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Granular Aluminum is a superconductor known for more than eighty years, which recently found its
application in qubits, microwave detectors and compact resonators, due to its high kinetic inductance, critical
magnetic field and critical current. Here we report on the nonlinear dependence of granular Aluminum
inductance on current, which hints towards parametric amplification of the microwave signal in granular
Aluminum films. The phase shift of the microwave signal reached 4 radians at a frequency of 7 GHz, which
makes it possible to estimate the nonlinearity of the system as A¢/¢ = 1.4 % and the potential gain of the

order of 17 dB.
DOI: 10.1134/S002136402460037X

Introduction. Superconductors are one of the most
promising platforms for quantum processor realisation.
Transmon-based processors have been used in first ex-
periments on quantum supremacy demonstration [1, 2],
quantum error-correcting surface codes realizations [3,
4] and solving quantum chemistry problems [5, 6]. Such
processors require an amplification of a readout signal.
Superconducting parametric amplifiers are the best in
terms of signal-to-noise ratio, having an additional noise
at the quantum limit level: 168 mK at 7 GHz [7].

Traveling-wave parametric amplifiers (TWPA), used
for a wide-band parametric amplification, employ ei-
ther an array of Josephson junctions [8-10], or a high
kinetic inductance materials like NbTiN [11-13], TiN
[14] or NbN [15]. Josephson junctions fabrication con-
sists of several complicated technological operations
implementing a multi-layered structure of the junc-
tions, which makes fabrication of a 1000 junction ar-
ray [8,16-18] a rather complex task. On the other hand
TWPA based on high kinetic inductance films [19, 20]
reduce fabrication to one technological cycle and min-
imize production risks. Nevertheless a nonlinearity of
such systems is concomitant with local heating and hot
spots emerging, which leads to the structure’s critical
current decrease [21, 22].

Another material of choice for microwave cryogenic
nonlinear devices realisations is granular Aluminum
(grAl) [23, 24]. Due to its high kinetic inductance, up
to 8 nH per square [25], grAl is applicable in design of
MKIDs [26-33], parametric amplifiers [11, 19], fluxoni-
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ums [34-38], nonlinear resonators [39], filters [40] and
metamaterials [41].

Here we consider grAl as an alternative to tradi-
tional in TWPA realizations NbTiN [11-13, 19]. The mi-
crostructure of grAl consists of pure aluminum grains
separated by thin aluminum oxide barriers, forming a
3D-network of Josephson junctions, which results in
high kinetic inductance [42]. Such a microstructure is
obtained by evaporating of Aluminum in Oxygen at-
mosphere. An additional advantage of this material is
a critical temperature on the order of 2-3 K (achiev-
able by pumping He* and significantly higher then Alu-
minum T = 1.2 K), high critical fields [43], and handy
stable fabrication technology.

1. Fabrication. By adjusting an oxygen flow during
Aluminum evaporation, one can control a resistance per
square of a grAl film [44]. Depending on the flow a re-
sistivity varies between 10 and 10* €2 -cm and critical
temperature goes up to 3 K [44]. The samples for this
study were fabricated in an ISO-7 cleanroom using thin
film planar technology methods. Films were deposited
by electron beam evaporator Plassys MEB 550 S. The
samples topology was formed by an optical lithography
using a photoresist MICROPOSIT S1805. After form-
ing the protective mask, the substrate was placed back
in Plassys MEB 550 S, where uncoated grAl areas were
etched by an ion beam. This stages of sample fabrication
are schematically shown in Fig. la. Finally, substrates
were diced in 5 X 5 mm peaces and all organic residuals
were washed off. Using test structures of etched bridges
8 pm wide and 200 pm long, the resistance per square
for each oxygen flow value was measured by four-probe
method resulting in a calibration curve shown in Fig. 1b.
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Fig. 1. (Color online) (a) — Stages of a sample fabrication:
a grAl film is deposited by an electron beam evaporator
(2) on an oxidized silicon substrate (1). After spin-coating
a photoresist (3), a mask is formed by an optical lithogra-
phy (4). Then by an ion gun etching (5) a final topology
is created (6). (b) — A calibration curve: an oxygen flow
dependence of a grAl resistance per square. A vertical line
indicates a sample with resistance per square of 200 £2,
considered in this work

For this study we choose resistance of RY ~ 200 €, cor-
responding to 1.6 sccm O9 flow, for optimization of the
phase velocity and characteristic impedance of trans-
mission line.

