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Quantum fluctuations in an anharmonic superconducting circuit enable frequency conversion of
individual incoming photons. This effect, linear in the photon beam intensity, leads to ramifications
for the standard input-output circuit theory. We consider an extreme case of anharmonicity in
which photons scatter off a small set of weak links within a Josephson junction array. We show
that this quantum impurity displays Kondo physics and evaluate the inelastic photon scattering
cross-sections. These cross-sections reveal many-body properties of the Kondo problem which are

hard to access in its traditional fermionic version.

Propagation of small-amplitude electromagnetic waves
through an optical system or a passive microwave circuit
is conventionally described in terms of transmission and
reflection amplitudes, or, equivalently, complex admit-
tances. Considered classically, the wave propagation can
be calculated using input-output theory [1, 2]. In the
absence of dissipation, the transmission ¢(w) and reflec-
tion 7(w) amplitudes for a photon of frequency w satisfy
the unitarity condition, |t(w)|? + |r(w)|> = 1. It is of-
ten tacitly assumed that this description applies in the
quantum limit too. While this is indeed true if the cir-
cuit is harmonic, the presence of anharmonic elements
modifies the picture qualitatively: a photon of energy hw
may “split” into several ones of smaller energy; unitarity
is violated in the elastic channel, |t(w)|*> + |r(w)|* < 1.
The photon frequency conversion results in a finite dissi-
pative part of the admittances despite the system being
free of dissipative elements. These features appear in a
quantum circuit containing even a single or a small group
of anharmonic elements, a “quantum impurity”.

In this paper we consider the propagation of mi-
crowave photons (oscillations of charge and supercon-
ducting phase) along an array of Josephson junctions in-
terrupted by a capacitive element, see Fig. 1. If Joseph-
son energies were all large with respect to charging en-
ergies for each of the tunnel junctions, the system would
be effectively harmonic, and photon scattering off the
central capacitive link would be purely elastic. We will
rather assume the Josephson energy to be large for all
the junctions except for the two closest to the capaci-
tive link. These two junctions, together with the two
superconducting islands they single out, form a quantum
impurity which causes inelastic photon scattering. The
quantum impurity is of the Kondo variety [3-7], where
the two values of the polarization charge of the said two
islands play the role of the Kondo spin. However, photon
scattering is quite different from the electron scattering
in the conventional Kondo problem [8]. We find that the
photon elastic transmission and reflection coefficients, as
well as the total inelastic scattering cross-section v(w),
are related to the local “spin” susceptibility x..(w). We
then study the spectrum ~(w’|w) of photons at frequency

w' generated by inelastic processes from incoming pho-
tons at frequency w. The spectrum peaks as a function
of w’' at the Kondo energy scale. At w —w' <« Tk or
w’ <« Tk the behavior of v(w'|w) provides direct access
to corrections to the Nozieres fixed-point Hamiltonian.
We provide technical details in the Supplemental Mate-
rial (SM) [9].

Assuming that the superconducting gap is larger than
any other energy scale, the only relevant degrees of free-
dom are the number of Cooper pairs n; on island 7 and
the corresponding superconducting phase ¢;, obeying
[¢i,nj] = id;;. The array Hamiltonian is

H=3 [262 (ni —nd) (C71),; (nj = nf) — EF cos(oi — 7)),
2,

(1)
where E'/ and C;; are the matrices of Josephson couplings
and capacitances, respectively. We will assume nearest-
neighbor Josephson couplings, and ground- and nearest-
neighbor capacitances, whose values can be inferred from
Fig. 1. The gate-induced charge offset on the -th island
isnd = C?V7?/(2¢e) with V. and C; being the gate voltage
and capacitance to the ground, respectively.

Away from the quantum impurity the array is uniform:
except for the quantum impurity islands, all Josephson
couplings are E;, and all capacitances to the ground and
junction capacitances are Cy and C, respectively. Prop-
erties of the uniform array are controlled by two ratios,
E;j/Ec, and Ej/Ec, of E; and two charging energies,
Ec = (2¢)*/(2C) and Ec, = (2¢)?/(2Cy). Typically
C/Cy > 1 (it is ~ 102 in [10]). That allows having the
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FIG. 1. Diagram of the system. The dotted box surrounds
the quantum impurity. See the text for further details.



impedance of the array Z = [h/(2¢)?]\/2E¢,/E; on the
order of the resistance quantum Rg = wh/(2¢?), while

keeping the amplitude of phase slips A ~ e~ V32Es/Ec
exponentially small [10]. In an array of length L < a/A
(a is the array spacing) the Josephson energy can thus
be replaced by a quadratic term. In addition, in the long
wavelength limit we may use a continuum description for
the array [11] (except for the impurity) in terms of Bose
fields ¢¢(x) and pe(x) which represent, respectively, the
superconducting phase (whose gradient is proportional
to the electric current) and charge density (in units of
—2e per period of the array) in lead ¢ = L, R, obeying
[¢e(), per ()] = b6z — o),

