculation yields40

neE% BS
1(V) = —~[PReV)— P(=2eV)]. D1
Here, we defined the function P(FE) as
1 .
P(E) — _/d[ eJ(t)+lEt/h’ (D2)
27h
with
=8 /°° do RelZig(@)]
0 @ Rk

phow . .
X {[cos(a)t) — 1] coth - - i sm(a)t)}, (D3)

where Rg = h/e?. The chain is kept at the inverse temperature
B = 1/kpT; the impedance Z is the total impedance “seen”
by the BS junction: a parallel arrangement of the junction
capacitance Cpg and the impedance Z(w) of the chain. Hence

Re[Z(w)]

RelZw( @) = = e 7P

(D4)
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An interesting case is the so-called weak-coupling limit,
where J(¢) remains small on the relevant time scales, such
that
—+00

P(E) ~ 1 dt ' F'M 1 + J ().

2nh J_o
This corresponds to the case where the BS junction exchanges
at most one photon with the chain. Indeed, the evaluation of
the integral over time in (D5) gives

+00
P(E) ~ 8(E) +8 / do RelZu(@)]
0 ) Ry

X [nu8(E + hw) + (n, + 1)S(E — hw)
—(2n, + DS(E)],

where n, = 1/(e’"® — 1) is the Bose-Einstein distribution
function. The last term represents elastic Cooper pair tun-
neling in the BS junction involving zero and one virtual
photon, respectively. The first two terms are related to the
process of absorption and emission of one real photon,
respectively.

As can be seen from Eq. (D1), the calculation of the current-
voltage characteristic involves the inelastic part of P(E) only,
given by

(D5)

(D6)

Re[Zi(E/M)] 1+ ngm

Ry E
Substituting Eq. (D7) into Eq. (D1) then yields the current-
voltage characteristic in the weak-coupling limit,

4T E3 ps Re[Ziw(2 eV [h)]
nv Rx '

Note that the dc current at voltage V directly probes the
environmental impedance Z at frequency w =2eV /h.
Specifically, at low frequencies, the chain tends to become
purely inductive, Re[Z(w — 0)] =~ Na)z(Lz)/R, where N is
the number of junctions, (L?) is the average squared Josephson
inductance of the chain, and R is the junction resistance.
Hence Re[Zo(w — 0)] ~ Nw?(L?)/R. As a result, at low
voltage, the current-voltage characteristic vanishes linearly
with V. At high frequencies, capacitive behavior takes over,
and for frequencies above the plasma frequency, the impedance
tends tend to zero again. Hence the current also vanishes
at high voltages. Between zero and the plasma frequency,
Re[Zo(w)] presents a series of N peaks, corresponding to
the chain’s modes. These will appear as current peaks in the
current-voltage characteristics.

P(E)~ 8 (D7)

I(V)~ (D8)
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