2. Experimental study of granular Aluminum
nonlinearity. Considering thin grAl films we have a
kinetic inductance Ly dominating over geometric L.
Moreover, for high resistances R kinetic inductance can
be several orders greater then geometric [45]. A su-
perconductor kinetic inductance can be found in the
frame of the Bardeen—Cooper—Schrieffer (BCS) theory.
In the limit of low frequencies (hf < kpT.) according to
Mattis—Bardeen formula for dirty superconductors the
complex conductivity can be written in terms of the ra-
tio of the imaginary conductivity o2 to the normal state
conductivity o, as:

oy A A
on ~ hf tanh T’ (1)

where A is the superconducting energy gap depending
in general on temperature and bias current. Introducing

a kinetic inductance as Ly = 1/27 fo, one can write it
down for a strip of length [ and width w
B NhRE 1

- A
7A tanh Dhn T

Ly (2)
where N = [/w is a number of squares in a strip and RE
is its sheet resistance in the normal state. In the limit
of low temperatures (T' < T¢), BCS formula for the en-
ergy gap A = 1.76mkpT. can be used and the standard
expression [39] can be derived

O
hR; . (3)
ksTe

Following a method given by [46] a kinetic inductance
dependence on bias current at T' < T, is considered as

Li(I) = Li(0)e /4, (4)

Ly =0.18N

where Ly (0) is given by Eq. (3) and ¢ = 22]2) is a com-
bination of the diffusion coeflicient D, the gradient of
the phase along the length of the superconducting strip
k and the enrgy gap A(I), corresponding to bias current
1. For each bias current value ¢ can be found by solving
following equation

I T 2
-1 —37¢/8 _
oy = 18TV D) 6)

where Igep is the deparing current from BCS. Equa-
tions (4) and (5) are obtained by solving Gorkov equa-
tion in the dirty superconductor limit [47]. On the other
hand a kinetic inductance in general nonlinearly de-
pends on a bias current due to the Cooper pairs breaking
and can be estimated from Pippard’s equation as

Lk(I) = Ly(0) (1 + 21122 + ) , (6)

where L (0) is given by Eq. (3), and I, is of the order
of the deparing current [11, 46]. This estimation is valid
at T <« T, taking into account that the linear term
must vanish due to symmetry considerations.

A nonlinearity of grAl opens up a possibility to use
a superconducting transmission line made of grAl for
parametric interaction of microwave signals. For this
study we fabricated a coplanar transmission line 78 mm
long with a central strip width of 3.5 pym and a gap
of 5 pm, on an oxidized silicon substrate (see Fig. 2c).
We used a film of thickness ¢ = 30 nm with normal state
sheet resistance RS =200 and critical temperature
T. = 2.15 K. Permittivity of our substrates was ¢, = 11.9.
The input and output of the transmission line were con-
nected to the contact pads via impedance converters. A
characteristic impedance of a coplanar is

Z = \/(Lkl + Lgl)/Clu (7)
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Fig.2. (Color online) (a) — An experimental setup scheme. In a dilution refrigerator a Copper sample holder (b) with a long
coplanar line represented by a meander (c) is cooled down. We measure the transmission coefficient with a vector network
analyzer (VNA) as a function of the dc current injected to the transmission line by bias-tees. An input signal is attenuated
by 30 dB and an output signal is amplified by a commercial wideband amplifier

where Lyg and Lg) are geometric and kinetic inductances
per unit length and C) is a capacitance per unit length.
A phase velocity in a transmission line can be written

as
1

V(L + Lg)Cy

Using an experimental setup shown in Fig. 2a trans-
port properties of our samples were measured. The grAl
transmission lines were placed in a dilution refrigera-
tor Oxford Instruments Triton DR200 at temperature
of 35 mK. A sample (Fig.2c¢) was placed in a Copper
sample holder (Fig. 2b) and bonded by Aluminum wires
with a diameter of 25 ym. A sample holder was ther-
mally anchored to a mixing chamber plate of a refriger-
ator. Microwave signals were generated by Vector Net-
work Analyzer Agilent Technologies PNA-X N5242A.
An input signal was attenuated for reduction of ther-
mal noises. In order to measure a nonlinearity of grAl we
used a Mini-Circuits Bias-Tee ZX85-12G-S+ for injec-
tion of a dc bias current from a current source Keithley
6221.