Hicads = Z /{ Oz de(
0

ZLR

o) }dx. @)

The array is characterized by the velocity of plasmons
v =a,/2E;Ec,, and by g = Rq/(2Z). C does not af-
fect excitations of wavelengths well exceeding a+/C/Cy.
Thus, the linear dispersion waveguide Hamiltonian (2)
is limited to frequencies within a bandwidth wy ~
(v/a)\/C4/C (See SM, Sec. SM.A [9]).

Let us now turn to the quantum impurity, islands
L and R in the dotted box in Fig. 1. We derive its
low-energy Hamiltonian under the realistic assumptions
Crr ~C > 02,01% ~ Og and Cp,Cr ~ \/COg (See
SM, Sec. SM.A [9]). When the charging energy E5"Y =
(2¢)2/12(Cr, + CR)], with 1/C; = 1/Cy 4 1/,/CC,, is
large with respect to the Josephson energies E?’R, the
total impurity charge ny + ng is quantized. If the gate
voltages are set to (CYV + CLVE)/(2e) = 1, then to
lowest order in Eﬁ’R the islands are restricted to the
two charging states |0p,1gr) and |11,0r). We label
these two configurations by the states of a pseudo-spin,
Sz = (nL —TLR)/2 = :|:1/2, so that S+ = |1L70R><OL7 1R|
and S_ = (S4)f. Finite E?’R enables switching between
these two states through virtual states with energies
of order E/S'’. Eliminating these by a Schrieffer-Wolff
transformation leads to an effective low-energy Hamilto-
nian (See SM, Sec. SM.A [9]),

B ien0)-sn) il6L(0)—¢r(0)]
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(4)
and )\LR—CLCR/[(CL+CR CLR \/C/ < 1. The
first term in Eq. (3) accounts for flips of the pseudo-spin,
which are accompanied by transfers of discrete charge
+2e between the two leads [12]. The second term is a

capacitive coupling between the impurity and the leads.
The third represents the effect of a gate voltage bias be-
tween the impurity islands. Hamiltonian (3) clearly in-
troduces anharmonicity into the system.

Applying the transformation H — UTHU with U =
e ior(0)=¢r(0)]S-  the Hamiltonian acquires the form of
the spin-boson model with Ohmic dissipation [13, 14]:

Hsp = Z /{ z¢,\

_CS
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— B.S. — E5¥RS, — mvaps(0)S., (5)
where () = [ap1.(z) — anpr(@)]/(ay/F) and d(z) =
Vlaror(xz) — arpr(x)]/a are, respectively, the “spin
density” and its canonically conjugate momentum field.
The “charge density” and its conjugate field, p.(z) =
larpr(z)+arpr(@)]/(0n/g) and ¢c(x) = \/glardr(z)+
ar¢r(z)]/a, decouple from the impurity spin. The pa-
rameters oy r and the coupling parameter « in Eq. (5)
are given by [15]
1
ap =arp=—(1-Ar), a2:a%+a%.

VI

The spin-boson Hamiltonian (5) is equivalent [13, 14]
to the single-channel Kondo model [7], describing a local-
ized spin exchange-coupled to a bath of noninteracting
spin-1/2 fermions with bandwidth wy,

(6)

I
HK = Z ’UkCLa,Ckp- + ﬁsz Z C“I;,UT;,U’CIC’,O"
ko=t k,o.k’,0’
1
%S_ Z CLU :U/ck/ o +Hec.—B,S,, (7)
k,ok’ o’

where 7., are the Pauli matrices, I. = 2mv(1 — o/V/2),
and I, = 2maE%®. Given the smallness of ELF [cf.
Eq. (4)], isotropic exchange (I, = I.) corresponds to
a? ~2 (ie., g~ 1, since AL g < 1). The Toulouse point,
where the Kondo problem is equivalent to a noninteract-
ing resonant level [7, 11, 14], occurs at a = 1 (g ~ 2);
this point of highly anisotropic exchange is hardly ac-
cessible in electronic realizations of the Kondo model.
Nevertheless, the Kondo couplings still flow to the same
strong-coupling fixed point as in the standard isotropic
case.

