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2. Impact of phase slips
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Persistent currents

3. Impact of modulus fluctuations
DOS and superconducting gap
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Fluctuations vs. system dimensionality

For a superconductor dimensionality is set by the temperature - dependent coherence length &(T).
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Fluctuations in a 1D supercondcutor

&(T)
<>

Long 1D wire of cross section o [N ¢ vo<g(T)<<L

If the wire is infinitely long, there is always a finite probability that in some fragment(s) the
magnitude of the order parameter instantly becomes zero and the phase changes by 2n

The minimum length the superconductivity can be destroyed is the coherence length E(T)

The minimum energy corresponds to destruction of superconductivity in a volume &(T) o:
AF = B2 E(T) o, where B (T) is the critical field

In the limit rare events the probability of the process P(T) “exp (- AF/ &)

4  ;

Thermal activation: £ ~ kgT. Quantum: € ~ A,

Weak temperature dependence,
Important at T>Tc. exist even at T>0

In current state the particular manifestation of a quantum fluctuation when magnitude of
the order parameter momentary nulls and phase changes by +27t is often called “phase slip”



Phase slip concept
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T<<Ty,

Free-energy

AF
exp(- AF / hT o)

21N 2 1t (N+1) 2 (N+2) 2 (N+2)

Phase of the superconducting order parameter

The initial and final states have different energy = dissipation in a superconductor



Thermal activated phase slips
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FIG, 3, Total resistance of Lin crvstal as a function

of temperature. Closed circles, measured with super- Experiment:

eonducting femtovoltmeter; closed triangles, mea- J. E. Lukens, R.J. Warburton, W. W. Webb, Phys. Rev. Lett. 25,

sured with nanovoltmeter, Line, two-parameter fit to 1180 (1970)

M-H ﬂ'LE'm‘}'. R. S. Newbower, M.R. Beasley, M. Tinkham, Phys. Rev. B 5, 864,
(1972)



QPS contribution

A. Zaikin, D. Golubev, A. van Otterlo, and G. T. Zimanyi, PRL 78, 1552 (1997)
Full model (G'Z) ﬁ A. Zaikin, D. Golubev, A. van Otterlo, and G. T. Zimanyi, Uspexi Fiz. Nauk 168, 244 (1998)
D. Golubev and A. Zaikin, Phys. Rev. B 64, 014504 (2001)

In the limit R(T)<<R, QPSs are activated at a rate:
Igps = Eqps /h=A0[(RaL%)/(RyE*)] xp (-Sgps)

AL (o
£(T) Xp{ st}

where Sqps = A-[(Ry /&) / (Ry /L), Rg=h/4e?=6.45kQ, A =energy gap,

R(T)=b

Ry = hormal state resistance, L is wire length, & =0.85(§,L)¥2is coherence length

A =b = 1are numerical parameters.

Essentially, there is only one fitting parameter: A = 1.
For a dirty limit superconductor: T'ops ~ exp (-A'cT.2/py), where G is
the wire diameter and p, is the normal state resitivity.
Materials with low T_and high resitivity p, are of advantage!




Existing experiments on QPS

J.M Graybeal, P. M. Mankiewich, R. N. Giordano, et.al. PRL 61, 2137 (1988); ’F:' \c/ E'ermg' PLEng, SR, and /T*; i‘:\"yadl\;”'t C. N4(§Zu9a7n1d(2/|0'00)
C. Dynes, M. R. Beasley, Phys. Rev. Lett. 63, 2417 (1989); Phys. Rev. B - oynes inkham, Nature 404,
41, 6350 (1990); Phys. Rev. B 43, 160 (1991);  PRL, 76, 668 (1996) C. N. Lau, N. Markovic, M. Bockrath
Phys. Rev. Lett. 59, 2697 (1987, _ » 76, ) : .
v mev Reth 2% 287 Physica B 203, 460 (1994) A. Bezryadin, and M. Tinkham, Phys.