3. Results and discussion. In order to demon-

Von = (8)

strate the nonlinear properties of superconducting films,
the phase of the microwave signal is measured as a func-
tion of the amplitude of the bias current. In approxima-
tion of low currents the nonlinear phase shift is pro-
portional to the total phase length of the transmission
line [48]:
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o(I) =2 fl/Von(I). (9)

In the limit of a high kinetic inductance Lg < Ly,
knowing a current dependence of a phase shift A¢(I)
we can find a current dependence of a kinetic induc-
tance using Egs. (8) and (9):

A1) \?
2 fl\/q) ’ (10)

where Ly (0) ~ 3.63 H/m is a kinetic inductance per unit
length at low current defined by Eq. (3), [ is a total phys-
ical length of a transmission line, C} = 1.25 x 1071°F /m
is a capacitance per unit length.

Figure 3 summarizes our results of the grAl non-
linear properties study. Red dots in Fig.3a show the
dependence of the microwave signal phase shift on the
current at a frequency of 7 GHz. At the bias current of
80 A the phase shift reaches its maximum A¢ = 4 ra-
dian with the total line phase length of 284 radians.
This results in the nonlinearity A¢/¢ of about 1.4 %,
which is comparable to values previously obtained on
NbTiN films [11, 48]. In Figure 3b red dots show the
kinetic inductance calculated from the measured phase
shift using Eq. (10).

An analytical dependence using an approxima-
tion (6) is shown in Fig.3b by solid blue line, here
I, =~ 318 uA. At the same figure by dashed orange line
an analytical dependence from Egs. (4) and (5) is shown,

L(l) = (¢Lk<o> n
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Fig. 3. (Color online) The microwave signal’s phase shift
A¢ (a) and the kinetic inductance (b) versus dc current
at a frequency of 7 GHz. At this frequency the largest
phase shift is 4 radians, with total line phase length of
284 radians. Experimentally obtained kinetic inductance
(red dots) is in a good agreement with both analytical
curves: BCS approximation given by Egs. (4) and (5) —
a dashed orange line, and an approximation of Eq. (6) —
a solid blue line

where I4cp =~ 144 A, Measurement results are in a good
agreement with both analytical curves. A measured crit-
ical current I, = 80 puA, which is 56 % of the theoretical
limit. We believe that the measured value of the criti-
cal current could be reduced by defects and not optimal
structure geometry.

For a trivial long dispersionless line, a gain G can be
estimated as [11]

G~1+(A¢)>. (11)

In our experiments, the phase shift is caused by a dc bias
current passing through the transmission line, which
also occurs when passing a microwave signal of higher
power. Using Eq. (11) we estimate a microwave signal
amplification in a dispersionless transmission line to be
expected of the order of 17 dB at a frequency of 7 GHz.

In conclusion, we experimentally demonstrated the
nonlinear dependence of the grAl thin films kinetic in-
ductance on the dc current, which, to the best of the
authors’ knowledge, has not been previously studied.
On a line with a phase length of 284 radians, a phase
shift of 4 radians is obtained at a frequency of 7 GHz.
This value allows us to expect a significant amplifica-
tion of the microwave signal, opening up the possibility
of creating parametric amplifiers based on grAl.

We thank V.V.Ryazanov, A.V.Karpov, and
A.V.Ustinov for supporting this research and giving
valuable recommendations during the work on it.

Funding. The study of the granular Aluminum
kinetic inductance nonlinearity was funded by
Russian Science Foundation (project 21-72-30026,
https://rscf.ru/en/project/21-72-30026/). The review
of research on materials with high kinetic inductance
and TWPA realisations was funded by Strategic
Academic Leadership Program “Priority-2030” (NUST
MISIS grant # K2-2022-029).

Conflict of interest. We have no conflicts of inter-
est to disclose.

Open Access. This article is licensed under a Cre-
ative Commons Attribution 4.0 International License,
which permits use, sharing, adaptation, distribution and
reproduction in any medium or format, as long as you
give appropriate credit to the original author(s) and
the source, provide a link to the Creative Commons li-
cense, and indicate if changes were made. The images
or other third party material in this article are included
in the article’s Creative Commons license, unless in-
dicated otherwise in a credit line to the material. If
material is not included in the article’s Creative Com-
mons license and your intended use is not permitted
by statutory regulation or exceeds the permitted use,
you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit
http://creativecommons.org/licenses /by /4.0/.