The Kondo impurity is locked into a singlet with its
environment at energies below the Kondo temperature
T . We define it through the inverse static local impurity
susceptibility, Ti' = 9(S.)/0B.|p.~r—0. To the leading
order in I, o EYE® it is given by [16]

L, /e’
TK = C(Oz)(do (27“;;0) y

with ¢(0) = 1. For the strong-coupling physics to show
up the leads should be longer than v/Tk [17].

cla) ~1, (8



We now examine the ac transport properties of the cir-
cuit. The quantum impurity causes elastic and inelastic
scattering of incoming microwave photons. The former
is characterized by the elastic T-matrix Te‘ill ,(w), defined
as usual by the relation between the single photon prop-
agators in the presence and absence of the impurity (see
SM, Sec. SM.B [9]). It has the structure

rr(w) —1
tL(w)

tr(w)

rr(w) =1 ) )

where t;(w) [re(w)] is the transmission [reflection] ampli-
tudes for a photon of frequency w incoming in lead /.

The equations of motion for the single photon propa-
gartors allow us to derive a relation

—2miTy) (w) = (

TEIM(W) = (—1)52’2,_1(*}042046’)(22(“)5 (10)

between all the elements of the elastic 7' matrix and
the local dynamic differential spin susceptibility of the
Kondo problem (7), x.-(w) = {S;5.),. Thus, a simple
ac transport measurement on this system yields the dy-
namic susceptibility of the Kondo model, which is hard
to access in the electronic realizations of the Kondo ef-
fect: in those systems charge transport is weakly-coupled
to the spin dynamics, whereas in our system S, is actu-
ally the electric polarization of the quantum impurity.
An incoming electromagnetic wave will generate an ac
voltage difference (“magnetic field”) on the “spin”. The
impurity electric polarization will oscillate in response
[through x..(w)] and emit the scattered waves.

The frequency dependence of x., at low temperatures
(T « Tk) is non-monotonic. We will concentrate on
small “magnetic fields” [cf. Eq. (4)], B, < Tk, where
Kondo physics is most clearly manifested. The imagi-
nary part of x..(w) has a maximum at w ~ Ty while
Re[x:z(w)] alternates its sign. These features sharpen
up to width ~ o?Tx at a < 1 [14]. At low frequency
w <K T and arbitrary « the susceptibility approaches a
real constant,

Xzz (W) = X0 <a, fi;) [1 + imalwyo (a, %)} , (11)

where xo(a, B, /Tk) = 0(S,)/0B, is the static local dif-
ferential susceptibility, with xo(c,0) = 1/Tk. The coeffi-
cient of the dissipative, linear-in-frequency term, is fixed
by the Shiba relation [14, 18] (See SM, Sec. SM.C [9]). At
high frequencies, w > Tk, B,, we can use perturbation
theory in I, oc ELZET to find [19]

7 fla) [T\
Xaz(w) = ZZ%) <%) , a>1, (12
where f(a) = —2sin(ma?/2)1(1—a?)/{r]c(a)2~*"}. At
a < 1 the imaginary part of Eq. (12) still describes
Im[x..(w)], while the real part is dominated by another
term, Re[x..(w)] ~ Tx/w? At w > Tk, B, the pho-
ton reflection coefficient |ry(w)|? in the elastic channel

approaches 1, while the transmission coefficient [t,(w)|?
scales as (Tk /w)22=*") for a > 1 and as o*(Tk /w)?
for @« < 1. The elastic scattering probabilities at the
Toulouse point o = 1 are plotted in Fig. 2.

Let us now turn to inelastic photon scattering. Using
Eq. (10), the total probability of an incoming photon to
be scattered inelastically is

Ye(w) = 1= [re(w)|* = [te(w)]? (13)

= 47—‘—0‘%“1111 [Xzz (w)] - 4-7T20‘§a2w2 |Xzz (w)|2 :

This quantity would be zero for a harmonic system, but
is nonzero in general (See SM, Sec. SM.C [9]). Actu-
ally, for w > Tk we may use Eq. (12) to find e (w) ~
ot (Tx /w)2_0‘2, which is parametrically larger than the
elastic transmission coefficient |t;(w)|? for any a. As
shown in Fig. 2, the total inelastic probability can reach
17% at the Toulouse point o = 1, and should increase
further upon increasing o.

