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Quantum interference heats up

A thermal effect predicted more

, whilea related p henomen on stole the limelight.

maore than 40y was nearly fi
Now ex pevimentally verified, mmm:wthmmo\tm controlling devices. SEE LETTER RADL

RAYMOND W. SIMMOND S

ouldm't it be strange to have &

material whose thermal conductiv-

ity could be changed by s magnetic
field? Imagine holding the end of a rod made
of this material with the other end placed ina.
hot fire. Aslong as a friend keeps a bar mag-
net away from the red, you wouldo't burn
your hand, but as soon as they apply a mag-
neticfield — ouch! As odd as this seems, the
rules of quantum mechanics predict this type
of sitaation for heat transported acros a pair
of Josephson junctions (devices that consist
of two superconductors separated by a thin
insulating gap). Wiiting onpage 401, Giazotto
and Martinez-Pérez' report experimentscon-
firming that this strange phenomenon can
actuslly occur.

In 1942, Brian Josephson made a remark-
able discovery” as a graduate student, while
imvestigating what would happen ift wo super-
conducting metals were placed very dose
together without touching. He found thatthe
“Cooper pairs’ of electrons that make up the
supercurrent (& curment that flows without
resistance) in superconductors oould miracu-
Tously jurmnps, or tunnel’; acrossthe gap without
needing an applied electric voltage.

Thesize of the appercurrent flowing through
this ‘tunnel barrier’ depends on whether the
saperconduact ors at either edge of the gaphave
the same or a different phase
the quantum-mechanical wavefun ction that
describes the behaviour of Cooper pairs. Ina.
bulk saperconductor, any phasechangesinthe
wavefunction between lncal regions gives rise
to supercurrent flow. Alternatively, forcing a
supercurrent to flow produces phase differ-
enges, even across @ thin non-conducting or
insulating barrier.

Consider also what happens when super-
conductors form closed circuits, such as
loops. Mow the total phase that accurmulates
around the loop when supercurrent flows must
be an integer multiple of 2, to maintain the
continuity of the wavefunction. This causes
magnetic flux in the system to be quantized.
The Josephson effect can be combined with
‘this flme quantization to produce a supercon-
ducting direct-current quantum interference
device” (d.c.-SQUIDY). In thesa devices, a split

— a property of

|.hi-ect.nnu|_ 3 du

d.c.-SQUIDs,a

fierence device (d.c_SQUID). a,In

]ulzphlm pctiems — th

{pellone) samelwiched hetween the twn supercmdhurtirs (ped anct blue). b, The murimum decerical
curre ([, ock Ik wis) Bowingthiough the device fom L:thnghunbefn]lymudnlmdbydz

ic flux (@]

£ magn.zti
the dc.-SQUID; a»,udzmgumﬂuanmmzmnr“uzhmanm-ndm Peérez"
hawe chserved an interference effect for heat flose [, red., right axis C is the maximmm total
bezat-flow m!m-k&}mntmlmmqfhmmﬂmnghhdﬂmm
magnetic

also he modalated by an applied:

superconducting path with two Josephson
junctions can sustain 8 maximum supercur-
rent, the aroplitude of which can be modulated
by the amount of magnetic fluox piercing the
loop (Fig 1). Such d.c.-SQUIDs are among
the most sensitive detectors of magnetic flux
ever created and have found many practical
applications’

In addition to the phase-dependent super-
current, Jesephson discovered® two other
currents that are present when a finite valt-
age difference exists across a junction. These
currents were caused by the tunnelling of
quasiparticles (lone electrons from broken
Cooper pairs) or of quasiparticles with
‘Cooper pairs. The first type was similar to
the flow of electrons through normeal metal-
metal junctions, but the second type of cur-
rent was rather odd: it involved a dynamic

J5F | NATURE | VOL 492 | 20r27 DECEMEER 2012

process in which the tunnelling occurred
in conjunction with processes for break-
ing and recombining Cooper pairs. Because
Cooper pairs are involved, this current
should exhibit interference effects analogous
to those seen in d.c.-SQUTDs (in which dif-
ferences in the wavefunction’s accurnulated
phase along the two paths of a loop create
congtructive or destructive inte rference). But
electrical experiments that clearly quantify the
‘behaviour of this “interference current have