Rev. Lett. 87, 217003 (2001)

MoGe nanowires Nanowires of type-I in situ grown granular MoGe film on top of
superconductors metal wires a carbon nanotube
P | ' B W] R
[ o wotum HA ng
: ¢ BRI B A Wl

|
o4 - 4 5 8§ 7 2 3 4 5 8 7
[ | '.".' " 108 Temperal.ure (K} Tm\p&ramn& (K)
ool - ] T T 408 R e R
az| [ _.." P 1]3: W}Lﬁ_‘ 1w ?::;%‘::*H-.H
[ . o o 10 - SR LR
of a-Mag glies oo e g%} i m e

. " rr
LEL) asn i 50 J f =k
000! Zi | .n-... .___m, (b

-08 06 -04 0.2 [+]
T=T (K)

FIG. 1. Resistive transitions fof a sel of four wires with
differen widihs » upon a singhe film of thickness 50 &, Ne
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the systematic decreass in T, with decreasing sumple widih FIG. 1. Resistance, normalized by the normal stae value, as 2 3 4 5 6 7 T
a function of temperature for three In wires; the sample diame- Temperature “U Temperature (K} FIG. 1. Resistances as a function of temperature for eight dif-
ters were 410 A (@), 505 A (+), and 720 A (O). The solid L e . ferent samples. The samples’ normal state resistances and lengths

curves are fits ta the thermal activation theory (1), while the  [1C: 1. The strong to weak localization transition for a series  gre 1: 14.8 k02, 135nm; 2: 10.7 k{2, 135 nm; 3: 47 kQ. 745nm;

dashed curves are fits to (7). Where the solid 'Jlmi dashed of Sn wires of increasing widths. Each set of data exhibits 4:17.3 k1, 310 nm; 5: 32 kO, 730 nm: & 40 kO, 1050 nm;
’ ’ . ’ e a gap in its resistance where ne stable wire i1s obtaned 7: 10 k€2, 310 nm: 8: 45 k(1. 165 nm.

curves overlap, only the former is shown for clarity. The sam- (a) 550 A wide: curve « ~ 78 A thick: 8 ~ 81 A thick: ' : :

ples had lengths of 80, 150, and 150 pm, and normal-state approximately same thickness as curve 8: 8 ~ 107 A thiclz

resistances of 5.7, 7.1, and 1.2 k0, where we list the values in (b) 1000 A wide. (c) 3250 A wide. (d) 5500 A wide

order of sample size, with the value for the smallest sample ’ - ’

first.

clean systems.?’ However, in this case one expects the

resistance to fall off exponentially with temperature
below 7., which does not agree with the results of our

we may only conclude that the superconducting Huctua-
tions are enhanced as the disordered 1D limit is ap-
proached.



1D samples: fabrication & shape control

Objective: to enable measurements of the same nanowire with progressively reduced diameter
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surface roughness £1 nm.

Ion beam provides polishing and gradual reduction of the cross-section

Penetration depth of 1 keV Ar* ions inside metal matrix <2 nm




Manifestation of QPS: broadening of R(T) transition

Aluminium Titanium
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Dashed lines: thermally activated fluctuations (LAHM) at T ~Tc
Solid lines: quantum fluctuations (Golubev — Zaikin) model at T << Tc
M. Zgirski, K.-P. Riikonen, V. Touboltsev, and K. Arutyunov. // Nano Letters 5, 1029--1033 (2005).

M. Zgirski, K.-P. Riikonen, V. Touboltsev and K. Yu. Arutyunov.// PRB 77, 054508-1 -- 054508-6 (2008).
J. S. Lehtinen, T. Sajavara, K. Yu. Arutyunov, M. Yu. Presnjakov, and A. S. Vasiliev // PRB 85, 094508 (2012).



NbN nanowires

NbN is a highly disordered (= highly resistive) superconductor.
We studied more than 40 samples: 4 and 8 nm thick asun

0.6

nanowires, width from 30 nm to 60 nm, length 5 um. R 08 3
varied from 15 Q to 100 Q2 .
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The experimental width of the R(T) transition correlates well with the resistance in normal state
Ry. The shape of the majority of R(T) transitions can be nicely fit with TAPS model, while for the
thinnest nanowires the best fit is provided with QPS.