1. J.D. Franson, M. M. Donegan, M. J. Fitch, B. C. Jacobs,
and T.B. Pittman, Phys. Rev. Lett. 89, 137901 (2002).

2. F. Arute, A. Kunal, R. Babbush et al. (Collaboration),
Nature 574, 505 (2019).

3. R. Acharya, I. Aleiner, R. Allen et al. (Collaboration),
Nature 614, 676 (2023).

4. S. Krinner, N. Lacroix, A. Remm, et al. (Collaboration),
Nature 605, 669 (2022).

5. F. Arute, K. Arya, A. Remm et al. (Collaboration),
Science 369, 1084 (2020).

6. A. Kandala, A. Mezzacapo, K. Temme, M. Takita,
M. Brink, J. M. Chow, and J. M. Gambetta, Nature 549,
242 (2017).

7. A. Roy and M. Devoret, Comptes Rendus Physique 17,
740 (2016).

8. C. Macklin, K. O’Brien, D. Hover, M. E. Schwartz,
V. Bolkhovsky, X. Zhang, W.D. Oliver, and I. Siddiqi,
Science 350, 307 (2015).

9. M. A. Castellanos-Beltran and K. W. Lehnert, Appl.
Phys. Lett. 91, 083509 (2007).

10. M. A. Castellanos-Beltran, K.D. Irwin, G.C. Hilton,
L.R. Vale, and K. W. Lehnert, Nature Phys. 4, 929
(2008)

11. B.H. Eom, P. K. Day, H. G. LeDuc, and J. Zmuidzinas,
Nature Phys. 8, 623 (2012).

JETP Letters, 2024



12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Granular Aluminum Kinetic Inductance Nonlinearity 5

M. Malnou, M. R.. Vissers, J. D. Wheeler, J. Aumentado,
J. Hubmayr, J.N. Ullom, and J. Gao, PRX Quantum.
2, 010302 (2021).

S. Chaudhuri, D. Li, K. D. Irwin, C. Bockstiegel, J. Hub-
mayr, J.N. Ullom, M.R. Vissers, and J. Gao, Appl.
Phys. Lett. 110, 152601 (2017).

H.G. Leduc, B. Bumble, P.K. Day, B.H. Eom,
J. Gao, S. Golwala, B. A. Mazin, S. McHugh, A. Mer-
rill, D.C. Moore, O. Noroozian, A.D. Turner, and
J. Zmuidzinas, Appl. Phys. Lett. 97, 102509 (2010).

S. Zhao, S. Withington, and C. N. Thomas, Supercond.
Sci. Technol. 36, 105010 (2023).

A.B. Zorin, M. Khabipov, J. Dietel, and R. Dolata,
16th International Superconductive Electronics Confer-
ence (ISEC), IEEE, Naples, Italy (2017).

L. Planat, A. Ranadive, R. Dassonneville, J. Puertas
Martinez, S. Léger, C. Naud, O. Buisson, W. Hasch-
Guichard, D. M. Basko, and N. Roch, Phys. Rev. X 10,
021021 (2020).

A. Ranadive, M. Esposito, L. Planat, E. Bonet, C. Naud,
O. Buisson, W. Guichard, and N. Roch, Nat. Commun.
13, 1737 (2022).

M. R. Vissers, R. P. Erickson, H.-S. Ku, Leila Vale, Xian
Wu, G. C. Hilton, and D.P. Pappas, Appl. Phys. Lett.
108, 012601 (2016).

S. Shu, N. Klimovich, B.H. Eom, A.D. Beyer,
R.B. Thakur, H. G. Leduc, and P. K. Day, Physical Re-
view Research 3, 023184 (2021).

W. J. Skocpol, M. R. Beasley, and M. Tinkham, J. Appl.
Phys. 45, 4054 (1974).

C. Kurter, A. Zhuravel, A. V. Ustinov, and S. M. Anlage,
Phys. Rev. B. 84, 104515 (2011).

R. W. Cohen and B. Abeles, Phys. Rev. 168, 444 (1968).
G. Deutscher, H. Fenichel, M. Gershenson,
E. Griinbaum, and Z. Ovadyahu, J. Low Temp.
Phys. 10, 231 (1973).

L. Griinhaupt, N. Maleeva, S.T. Skacel, M. Calvo,
F. Levy-Bertrand, A.V. Ustinov, H. Rotzinger, A. Mon-
fardini, G. Catelani, and 1. M. Pop, Phys. Rev. Lett.
121, 117001 (2018).

P.K. Day, H. G. LeDuc, B. A. Mazin, A. Vayonakis, and
J. Zmuidzinas, Nature 425, 817 (2003).

O. Quaranta, T.W. Cecil, L. Gades, B. Mazin, and
A. Miceli, Supercond. Sci. Technol. 26, 105021 (2013).
P. Szypryt, B. A. Mazin, B. Bumble, H. G. Leduc, and
L. Baker, Appl. Superconduct. 25, 1 (2015).