‘What does all this talk ofelectrical currents
have to do with thermal properties? Well,
according to the Wiedemann-Franzlaw, a
metal’s thermal comductivity is proportional to
its Mnsalcmdumy(mdtobanpermrej
This is because electrons can transport s
af the heat in ametal.Onlythmawmafber

£ 2012 Macmilan Publehars Limited NIW rasarvad
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@ Motivations & mission
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> Set the experimental ground for a challenging new branch of science:
the coherent caloritronics, i.e., the complementary of coherent electronics

» Phase-manipulate & master heat transfer in a solid-state environment

» Provide original & novel approaches to realize thermal devices
(heat transistors, splitters, diodes, refrigerators, exotic quantum circuits)

» Address & understand fundamental energy- and heat-related phenomena at nanoscale (coherent
dynamics, heat interference, time-dependent effects, thermodynamics, decoherence)

rc
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@ Principle of phase-dependent heat current control
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quantum phase

Exploitation of quantum phase to control heat current flow

Electron gas

) — [ a0, )= )
— ——

Temperature-biased Josephson tunnel junction

|

Heat current is predicted to be phase dependent and stationary

Maki and Griffin, PRL 15, 921 (1965);
Zhao et al., PRL 91, 077003 (2003);

Zhao et al., PRB 69, 134503 (2004) @' AN CHE&
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@ Heat current in T-biased Josephson tunnel junctions: theory (i)
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rzT,
Qtot
Qtot = qu (Tl’TZ) B Qint (Tl’TZ) COS(¢)
Qup(T1.T2) = = [y desNi(e. Ty)Na(e. To) [ fi(e. Th) — fa(=. 1)) Quasiparticles heat current

Qint(T1.Ta) = mo [;” dzeMy(e. Ty) Ma(2. Ty)[fi(e, Ty) — f2(=.T2)]  Interference heat current

r

N T) = [2|/y/E2 = A1) (T)2O[% — Ayz)(T)7] Q =0
ap .
] if T1 = T2
My (e.T) = Ay (T /\/""2 Agg)( )29[52 —A1(2)(T)2] °
innt — O

fie, T)) = [1 + exp(e/kpTi)] ™ .
Q.. =0 ifS;orS,areinthe normal state

Maki and Griffin, PRL 15, 921 (1965);
Guttman et al., PRB 55, 12691 (1997);
Zhao et al., PRL 91, 077003 (2003)
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@ Temperature-biased DC-SQUID: theory (i)
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Qtot — qu (Tl; TQ) — Qint(Tl; T2 Pas @b)

Qup(T1, Tn) = Q2 (T, To) + QL (T1, T»)

o @ Qunt(T1.Tp) = Qy(T1, Ty)cospq + Qb (T1, Ta)cospy

P + @y + 20D /Dy = 2k7

I4sing, = I%sing, = &/d,
r + cos(2mx) r=1I3/I"

V' 1+ 7%+ 2rcos(2rx)
1 + rcos(2mx)

V' 1+ 72+ 2rcos(2rz)

cosp, =

(with0 <r <1)

coSpp =

Symmetric SQUID

TP
Cos
@,
FGand M. J. Martinez-Perez, APL 101, 102601 (2012)

0

: 2
Qine = Q (T, Tg)\/l + 72 + 2rcos ( ;@') mmm | Qine = 200 ,(T1, T»)

Roma, 20/05/2015 CO MANCHZ



Temperature-biased DC-SQUID: theory (ii)
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FGand M. J. Martinez-Perez, APL 101, 102601 (2012)

Role of critical current asymmetry

Maximum P (14+7)

Q?ﬂt 1 — ?’)

Minimum

Total heat current behavior
(symmetric SQUID)
TQ — DJ_TC
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@ “Josephson heat interferometer”: setup (i)
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Main parameters:

LETTER thermometer Ry=1.5KQ
R,=1KQ

The Josephson heat interferometer @ R,=1.3KQ
Francesco Giazotto' & Maria José Martinez- Pérez! Rp ~ 0.55 KQ thermometer

A T=14K
A= 20 pm?
-‘ ()
‘ S AT~ v"Rd~

S

Qsquip T1 > T2 heater

————
- N

/ e
] - R {1 A ,'
I / < .

| Drain (Cu)

FG and M. J. Martinez-Perez, Nature 492, 401 (2012) COMAN(H;“:
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“Josephson heat interferometer”: setup (ii)

