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We propose a solid state refrigeration technique based on repeated adiabatic magnetiza-
tion/demagnetization cycles of a superconductor which acts as the working substance. The gradual
cooling down of a substrate (normal metal) in contact with the working substance is demonstrated
for different initial temperatures of the substrate. Excess heat is given to a hot large-gap supercon-
ductor. The on-chip refrigerator works in a cyclic manner because of an effective thermal switching
mechanism: Heat transport between N/N versus N/S junctions is asymmetric because of the ap-
pearance of the energy gap. This switch permits selective cooling of the metal. We find that this
refrigeration technique can cool down a 0.3cm3 block of Cu by almost two orders of magnitude
starting from 200mK, and down to about 1mK starting from the base temperature of a dilution
fridge (10mK). The corresponding cooling power at 200mK and 10mK for a 1cm×1cm interface are
25 nW and 0.06 nW respectively, which scales with the area of the interface.

The goal of building solid state refrigerators and heat
engines working on quantum principles is an outstand-
ing need for next generation quantum technologies [1].
It is known since the earlier days of superconductivity
that the process of magnetizing a superconducting mate-
rial quasistatically and adiabatically can reduce the tem-
perature of the material substantially as it transitions
to the normal state [2–4]. This is because a material
in its superconducting state has more order, and there-
fore, entropy equal to that of a normal metal at a lower
temperature. Hence when driven to the normal state
adiabatically by an applied magnetic field, the achieved
final state is much colder than the initial superconduct-
ing state as depicted in the T − S diagram in Fig. 1(b).
There were attempts in the past to try and implement
adiabatic magnetization of a superconductor as an ef-
fective cooling technique, notably the early proposals by
Mendelssohn and Moore [3], and by Keesom and Kok [2].
Recently Dolcini and Giazotto had studied the adiabatic
magnetization of a superconductor by including dynam-
ical dissipative effects such as eddy current losses, and
suggested that this mechanism can still be used to achieve
significant cooling for micro-refrigeration purposes [5].

Here we propose a cyclic superconducting refrigerator
based on adiabatic magnetization of a superconductor,
with a working mechanism similar to that of a domes-
tic refrigerator. A conventional refrigerator operates by
cyclically moving a working fluid between hot and cold
reservoirs. Work is done by compressing a fluid, and
letting it freely expand to a gas in a phase transition
where it cools down and absorbs heat from the cold reser-
voir. The now hot gas is then re-compressed, liquifying
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FIG. 1. (a) Steps of the refrigeration cycle. In step A, the
central region (working substance) is thermally isolated from
its neighbors, and undergoes adiabatic magnetization from a
superconductor to a normal metal, S2 → N2, and cools to
a much colder temperature, T1. In step B, thermal contact
with the normal metal N1 is made, resulting in heat trans-
fer from N1 to N2, eventually coming to equilibrium at tem-
perature TC . In step C, the working substance is thermally
isolated again (black walls), and adiabatically demagnetized
from N2 → S2, heating up the system to its hottest temper-
ature T4. In step D, thermal contact with superconductor S3

is made, allowing heat to escape from S2 → S3, reducing the
temperature to temperature TH . The cycle closes by closing
off thermal contact to S3 with the black wall, and returning
to step A. (b) Entropy of the normal metal and a supercon-
ductor, showing different stages of the refrigeration cycle.

it, and then dumps the excess heat to a hot reservoir,
which is usually the environment that allows the fluid
to thermalize and reset to its initial temperature. The
cycle repeats many times such that a stable low final
temperature is achieved in the cold reservoir. In com-
parison, the working fluid in our example is the electron
gas in the working superconductor. The cold reservoir
is a normal metal, and the hot reservoir is another su-
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FIG. 2. (a) The energy diagram of the junctions when the working substance is in the hot superconducting state. Thermal
excitations which create quasi-particles carrying the heat flux are indicated by blue vertical arrows. The appearance of an
energy gap in the hot superconducting phase of the working substance exponentially suppresses the reverse heat flux between
the working substance and the cold reservoir, since quasi-particle excitations are forbidden below the gap. Further, coupling to
the hot reservoir superconductor with a larger superconducting gap facilitates selective removal of high energy quasi-particles
from the working substance. The gap energies, and the Fermi energy EF are marked in the diagram. (b) Coefficient of