E.S. Battistelli, F. Bellini, C. Bucci et al. (Collabora-
tion), Eur. Phys. J. C 75, 353 (2015).

L. Cardani, I. Colantoni, A. Cruciani, S. Di Domizio,
M. Vignati, F. Bellini, N. Casali, M.G. Castellano,
A. Coppolecchia, C. Cosmelli, and C. Tomei, Appl.
Phys. Lett. 107, 093508 (2015).

L. Cardani, N. Casali, I. Colantoni, A. Cru-
ciani, F. Bellini, M.G. Castellano, C. Cosmelli,
A. D’Addabbo, S. Di Domizio, M. Martinez, C. Tomei,
and M. Vignati, Appl. Phys. Lett. 110, 033504 (2017).

JETP Letters, 2024

32

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.
48.

. F. Valenti, F. Henriques, G. Catelani et al. (Collabora-
tion), Phys. Rev. Appl. 11, 054087 (2019).

F. Levy-Bertrand, A. Benoit, O. Bourrion, M. Calvo,
A. Catalano, J. Goupy, F. Valenti, N. Maleeva,
L. Griinhaupt, I. M. Pop, and A. Monfardini, Phys. Rev.
Appl. 15, 044002 (2021).

V.E. Manucharyan, J. Koch, L.I
M. H. Devoret, Science 326, 113 (2009).
I. M. Pop, K. Geerlings, G. Catelani, R.J. Schoelkopf,
L.I. Glazman, and M. H. Devoret, Nature 508, 369
(2014).

Y. Lin, L.B. Nguyen, N. Grabon,
N. Pankratova, and V.E. Manucharyan,
Lett. 120, 150503 (2018).

N. Earnest, S. Chakram, Y. Lu, N. Irons,
N. Leung, L. Ocola, D.A. Czaplewski,
J. Lawrence, J. Koch, and D.I. Schuster,
Lett. 120, 150504 (2018).

J. Cohen, W.C. Smith, M. H. Devoret, and M. Mir-
rahimi, Phys. Rev. Lett. 119, 060503 (2017).

H. Rotzinger, S.T. Skacel, M. Pfirrmann, J.N. Voss,
J. Miinzberg, S. Probst, P. Bushev, M.P. Weides,
A.V. Ustinov, and J.E. Mooij, Supercond. Sci. Tech-
nol. 30, 025002 (2016).

K.D. Irwin, M.D. Niemack, J. Beyer, H.M. Cho,
W.B. Doriese, G.C. Hilton, C.D. Reintsema,
D.R. Schmidt, J.N. Ullom, and L. R. Vale, Supercond.
Sci. Technol. 23, 034004 (2010).

C. Kurter, J. Abrahams, and S. M. Anlage, Appl. Phys.
Lett. 96, 253504 (2010).

N. Maleeva, L. Griinhaupt, T. Klein, F. Levy-Bertrand,
O. Dupre, M. Calvo, F. Valenti, P. Winkel, F. Friedrich,
W. Wernsdorfer, A.V. Ustinov, H. Rotzinger, A. Mon-
fardini, M. V. Fistul, and I. M. Pop, Nat. Commun. 9,
3889 (2018).

K. Borisov, D. Rieger, P. Winkel, F. Henriques,
F. Valenti, A. Ionita, M. Wessbecher, M. Spiecker,
D. Gusenkova, I. M. Pop, and W. Wernsdorfer, Appl.
Phys. Lett. 117, 120502 (2020).

U.S. Pracht, N. Bachar, L. Benfatto, G. Deutscher,
E. Farber, M. Dressel, and M. Scheffler, Phys. Rev. 93,
100503 (2016).

D.C. Mattis and J. Bardeen, Phys. Rev. 111, 412
(1958).

A.J. Annunziata, D. F. Santavicca, L. Frunzio, G. Cate-
lani, M.J. Rooks, A.F. and D.E. Prober, Nano-
technology 21, 445202 (2010).

K. Maki, Prog. Theor. Exp. Phys. 31, 29 (1964).

A.A. Adamyan, S.E. de Graaf, S.E. Kubatkin, and
A.V. Danilov, J. Appl. Phys. 119, 083901 (2016).

Glazman, and

J.S. Miguel,
Phys. Rev.

R. K. Naik,
B. Baker,
Phys. Rev.

Publisher’s Note. Pleiades Publishing remains

neutral with regard to jurisdictional claims in published
maps and institutional affiliations.



		2024-03-11T14:39:16+0300
	Preflight Ticket Signature




