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Outline

Motivation: local probes

Model: 2D heat transport equation
Local bistability

Spatial resolution



Scanning tunneling microscopy (STM)

G. Binnig et al., Appl. Phys. Lett. 40, 178 (1982)
J. Tersoff and D. R. Hamann, PRB 31, 805 (1985)

- measure tunneling current

- probe electronic states on the surface

electron tunneling - hlgh_spatlal resolution (atomic scale)
- non-invasive probe

metallic
tip

sample

T. Jalabert et al.,
Nature Phys. (2023)

Scanning critical current microscopy:
- sample = superconducting wire

- perturb the sample by the STM current
- measure the critical current

- spatial resolution ~ coherence length

- invasive probe

local heating
by injected hot electrons
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Scanning gate microscopy (SGM)

H. Sellier et al., :
Semicond. Sci. Technol. 26 (2011) 064008 review paper
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- sample = buried 2DEG (inaccessible to STM)

- electrostatically deplete the 2DEG under the tip
- measure the sample global resistance

- spatial resolution > 10 nm (electrostatics)

- cannot gate a metal or a superconductor



Nanoscale thermal imaging

Halbertal et al., Nature 539, 407 (2016)

- SQUID-on-tip thermometer

- measures the temperature of the gas above the sample
- probes the heat flow from electrons to phonons

- spatial resolution ~ 50 nm

device s /i s
T4

SiQ,/Si




Is It possible to locally heat up a superconductor
without contacting It?

Our theoretical proposal: Might prove useful to map out
_ the supercurrent spatial pattern
P < bistable hot spot in strongly disordered superconductors
\g}; (sc goes normal)

AC voltage

(move the heating tip,
measure the global kinetic inductance)

What is the spatial scale
of the overheated region?

tip size ~ 50—-100 nm
superconducting coherence length ~ 5 nm

(strongly disordered NbN, InO,)



2D heat transport equation

Assume: electrons in local equilibrium at temperature 75 (r)

. : equilibrium superconducting gap A(7%
equilibrium quasiparticle distribution f(

(r))
e, T.(r))

phonons at a fixed temperature 1y

1 1

oT, :
=V - [k(T,)dVT.] — Q(Tys, Tpn)d + |ju(r)|*d Re

ot

1

c(Te)d . T




2D heat transport equation

layer
bulk thickness
specific Will not matter in the stationary situation
heat
i -
c(To)d =V - [k(To)d VT — Q(To, Ton)d + |ju(r)|“dRe

ot o(w,Te)



2D heat transport equation

bulk layer
thermal thickness

conductiviiV

oT. 1
T.)d —2 =V - [k(T.)d VT.] — Q(Ts, T, i, (1) ]2
c(Te)d — (K(T.)dVT.) — Q(Tw, Ton)d + |ju(r)|?d Re o T
/\ %) 9
normal-state (T) = 2 / ¢ 2d6
eleCtrICa| 62 A(Te) 2Te2 COSh [6/(2Te)]
conductivity

Landau & Lifshitz, vol. 10



2D heat transport equation

phonon wavelegth << electron mean free path

5% 5
electron-phonon cooling power (YT — XT5, In the normal state)

er unit volume < or
. s (p121 JRR ) phonon wavelegth >> electron mean free path
. Tsuneto, Phys. Rev. , 6 6 i
A. Schmid, Z. Physik 259, 421 (1973) (XT, 2l pp N the normal state)
S. B. Kaplan et al., PRB 14, 4854 (1976) no big difference in practice (see below)
crmaﬂf V - [k(T)dVTs] — Q(Te, Ton)d + |jo (r)|?d Re !
C =V - |k — —
e ot e e ey £ ph Jw O'(w, Te)
e-ph
coupling y; > > ) Q Q e+ Q €
- - - h — tanh
Q(Te, Ton) - DIcn) /_OO de/o d2 Q <coth o coth 2Tph> (tan o, tan 2Te> X

O(lel — A) O(le+ 9| - A)
VE—A? [t Q)2 - A2

n=5o0r6 [e(e + Q) — A?] [e(e + Q)]




2D heat transport equation

i Iy coswt

- . < .
tip size R S 2o radial currents

i(r) producing the surface charge density

<0

d . v » Nheeded to screen a point charge at a distance 2
Ig 2
* 82 (23 4+ r2) (/2 + 12 + 20)°
o7, 1
T)d —2 =V - [k(T)d VT, — Q(Ts, Top)d + |j.,(r)|?dR
(T.)d = [F(T)A VT = QT Tyn)d + [ju (1) *d Re —-s
_ ac conductivity
material parameters: 1., ond, Xd Mattis & Bardeen
Phys. Rev. 111, 412 (1958)

includes

- the supercurrent
- the quasiparticle current



Local bistability

VMTJ — Q(Te, Tyn)d + |ju(r)|*d Re

1
o(w,Te)




Local bistability

1
Te,Tpn) = j°Re ————

algebraic equation to find T

Multiple stable solutions for 7

Similar predictions in
Zharov, Korotkov, Reznik, SuST 5, 104 (1992)
de Visser, Withington, Goldie,