K. Yu. A., Ramos-Alvarez, A. V. Semenov, Yu. P. Korneeva, P.P. An, A. A.
Korneev, A. Murphy, A. Bezryadin, and G. N. Gol'tsman, Nanotechnology 27, 47LT02 (2016)
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Persistent currents in a very narrow superconducting loop

governed by quantum fluctuations

Quantum phase slips open gap in the energy
‘ | spectrum of a very narrow superconducting loop:

coherent superposition of +27t and -27 phase slips.
K. A. Matveev, A. I. Larkin, L. I. Glazman, PRL 89, 096802 (2002)
K.A., D. S. Golubev, A.D Zaikin, Phys. Rep. 464, 1 (2008)

For a loop of large and fixed

WL WL LW circumference the reduction of the

3 4 5 6 7 line width leads to QPS-governed

) een— e —— . regime which should result in:

a 1) Reduction of the magnitude of
/ oscillations

2) Instead of saw-tooth - sine-type

shape

YV VY +

3) Reduction of the period of oscillations



Oscillations of the persitent current->
oscillations of the tunnel current

Experiment measuring DOS should probe the supercurrent /

Tunnel current of NIS junction is:

_ 1 EN(EANTDDf
IT—eRTI NOO) [f(E)~ f(E+eV)ME

—o0

where N (E,A[T'(I)] 1s non-equilibrium DOS

NIS (or SIS) tunnel experiment on a superconducting loop in magnetic
field should probe the circulating persistent current

Aluminium ;’

e
oxide barrier
- R ki

i‘/ I'

if l

\ r=10 (b)

\\\ 0 1 2 3
. E/A,

ide AT J. Sancez-Canizares, J. Ferrer and F. Sols,

=
=
=
=
=)
<




Amplitude and period of oscillations as function of the
loop linewidth (aluminium)

Wide wire: classic limit
110 nm x 75 nm wire,
T, atn=6515 mK, o3c,-t1/2=90.8 nm

Intermediate regime:
Tpan=52+5mK. Solid line:
0;/?=12.49 nm and A®/D,=3
period, dashed line - calculated
A®/D,=1 oscillations in a slightly
narrower loop o ;,/2=12.37 nm

QPS limit:
same sample as in (b) further
gently sputtered at T, ,,,=54+5 mK
Solid line - calculations in the QPS
limit with 0,//2=12.15 nm




Conclusions on cuantum phase slips

Quantum fluctuations of phase in narrow
superconducting nanowires suppress all ‘basic’
attributes of superconductivity manifesting as:

* Broadening of the R(T) transition. In thinnest
samples zero resistance is not reached even at
T->0.

* Suppression of persistent currents in nanorings.







Fluctuations of the order parameter
A=A, exp(ip)
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T. Rantala, MSc thesis, University of Jyvaskyla, 2013



Direct determination of the fluctuating energy gap

O|A[/TA[™ (Sqps ) =

Superconducting gap can be associated with E/M radiation absorption threshold

tdo tdo
do do <6—A> QPS
oA > oA 3

Characteristic scale

A(A1)~80 t0100 GHz, A(Ti)~15 to 25 GHz.
OA /A can reach 30% in sufficently thin nanowires




Tunneling in NIS and SIS systems

Quantum fluctuations of A modulus should lead to extra (size dependent) broadening of the gap
edge, which should affect the shape of I-V characteristic.
M. Tinkham, Introduction to supercondcutivity, Mc. Graw-Hill, 1996

Note: for SIS junction even at

finite temperature gap edge
singularity is infinitely sharp!

eV

Typically broadening of DOS is
characterized by phenomenologic
Dynes parameter I

E+il’
N(E)~ N(E,)R
(B) = NEr) {\/(EHT)Z—N]



Experiment
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R(T) of each nanowire and I(V) chartacteristic between the nanowire
and the aluminium electrode can be measured independently.
R(T) dependencies at these diameters are broad associated with QPS.



SIS I(V) at various diameters of nanowires
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Simulations

We simulate (V) dependencies assuming Gaussian distribution of the
gap fluctuations centered at <A> with standard deviation J0A.
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Limitations & postulates:
* Gaussian distribution of quantum fluctuation amplitude
* Cut-off Ay, /2 <A<A,
* Finite magnitude of voltage modulation and finite lock-in integration time



Other contributions

B cBepxnpoBoaALMX HAHONPOBOJIOKAX MMEETCA MArkaa 3ByKonoaobHaa naasmoHHaa moaa
(Mooij-Schoen mode), cBfAzaHHaa ¢ aykTyauuamum ¢asbl MNapameTpa nopagka .
INEeKTPOHblI B3aMMOAENCTBYIOT C 3TOM MOAOW U, COOTBETCTBEHHO, MOTYT MOMOWATb W
MCNYCKaTb NAa3moHbl. [ogobHble npoueccbl NpUBOAAT K  nepepacnpeaeneHuto
SNEKTPOHHbIX COCTOAHUMW, B YaCTHOCTMU, K PasMbITUIO CUHIYAAPHOCTM B obnactu
cBepxnpoBogAauen wenm A.