The measurable characteristic of the inelastic processes
is the spectrum of emitted photons 7, (w'|w), where
Yerje(w'|w)dw is the average number of photons in the fre-
quency interval [w’, w’ 4+ dw’] emitted into lead ¢’ per each
incoming photon at frequency w in lead ¢ (assuming the
incoming intensity is weak enough so that processes in-
volving two or more incoming photons can be neglected).
This quantity is a sum over the cross sections of all the
possible multiphoton inelastic processes where one of the
outgoing photons has frequency w’, while integrating over
all the other outgoing photons. It can also be related to
local impurity correlators (See SM, Sec. SM.D [9]). En-
ergy conservation leads to the relation

> [erewlow —enw. (9

¢=L,R}

For w,w’,w —w' > B.,Tk the spectrum 7, (w'|lw)
can be found perturbatively in I, o< EYE% (See SM,
Sec. SML.E [9]),
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FIG. 2. Elastic transmission, elastic reflection, and total in-
elastic scattering probabilities at the Toulouse point o = 1
with left-right symmetry (hence the lead index ¢ was omit-
ted) and B. =T = 0 (See SM, Sec. SM.D [9]). See the text
for further details.
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where np(w) = 1/(e*/T —1) is the Bose distribution, and

- BN
L (w) = <<eza¢s(0>;eﬂa¢s<0>>>w

ing coupling to the impurity. The different terms in this
equation account for all the possible multiphoton scat-
tering processes. For example, the first term on the first
line describes a process where an incoming photon at
frequency w is absorbed by the quantum impurity, which
in turn emits a photon at frequency w’ < w [hence the
stimulated emission factor 1 + np(w’)], plus additional
photons whose energies sum up to w — w’. It can be
shown that the factors depending on w — w’ can be writ-
ten as the sum over the probabilities of distributing the
energy w — w’ among any number of photons (See SM,
Sec. SMLE [9]). At T = 0 Eq. (15) yields (for v’ < w)

, calculated for vanish-

2

)QQ - (6)

s w—w Ty
Yeryo(W'|w) = 7r2a§a§,f(a)m (w .

with f(a) = sin[r(a? — 1)/2]f(). This result, together
with Egs. (12)—(13), obeys the sum rule (14) to the lead-
ing order in Tk /w < 1.

If any of the energies w, w’, or w — w’ becomes less
than Ty, perturbation theory in I, is no longer valid.
To derive the behavior of v,(w’|w) in these regimes,
let us start from the case when all the frequencies are
small, and the dynamics is governed by the strong cou-
pling fixed point. At low energies the impurity is screened
and disappears from the problem. According to the
Noziéres Fermi-liquid description [7], it leaves behind (at
B, = 0) local scattering potential and interaction be-
tween the fermions of Eq. (7), mediated by virtual fluc-
tuations of the Kondo impurity. Upon bosonization, the
leads are described by the first term of Eq. (5) while the
local potential and interaction acquire the form Hy ~
v2p2(0)/ Tk [20]. This is the lowest order term allowed by
symmetries; for example, the spin density o j,(0) cannot
appear in odd powers due to the time reversal symmetry
of the Kondo model, representing the equivalence of the
two impurity states in Eq. (5) at B, = 0. Ha is harmonic;
in order to study inelastic effects one needs to consider
higher-order terms. In the absence of magnetic field, a
quartic, four-photon term Hy ~ v*5%(0)/T3 is the low-
est anharmonic term allowed, while with magnetic field
three boson scattering, Hz ~ B,v3p2(0)/T#, is possible.

Fermi’s golden rule then leads to (for w’ < w < Tk)

ww' (w— ') lap(a)B? + a,(a) (w — W)

2

2

W'\Z(WIW) = afaw TS

K

(17)
(the coeflicients ap . (a) are evaluated in the SM,
Sec. SML.F [9] for small «).

Returning to the high frequency regime w > Tk, the
behavior near the edges of the spectrum in w’ is the same
as for w <« Tk, since at w ~ Tk a crossover, rather
than a singularity, occurs. Thus, while Eq. (16) applies
as long as both w’,w — w’ > Tk, for small w’ one has
Yorjo(w'|w) o w’, whereas for small w —w’ >0

(w =) [ (0) B2 + (@) (w - w')?

Yorjo(W'|w) = a%a%
\ WQTIQ(

(18)
(See SM, Sec. SMLF [9], for the small a values of a’ , ()).
The leading dependence on w — w’ in Eqgs. (17) and (18)
changes at B, = 0, reflecting the higher symmetry of the
system. The resulting behavior is depicted in Fig. 3 at
the Toulouse point o = 1.
To conclude, we have considered the scattering of mi-
crowave photons propagating along an array of supercon-
ducting islands by a localized anharmonicity. We have
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= 0.3F —Eqgs. (543) & (S48) 4
2 . - - -Eq. (16) ]
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FIG. 3. The inelastic spectrum normalized by the total in-
elastic probability at the Toulouse point @ = 1 with left-
right symmetry (hence the lead indices ¢, ¢’ were omitted),
for w/Tx = 10.0, and B, = T = 0. The continuous line is the
exact result, see SM, Eqs. (S43) and (S48) [9]. The dashed
line corresponds to Eq. (16), valid for w’,w — w’ > Tk. See
the text for further details. The peak at w’ ~ Tk sharpens,
and a broad peak develops around w — w’ ~ Tk for smaller
a; cf. SM, Figs. S2 [9].