Performance (COP) of the proposed refrigerator, evaluated as a function of tH = TH
T∗

. We have set Ti = TH . (c) Proposed

architecture of the device. We consider Copper (Cu, γ = 0.69 mJ/(mol K2), Debye temperature θD = 347 K) as the substrate,
Tantalum (Ta, γ = 5.87 mJ/(mol K2), θD = 246 K) as the working substance and Niobium (Nb, γ = 7.80 mJ/(mol K2), θD =
276 K) as the hot reservoir [6]. A super-current can be applied in Nb, which generates the magnetic field that drives the phase
transition in the adjacent working substance.

perconductor having a larger gap. The superconducting
state of electrons in the working substance is analogous
to a compressed fluid. With an applied magnetic field,
the electron fluid expands in a phase transition into the
unpaired normal state at a lower temperature. Heat is
then absorbed from the cold reservoir, and the electron
fluid is re-compressed by reducing the applied magnetic
field. The working substance, which is now hotter than
the hot reservoir, has reduced electronic entropy in the
paired state. The entropy of phonons has increased in the
working substance in proportion, effectively holding the
excess heat. Note that here the phonon entropy changes
complementary to the electron entropy (in both steps, A
and C), such that the sum of the entropy of electrons and
phonons remains constant, and the process is adiabatic.
Electron-phonon interactions in the working substance
and a tunneling contact with the hot reservoir selectively
removes hot electrons from the working substance, and
facilitate reaching thermal equilibrium in the hot junc-
tion. This cycle repeats, establishing a low temperature
steady state in the cold reservoir.

The cyclic superconducting refrigerator – Adiabatic
magnetization of a superconductor preserves the total
entropy of the material such that the entropies of the
two phases are equal, SN (Tf , H = Hc) = SS(Ti, H = 0),
where H is the applied magnetic field. This results in
cooling of the material to a final temperature Tf that is
approximately equal to T 3

i /T
2
∗ . Here T 2

∗ = γ2
α2

, is a char-

acteristic temperature of the working substance [4, 5].
We consider Tantalum as the working substance for
which T∗ = 11.6K.

For the cyclic superconducting refrigerator presented
here, the crucial point is that the magnetic field inducing

the phase transition, when applied quasi-statically, can
be reversed quasi-statically to its initial value and there-
fore reversing the superconducting to normal phase tran-
sition of the working substance. This cycle can be per-
formed repeatedly, where the working substance is driven
between two different temperatures (hot and cold), envis-
aging a refrigeration cycle. The energy transfer is asym-
metric. That is, energy flow has a preferred direction
that is different for the different phases, as a consequence
of the energy-structure of the N/S materials [7–9]. The
proposed refrigerator is sketched in Fig. 1 and Fig. 2 (a).

We assume that the initial temperature of the working
substance T < 0.1 Tc of the working substance, such
that its specific heat in the superconducting state can be
approximated by [4],

CS = 3αT 3 + aγTc exp(−bTc/T ), (1)

where b = 1.44, and a = 9.14. Here α and γ are pa-
rameters specifying its specific heat at the normal state,
CN = 3αT 3 + γT. Here the common T 3 term is the
phononic (Debye) contribution to the specific heat [10].
In the superconducting case, the exponential behavior
of the electronic specific heat of the superconductor at
low temperatures can be associated to the presence of a
superconducting gap. The critical field as a function of
temperature can be found from free energy differences [5],
which agrees reasonably well with the empirical formula,

Hc(T ) = H0(1 − T 2

T 2
c

) for T < Tc, where H0 is the zero-

temperature critical field of the working substance. We
consider B0 = µ0H0 ' 0.08T as the critical magnetic
field at zero temperature for our working substance, Tan-
talum [11].