PacyeT noKasbiBaeT, 4YTO NpM HU3KMUX TemnepaTypax kzT<<A pa3smbiTMe NAOTHOCTU
COCTOAHUM POPMaNbHO MOKET bbITb ONUCaHO NnapameTpom AdarHca I

2
E+il E—A ,where a = 2; — parameter, s - wire cross section,
+1 — v
N¢(E)=N0(EF)R6 > NGXP{—} : e
\/(E + lT) YN T C, — wire capacitance per unit length, v = \/ﬂciaN -
/

plasmon velocity

PasmbiTMe NIOTHOCTU COCTOAHUIA 3aBUCUT:
(1) ot ceuenuna nposopga s,
(2) ot npoBOAMMOCTH maTepuana B
HOPMa/NIbHOM COCTOAHUMN Gy U
(3) or Temneparypbli

=

Mopgenb He yuynuTbiBaeT:
* bNyKTyauum moayna napameTpa Nnopsaaka;
* NpOCKanb3biBaHene ¢asbl;
* 3aTyXaHMe N1a3MOHOB;

( T)l_a ®* KOHEeYHYIO O/TMHY CBepXNnpoBOAALLErNO KaHana,

* 3aBMCUMOCTb A OT ceyeHMA KaHana.




(V) dependencies

B sKkcnepumeHTe namepsaetca BAX, TouHee — npon3BoaHas TOKa no Hanps»keHuto dl/dV,
KOTOpas, COrMacHO pacyeTam, A0/IXKHA SKCMOHEeHUWaNbHO cabo «npoae3aTb» Noj, Wenb.
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Ondd. BAX B norapudpmmnyeckom macwitabe. BugHo, uto andd. BAX nponasmt noa wenb poBHO
MO 3KCMOHEHTE. ITO 3HAYMUT, YTO M NJIOTHOCTb COCTOSIHMW TOXKEe NPOaA3UT Noa Wenb He bonee,
4YeM 3KCMoHeHUKWanbHo cnabo. U3 TeopeTnyeckoro aHaan3a caneayet, YTO B IKCMOHEHTE A0/IKHO
croatb (E-A/T), To ecTb rMybMHA NPOHMKHOBEHUA NPONOPLMOHAIbHA TeMNepaType.



Temperature dependence of DOS decay
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3aBUCUMOCTb JIOXKUTCA Ha NPAMYIO NMPU HE OYEHb HU3KMX TemnepaTypax, NPUYEM HAKNIOH 3TOMU
npamon npumepHo paBeH 8.4*%10> V/K, uto B npeaenax mnorpewHoOCTM coBnagaer cC
TeopeTUYEeCKN NpeacKasaHHbIM 3HauYeHnem k /e = 8.6*107> V/K.



Simulated di/dV
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CemelncTBO KpMBbIX NOCTPOEHO AnA napameTtpa a =0.585, npruyém KprBble OTHOPMMPOBAHbI TaK,
4yTOObI B MaKCMMyme ObITb paBHbiMK 1.

TOYHOrO YMCNEHHOrO COOTBETCTBUA MEXAYy Teopuer U aKcnepumeHTom HeT. OaHako, 3TO
€CTEeCTBEHHO, TaK KaK MpU TaKux OONbLUMX KOHCTAHTax B3aMMOAENCTBUA YyXKe Heobxoammo
yunTbiBaTb 3PPEKT NPOCKaib3biBaHMA $Ha3bl, KOTOPbLIM HE YYUTbIBAETCA MOAEbIO.



Conclusions on physics

Quantum fluctuations in narrow superconducting
nanowires suppress all ‘basic’ attributes of
superconductivity manifesting as:

* Broadening of R(T) transition. In thinnest samples
zero resistance is not reached even at T=0.

* Suppression of persistent currents in nanorings.
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