shown that, contrary to the assumptions of input-output
theory, linear response is typically dissipative, and inelas-
tic scattering is therefore significant. Photon scattering
provides direct access to the dynamics of quantum im-
purity. While we have concentrated on a Kondo system,
these conclusions should apply to other types of quan-
tum impurities. Finally we note that this and related
setups have been studied in the past. However, most
these works considered only equilibrium properties [3—
5]. Elastic scattering in this system in the limit o < 1

was recently studied in Ref. 6. Inelastic scattering, whose
probability is small in that limit (See SM, Sec. SM.F [9]),
was ignored there.

M.G. would like to thank the Simons Foundation,
the Fulbright Foundation, and the BIKURA (FIRST)
program of the Israel Science Foundation for financial
support. M.H.D. is supported by NSF DMR grant
No. 1006060 and College de France. M.H. is supported
by an ANR grant (ANR~11-JS04-003-01). L.I.G. is sup-
ported by NSF DMR Grant No. 1206612.

[1] K. Ujihara, Output Coupling in Optical Cavities and
Lasers: A Quantum Theoretical Approach, Chap. 15
(Wiley-VCH, Weinheim, 2010).

[2] A. A. Clerk, M. H. Devoret, S. M. Girvin, F. Marquardt,
and R. J. Schoelkopf, Rev. Mod. Phys. 82, 1155 (2010).

[3] A. LeClair, F. Lesage, S. Lukyanov, and H. Saleur, Phys.
Lett. A 235, 203 (1997).

[4] S. Camalet, J. Schriefl, P. Degiovanni, and F. Delduc,
Europhys. Lett. 68, 37 (2004).

[5] J. J. Garcia-Ripoll, E. Solano, and M. A. Martin-
Delgado, Phys. Rev. B 77, 024522 (2008).

[6] K. Le Hur, Phys. Rev. B 85, 140506(R) (2012).

[7] A. C. Hewson, The Kondo Problem to Heavy Fermions
(Cambridge University Press, Cambridge, 1993); D. L.
Cox and A. Zawadowski, Adv. Phys. 47, 599 (1998).

[8] M. Garst, P. Wolfle, L. Borda, J. von Delft, and L. L.
Glazman, Phys. Rev. B 72, 205125 (2005).

[9] See Supplemental Material [URL to be provided] for de-
tails.

[10] V. E. Manucharyan, J. Koch, L. I. Glazman, and M. H.
Devoret, Science 326, 113 (2009).

[11] A. O. Gogolin, A. A. Nersesyan, and A. M. Tsvelik,
Bosonization and Strongly Correlated Systems (Cam-
bridge University Press, Cambridge, 1998); T. Gia-
marchi, Quantum Physics in One Dimension (Oxford
University Press, Oxford, 2003).

[12] The spin flip amplitude EX* should actually be multi-

plied by a factor of e’/ [with « defined in Eq. (6)]
which is close to unity, to account for its renormalization
[14] by the integration out of the bosonic modes with fre-
quencies between ~ wp and ~ v/a, whose dispersion is
nonlinear.

[13] A. J. Leggett, S. Chakravarty, A. T. Dorsey, M. P. A.
Fisher, A. Garg, and W. Zwerger, Rev. Mod. Phys. 59,
1 (1987).

[14] U. Weiss, Quantum Dissipative Systems (World Scien-
tific, Singapore, 1999).

[15] We maintain the distinction between ar and ar in the
following since they may differ if the hierarchy of capac-
itances is different.

[16] Since I./(mv) is of order 1, the renormalization of I, is
negligible, so the scaling limit is defined by wo — oo at
fixed Tk and fixed I./(mv) (or ).

[17] As discussed above, the lead lengths need also be larger
than a,/C/Cy but small enough to make phase slips neg-
ligible.

[18] H. Shiba, Prog. Theor. Phys. 54, 967 (1975).

[19] At @ = 1 (the standard Toulouse point [7, 11, 14])
Eq. (12) is modified by a logarithmic factor (See SM,
Sec. SM.D [9]).

[20] Remember that 9,¢s(0) is zero, due to the absence of
net current through the impurity. In addition, it should
be noted that the bosonic Nozieéres description involves
bosonic fields cooresponding to fermionic states modified
by the Kondo fixed point phase shift.