We can calculate some ideal thermodynamic proper-
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ties of the cyclic refrigerator. The temperature of the
hot reservoir is TH . The working substance is in ther-
mal equilibrium with the hot reservoir initially and the
following cycle occurs (See Fig. 1 and Fig. 2):

• Step A: A quasistatically applied magnetic field
drives the working substance to the normal state.
The transformation is iso-entropic and the working
substance cools down to T1 = T 3

H/T
2
∗ . Magnetic

work W3,1 is done.

• Step B: The working substance is put in contact
with the cold reservoir where it absorbs heat QC .
Since the electronic contribution to the entropy and
specific heat dominates in the normal state, the
transferred heat per unit volume can be approxi-
mated, QC =

∫
TdS = γ2

2 (T 2
C − T 2

1 ).

The temperature TC can be identified as the equi-
librium final temperature between the cold reservoir
and the working substance, approximated as TC '√

γ2T 2
1 +γ1T 2

i

γ1+γ2
> T1, where Ti is the initial temperature

of the substrate prior to the cycle. Maximum cooling
power is obtained when Ti = TH , and the cooling power
tends to zero when Ti → T1. Here γ1Ti is the electronic
entropy of the substrate.

• Step C: The electron fluid in the working sub-
stance is re-compressed by reducing the magnetic
field quasi-statically and adiabatically, where it re-
turns to the superconducting state at temperature
T4 = (TCT

2
∗ )1/3. Magnetic work W2,4 is done.

• Step D: The working substance is put in contact
with the hot reservoir. Since the reservoir has a
high specific heat and bandgap, the final tempera-
ture achieved can be approximated to the temper-
ature of the hot reservoir TH . In this process, the
amount of heat transferred to the hot reservoir per
unit volume is given by, QH =

∫
TdS = 3α2

4 (T 4
4 −

T 4
H). We have approximated the entropy lines for

the superconducting state to be only phononic,
since the electronic contribution goes to zero ex-
ponentially at low temperatures.

Fig. 1 (a) illustrates this ideal process. By the first
law, we have W3,1 + Q1,2 + W2,4 + Q4,3 = 0. Defining
W = W3,1+W2,4, we haveW = −Q4,3−Q1,2 = QH−QC .
The Coefficient of Performance (COP) is the ratio of heat
taken from the cold reservoir QC to work W given by,

COP =
QC
W

=
t2C − t6H

3
2 (t

4/3
C − t4H)− (t2C − t6H)

, (2)

where tH = TH/T∗, tC = TC/T∗. Please see Fig. 2(b),
where we plot the coefficient of performance as a function
of tH = TH

T∗
.

In the above idealized analysis, we assume an on/off
type energy exchange, so heat transfer to either a hot
reservoir or a cold reservoir can be made on demand, like

a piston operating a heat-transfer switch. While liquid-
gas refrigerators can make a good approximation to this
idealized description because of their ability to be freely
moved around, solid state systems do not have such free-
dom. Instead, we must design appropriate physics to ef-
fectively turn on and off a switch of exchanging heat with
either a hot reservoir or a cold reservoir in order to make
an effective solid-state refrigerator. Below, we show that
the asymmetry of heat transport between normal met-
als and superconductors has such a “switch” built in [7],
which permits selectively cooling down the cold reservoir,
due to the presence of an energy gap in the superconduc-
tor.