Q
=
p=s}
=
=
=
o

Magnetic interference

pattern
SINIS thermometers
' T Rthermo =~ 25 KQ
200 %% ﬁ ﬁ 300 — : : ,
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> | T 0 ¥ R
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2400 -200I oA 200 400 7 0.3% Toan (K)
n .
(nA) B, ~ 1.6x103 <<1
L~15 pH Ibias ~40-70 pA

| =226 nA

FG and M. J. Martinez-Perez, Nature 492, 401 (2012)
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Behavior @ 235 mK (i)
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5Tdrain ~21 mK
T (mK) /1 9% relative
T __ source modulation amplitude
320 /
v
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e
S
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oT,
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FG and M. J. Martinez-Perez, Nature 492, 401 (2012) CO NCH:m



@ Behavior @ 235 mK (i)
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T — {i_}Td-T'a.iﬂ- / (__j{i[}
Flux-to-temperature transfer
_ T source (m/K)‘/ function up to ~ 60 mK/®, @ 675 mK
60}
‘. S 675
- 525
=i 445
G 395
235,
éo ‘ Heat interference < > T bias
N
60}
0 1 2
d/D 0
cos(¢, + ZeVSQUIDt/h) 1% =VSQU|D [ D,

FG and M. J. Martinez-Perez, Nature 492, 401 (2012) CO N(H:m




@ Comparison to theory -

310 \ .

phonons S, 5 S, phonons
Toatn Toan © T2=Toan | Toam
{60 [ |
1 S 243VWV£
43003
i 3 | T, (MK)=395 |
oewssr” . j20 3 o1
0.2 04 0.6 ) )
(K) CDICDO
source

Good agreement with theoretical prediction
FG and M. J. Martinez-Perez, Nature 492, 401 (2012) COMANCH;’“
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@' Heat interferometer: bath temperature dependence

CNRNANO =
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FG and M. J. Martinez-Perez, Nature 492, 401 (2012)




Rectangular Josephson junction

==

QS1—)32

v

I, /1,0

Rectangula
slit

Electric vs thermal quantum diffraction

Electric diffraction through
a rectangular slit

4

2

g & Diffraction of heat current
. through a rectangular slit

-2

Roma, 20/05/2015
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@ Heat current quantum diffraction in extended short JJs
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ty
=d+ Altanh 2/11 + )thanhz—/12
LKA = PolWL
] = ZHOICf

Josephson critical current

— I.(®) = |2l ffooof(Y)COS(%%)dYI

b) rectangular ¢) circular d) annular

Critical current Fraunhofer
pattern for a rectangular JJ

= = |sin(n®/dy)/(wd/Dy)|

I
Ieo

D/D,

FG, M. J. Martinez-Perez, and P. Solinas, Phys. Rev. B 88, 094506 (2013) CO' 1 A NCH_‘g"



@\

CNRNANO &

2Dy
by L

)dyl

Interference component of thermal current

Jint (@) x |]oJ g(y)cos(

cire

——
]H(Tl_.thH) = Im{e”’”ﬂ/ d'}.j ". T] T‘))(’”ﬂ}
= b]ﬂ({)g/ dyJ(y)cosky,
Nulling of the supercurrent
(I) i m - iKy
E;(T,T,,H) = EJD—E_RE f’q’“ dyJ(y,T1.Tr)e™
T —ox
D o .
= Ejg— —ﬂcnsqog dyl(y)cosky
2 J—ea
Ejp = dol: /27
Minimization of Josephson coupling energy
—

FG, M. J. Martinez-Perez, and P. Solinas, Phys. Rev. B 88, 094506 (2013)

I,

rect
H

I

IJ

JH

int

J"

Heat current quantum diffraction in short JJs

]-0 | (a) L] L] _
- Rectangular junction 7
05 -

L
OF®

[ Circular junction

05 -
1.0 (o) —0 ]
[ Annular junction
0.5
0.0
4 2 0 2 4
(Df(Dﬂ
oo =mnu,withm=0,£1,£2....