J. App. Phys. 108, 114504 (2010)
Thompson et al., SuST 26, 095009 (2013)

Picture in the case

fw < 2A(T = 0)
A ——Microwave heating: Re[j2/o(w, Tt)] /’I
——--Phonon cooling: Q(7¢, T,1) 7
high 7. }
[low T, solution, Tl] solution, 13,
unstable
solution, 77,
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- Electron temperature, 77
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onset of absorption when 2A(T,) ~ hw



Q(Tea Tph) — j2 Re

num

Local bistability

1
o(w, Te)
erical solution at T h = O 3T
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Temperature profile

o 0.8F .
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™ oafs
0.2F

“domain wall”
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1 — (equal-area law)




Equal-area law

0T, 1
T)d == =V - [k(T)dVT.] — Q(Ts, Top)d + lju(r)|*d R
c(Te) 5 K(Te) | = Q(Te, Tpn)d + |juw(r)|"d Re (0. T2)
1 6F[Tu(r)] _ g - £ 2 functional
= T STy stationary temperature profile ¢mm) minimum of a functiona
Gurevich & Mints, Rev. Mod. Phys. 59, 941 (1987)
12F Th(j(r)) ] neglect the gradients:
; e " ]
1 - Tu(y (7» ............ —
o 0.8F % -~ ; 7 Th(j(R)) 2
~ L &2 ; ] 8 R
N oosh i T : - / [Re I (R) — Q(T, Tph)] k(T)dT =
= o v S ] Tu(i(R)) o(w,T)
Il e .= 1.8 ] Tw(j(R)) 2(R
0.2} S ] : :/ [Q(T,Tph)—Re J7 (1) ]m(T) dT
| - Ti((R)) o(w,T)




Equal-

area law

oT, 1
T)d == =V - [k(T)dVT.] — Q(Ts, Top)d + lju(r)|*d R
(Te)d — R(T)AVT) = Q(Te, Tyn)d + (1) PdRe s
1 6F[Tu(r)] _ g - £ 2 functional
= T STy stationary temperature profile ¢mm) minimum of a functiona
Gurevich & Mints, Rev. Mod. Phys. 59, 941 (1987)
A ——Microwave heating: Re[;2 /o (w, T,)] v neglect the gradients:

—===Phonon cooling: Q(T%, Tyn)

high 7,
solution, 73,

[low 1 solution? Tl]

unstable
solution, T},

>

|

-
—-—
_.’.-—
-
|

Th(j(R)) 2(R
| /T G(R)) [Re Uj(aE T)) ~ e Tph)] w(T) T =
ulJ Lt )
T.(i(R)) ,
= _Re (1)
B /ij(R)) [Q(T’ Ton) — Re a(w,T)] i



Role of thermal conductivity

smearing of .
temperature jumps =~ ¥’ () VT.] — Q(Te, Ton) + jw(r)|* Re

<«

Thermal relaxation length A = [x(T,)/(nST"1)]

1

=0
o(w,Te)

15-20 nm
for strongly disordered NbN, InO,,

Numerical solution for A/zq = 0.16

three |
solutions 1f #
1 one (one unstable) osp//:
1 solution = o6f

fOf Te (7“) E“:J 0.4 -




Typical numbers

InO,

T.=35K

/oy =5x107°Q-m

Q = X(T, — Tpy)
»=2x10°W-K ¢ .m™3
A =17nm

NbN

T.=10 K

/oy =4x107°Q -m
Q=X(T) — Ty,)

Y =5x10°W-K™®.m™3
A = 16 nm

Power needed to maintain Jmax = J« for d = 10 nm, 2z¢ = 100 nm

a few nanoWatts

a few microWatts



Summary

. AC voltage on a microwave tip m® hot spot in a superconducting layer
spot size ~ tip-plane distance ~ tip size ~ 100 nm
a normal ring inside the spot

. Short thermal relaxation length + local heating bistability
== sharp boundary of the hot spot (~ thermal relaxation length)

. Possible global bistability (multiple stable solutions for Te(r))
=) possible hysteresis in the drive power

. Might serve as an invasive local probe to map out supercurrent pattern

Karki, Whitney, Basko, PRB 106, 155419 (2022)



External microwave drive

Fixed drive frequency

0.3

0.28}
" 0.26}
K o0.24}

0.22F
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Heating by a thermal tip?

—

Tyip = 300K

1/owp = 1077Q - m]

Rtip = 50 nm
Ty = 0.2,

zo = 100 nm

1/(0‘Nd) = 6.5 k2 ]

10

15 20 25
rf zo

30

Thermal fluctuating currents (Nyquist-Johnson)
Electrostatic + magnetostatic coupling

Thermal frequency spectrum

Transferred power o Ty, — 75 (r)

One parameter (7};,) governs both
- the effective drive strength
- the effective drive frequency

2 3

No bistability, weak overheating, large spot
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