For efficient cooling, it is desired that the working sub-
stance, when it is cold, is as much thermally isolated from
the hot reservoir as possible, so that significant amount of
heat is absorbed from the cold reservoir which we want
to cool down. To achieve this, we consider a reservoir
superconductor having a larger gap. As a result, there
is significantly less back-flow of quasi-particles from the
hot reservoir to the working substance when the work-
ing substance is colder (in its normal state), and there is
more in-flow of heat from the cold reservoir to the work-
ing substance, since both are in their normal state. The
population of quasi-particle excitations in the reservoir
superconductor, which could potentially tunnel back to
the working substance when it is colder, are exponen-
tially suppressed by the presence of a large supercon-
ducting energy gap in the reservoir. Similarly, the re-
verse flow of heat from the the working substance to the
cold reservoir, when the working substance is hot (super-
conducting state) is also exponentially suppressed due to
the appearance of the superconducting gap. Therefore,
in each cycle, there is more heat absorbed from the cold
reservoir, than the reverse flow of heat. This is further fa-
cilitated by maintaining a high magnetic field for most of
the time in each cycle [see Fig. 3(c)] such that the work-
ing substance spends most of its time in each cycle in the
cold (normal) state. Majority of the excess heat is dis-
tributed in the phonon modes of the working substance.
By increasing the volume of the working substance (and
therefore its specific heat) relative to the volume of the
cold reservoir, we also ensure that the temperature of the
working substance increase at a relatively slow rate with
the amount of heat absorbed, compared to the decrease
in temperature of the cold reservoir in each cycle, adding
to efficient cooling. Electron-phonon scattering and con-
tact with the large gap superconductor further facilitates
achieving thermal equilibrium in the hot junction, by se-
lective removal of high energy quasi-particles from the
working substance. In practice, the reservoir supercon-
ductor can also come in direct contact with rest of the
internal environment of a dilution refrigerator which sets
the initial equilibrium temperature. Here the reservoir
superconductor also provides additional thermal isolation
between the working substance and the base contact, ow-
ing to the presence of a large superconducting gap in the
reservoir.
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A large gap superconductor as the reservoir is also de-
sired, if we need to produce the magnetizing B field by
running a super-current in the reservoir superconductor
[see Fig. 2(c)], without breaking the reservoir’s own su-
perconductivity. Our choice, Niobium, as the large gap
superconductor has a higher critical field (B0 ∼ 0.82 T)
compared to Tantalum (B0 ∼ 0.08 T) [11–13]. There-
fore Niobium can sustain the supercurrent that produce
the magnetizing B field without breaking its own super-
conductivity. Niobium is also type II, and therefore it
can enter a mixed state with normal vortices. It is still
acceptable as the lower critical field above which Nio-
bium enters a mixed state has been measured around
0.19 T [12, 13], which is still higher than the critical
field of Tantalum. We also assume that the Kapitza cou-
pling [14–16] across the tunnel junctions can be avoided
by carefully choosing the disordered tunnel barriers such
that it causes phonon mismatch, and prevents phonon
mediated heat transport. This is another desired fea-
ture for the experimental implementation of the refriger-
ation scheme presented below. Two alternate experimen-
tal implementations for our scheme that reduce phonon
mediated heat transport between the junctions using sus-
pended membranes are presented in the appendix.

Continuous adiabatic cooling – Here we provide a dy-
namical description for the gradual cooling of a substrate
N1 in contact with the working substance S2/N2, which
is subsequently in contact with a hot reservoir, S3. The
quasiparticle tunneling across the interface and the dissi-
pative effects determine the temperature evolution of the
three regions, 1: substrate (TL), 2: working substance
(Tw), 3: hot reservoir (TR). The adiabatic description
for cooling of the working substance with dissipative ef-

fects is governed by the relation dSw
dt = Pw(t)

Tw(t) , where

Sw(Tw, t) = xN (Tw, t)SNw (Tw) + (1− xN (Tw, t))SSw(Tw),
(3)

and Pw is the net dissipative power per unit volume in
the working substance, due to thermal contacts and eddy
currents, and Tw is the temperature of the working sub-
stance. Here xN (Tw, t) is the fraction of normal metal in
the working substance at time t given by,

xN (Tw, t) = 1− n−1

(
1− H(t)

Hc(Tw)

)
, (4)

where H(t) is the applied magnetic field and n is the
demagnetization factor of the material. We set n = 5 ×
10−4 for the working substance [5]. Variation of xN for
our refrigeration protocol in shown in Fig. 3(d), which
shows that the fraction increases from zero to one, and
then falls back to zero in the proposed magnetization
cycle. The dynamics of the refrigerator is described by
the following set of simultaneous differential equations

(assuming unit volume):