¢y will undergo a 7 slip

S. V. Kuplevakhsky and A. M. Glukhov, Phys. Rev. B 73, 024513 (2006)
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A quantum diffractor for thermal flux

Maria José Martinez-Pérez' & Francesco Giazotto'

‘\)

Rectangular JJ

Bias Josephson junction ™

0.14

[ vs V chars @ 240 mK

Magnetic interference < 47|
pattern ~

e max = 140 nA

0.00 el Josephson current behavior
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Negligible Kapitza
Resistance

Tphonon - Tbath

Tpatn = 240 MK

7 (mK/D,)

295

Thermal model & expected behavior

Qheater erc-)SI

QSI—)dr

Phonon bath, T, .,

The model neglects {

T,.=550 mK

Theo.

sin(zd /Py

QS]—}S; = qu - er (JT"I)/‘D[})

lQe-ph,52

* electron-photon coupling
* phonon heat current

Drain temperature diffraction
pattern

Flux-to-drain temperature
transfer function

Roma, 20/05/2015
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(ﬂ Temperature diffraction pattern @ 240 mK
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M. J. Martinez-Perez and FG, Nat. Commun. 5, 3579 (2014)




@ Heat diffraction: Bath temperature dependence
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@ Thermal rectification with N tunnel junctions: principle
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\
Forward I\SI
L1
0.1 |
=
&
Reverse \8
]rev
' = —
_ S 0.1
| | |
R
(b) U Toam R, () Tbias (K)

Conditions for thermal rectification:

) large tunnel resistance mismatch ;
i) N, must be coupled to phonon bath

A. Fornieri, M. J. Martinez-Perez and FG, APL 104, 183108 (2014)




An ultraefficient hybrid thermal rectifier
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A )

Rectification of electronic heat current by a hybrid
B thermal diode

)

Therl’nal DlOde p y . . Maria José Martinez-Pérez, Antonio Fornieri and Francesco Giazotto*
NINI4>S _____ I N
Left Right
electrode electrode

Hybrid heat diode concept

C 4A
30J‘
20
” %)
= | -—— 1109 Left electrode L“ ] =1 Right electrode
(Aly osMny 5,) : (Aly 9sMny gy)
1 pm
30+ sse——
- —J  Jo
2 -1 0 1 2 Experimental structure
V(mV)
Full symmetry from the electrical point of view
G vs V char @ 50 mK y " P

M. J. Martinez-Perez, A. Fornieri, and FG, Nat. Nanotechnol. 10, 303 (2015);

FGand F. S. Bergeret, APL 103, 242602 (2013); M. J. Martinez-Perez and FG, APL 102, 182602 (2013). COMAN(Him



@ Asymmetrical thermal transport
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0.30

Directional thermal current mismatch

025
Thermal model —
2 >F0n1=ard
Hhsater Thermal Diode & —
g B~ Tbias*jfm
0.20
Lattice temperature, T,
0156 —— 1= 4 .
0.3 0.4 0.5 0.6
ININ (Tbias; TN ) — Jeool N (TN, Thath) — INis (TN, T5) = 0, (1) Tb' (K)
14s

INIS (TN, TS) — Jeool S(T5, Toath) — I pw (75, Tpw) = 0, (2)
Jrw(T8, Trw) — Je—ph R (Trws Toatn) = 0. (3)
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Ultra-efficient thermal rectification
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M. J. Martinez-Perez, A. Fornieri, and FG, Nat. Nanotechnol. 10, 303 (2015) CO NCH:M



Cﬂ Ultra-efficient thermal rectification: comparison
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M. J. Martinez-Perez, A. Fornieri, and FG, Nat. Nanotechnol. 10, 303 (2015)
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Conclusions

Realization of a heat interferometer
Confirmation of the existence, magnitude and sign of the phase-dependent heat current

Realization of a quantum diffractor for thermal flux

Complementary proof of the “thermal” Josephson effect
Realization of an ultraeficient low-temperature hybrid thermal rectifier (with very large R ~ 140)

Novel “coherent caloritronic” devices

@MANCHE@C



@ Perspective for “coherent caloritronic” devices

Heat transistors or
phase-tunable electron coolers

(=]

NIS

s T /T, ——001]

Heat splitters

e

Heat rectifiers (diodes)

M. J. Martinez-Perez and FG, APL 102, 182602 (2013); FG and F. S. Bergeret, APL 103, 242602 (2013);

A. Fornieri, M. J. Martinez-Perez and FG, APL 104, 183108 (2014) CO NCH_%“
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