CN1(TL)ṪL = −xN (Tw, t)P
qp
N1,N2

+ Pload

− (1− xN (Tw, t))P
qp
N1,S2

Cw(H,Tw)Ṫw = xN (Tw, t)(P
qp
N1,N2

− P qpN2,S3
)

+ (1− xN (Tw, t))(P
qp
N1,S2

− PS2,S3
)

+ Pmag + Peddy. (5)

A similar dynamical equation exists for TR, but for a
large volume of the hot reservoir, and coupling to a sup-
port at fixed initial temperature, we can safely assume
that ṪR = 0. The specific heat Cw is the specific heat of
the intermediate state, given by [5],

Cw(H,Tw) = xNCN (Tw)+(1−xN )CS(Tw)+CLatV (H,Tw),
(6)

where

CLatV (H,Tw) = (TwH/µ0nH
3
c (Tw))

× (SNw (Tw, 0)− SSw(Tw, 0))2, (7)

corresponds to the latent heat of the phase transition.
The competing cooling power is,

Pmag =
µ0

n
Tw

dHc(Tw)

dTw
Ḣ. (8)

We treat the electron and phonon temperatures iden-
tical in Eq. (5), since electron-phonon relaxation occurs
much faster compared to adiabatic magnetization, which
is a slow process. Under this assumption, here Pload ac-
counts for a small heating contribution from thermal con-
tacts by treating them as hot-spots, where lattice temper-
ature is approximately constant in the immediate neigh-
borhood of the contact [17]. The heating power at each
contact varies as

Pct ' ΣVct(T
q
i − T

q
L), (9)

where to a good approximation, the dissipation is caused
due to electron-phonon scattering at the contact (which
sets q = 5), with the phonon /lattice temperature in
the neighborhood of the contact held fixed at the ini-
tial equilibrium temperature Ti. The volume Vct of the
thermal hot-spot at the contact is modeled as a sphere
of radius rct. Here Σ = 2 × 109 WK−5m−3 is the elec-
tron phonon coupling constant for Cu. In simulations,
we consider two such hot-spots with rct ∼ 600 nm each,
accounted by Pload. This adds only a maximum heating
contribution of nearly 1 pW at Ti = 200mK, ∼ 0.03 pW
at Ti = 100mK and ∼ 1 fW at 50mK, which are much
smaller compared to the respective cooling powers in the
nW range (see Fig. 3). The heating contribution further
drops down with the ambient temperature Ti, set by the
lowest temperature achievable in a dilution fridge. In
each of the cooling curves in Fig. 3(b), we assume that
our refrigerator begins to function from different ambient
cold temperatures Ti achieved in a dilution fridge, and
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the contacts are in thermal equilibrium at this ambient
temperature, Ti.

The working substance can heat up due to eddy
currents introduced by the magnetic field B =

µ0xN (Tw, t)Hc(Tw) varies as Peddy(t) = A2Ḃ2

Rw
, where A

is the area which the normal component of the field is
passing through, and Rw is the bulk resistance of the
working substance. Eddy current effects can be reduced
by a factor ∝ 1

N2
w

, by subdividing the bulk into Nw thin

sheets. We assume Nw ∼ 102 in the simulations. Note
that such a laminar formation occurs naturally in the
effective description of the intermediate state where the
metal and superconducting phases coexist with alternat-
ing thin strips of metal and superconducting phases, and
the magnetic field lines pass only through the normal
phase [18].

The quasiparticle power (energy exchange per unit
time) transported between two normal metals is,

P qpN1,N2
=

2

e2R

∫ ∞
0

E dE(F1(TL)−F2(Tw))

=
1

e2R
π2k2

B

6
(T 2
L − T 2

w). (10)

Here F(T ) is the Fermi-Dirac distribution at tempera-
ture T , kB is the Boltzmann constant, and R = Rs

A is
the normal state resistance of the junction. The specific
resistance Rs is assumed to be 2MΩµm2, and identical
for both the junctions. As expected, good energy transfer
is found (going as a power law of the temperature differ-
ence) because of the density of states-matching of the
two normal metals. The maximum cooling power pro-
vided by the junction can be calculated from Eq. (10).
As noted previously, maximum cooling power is obtained

when TL = Ti = TH , and Tw =
T 3
H

T 2
∗

. Substituting, we ob-

tain

P c
max =

γ2

e2R α2

π2k2
B

6
t2H(1− t4H). (11)

Using the parameters mentioned in the caption of

Fig. 2 (c), we obtain T∗ =
√

γ2
α2

= 11.6K for Tantalum.

For a specific resistance Rs = 2MΩµm2, a 10cm×10cm
contact has resistance R = 2× 10−4Ω, yielding the cool-
ing power at 10mK nearly equal to 6 nW. Further maxi-
mizing P c

max over tH we obtain the optimal point of oper-
ation tmax

H = 1
31/4 ' 0.76. Since our refrigerator operates

below the critical temperature Tcw of the working sub-
stance, the optimal point of operation is achievable if

tcw =
Tcw

T∗
> tmax

H , i.e., when

0.746
∆2

kB

(
α2

γ2

) 1
2

> 1, using kBTc =
∆

1.764
(12)

from the BCS theory [19]. The ideal refrigerator sketched
in Fig 2(c) has a COP = 1.65 at this optimal point.
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FIG. 3. (a) Repeated cooling cycles of a junction refrigera-
tor [see Fig. 2(c)], starting from 100mK. Temperature of the
working substance (blue, oscillating), the temperature vari-
ation of the substrate (orange, steady decrease with oscilla-
tions <1mK), and temperature of the hot reservoir (green) are
shown in the figure. (b) Refrigeration action starting from
different initial temperatures 0.2K, 0.1K, 0.05K and 10mK,
which is the base temperature of a dilution fridge. The op-
erating power of the refrigerator for these initial tempera-
tures are 25 nW, 6 nW, 1.5 nW and 0.06 nW respectively,
for a 1cm×1cm interface. For each case, we assume that the
hot and cold reservoirs, and the working substance are in
thermal equilibrium such that their temperatures are iden-
tical before the refrigerator is turned on. (c) The applied
magnetic field profile [same form for different realizations,
H(t) = (1 − n)Hc(Ti) + (Hc(0) − (1 − n)Hc(Ti)) tanh(t/τ)
until t = 4τ , and then reduced symmetrically], and (d) varia-
tion of the fraction of normal metal in the working substance
during repeated cooling cycles of a junction refrigerator, for
Ti = 100mK.

Similarly, the quasiparticle power exchange between a
normal metal and a superconductor is given by,

P qpN1,S2
=

2

e2R

∫ ∞
∆2

E dE
E√

E2 −∆2
2

(F1(TL)−F2(Tw))

' 2

e2R

[(
∆2

2K0

[
∆2

kBTL

]
+ ∆2kBTLK1

[
∆2

kBTL

])
−
(

∆2
2K0

[
∆2

kBTw

]
+ ∆2kBTwK1

[
∆2

kBTw

])]
. (13)

Here ∆2 is the energy gap of S2, and K0,1(x) are modi-
fied Bessel functions of order 0 and 1. A similar relation
can be found for P qpN2,S3

. In pursuing the integrals, we
have assumed low temperatures such that the integrals
are effectively approximated using Laplace transforma-
tions. For large ∆2/kBTL,w, the asymptotic expansion

of Bessel function, Kn(x) ∼ e−x
√
π/2x, insures an expo-

nential cut-off of the transport between the N/S junction,
acting as the desired switch.

The heat exchange between the two superconducting
elements has two contributions, the quasiparticle power
exchange, P qpS2,S3

and a term depending on the Josephson
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phase, φ = φR − φw, PφS2,S3
[20, 21]. Here φR, φw

are respectively the phase of the supercondcuting BCS
wavefunctions of R and w. The quasiparticle tunneling
power across the S2/S3 junction is approximated [22],

P qpS2,S3
' 1

e2R

√
2π∆

5/2
3√

∆2
3 −∆2

2

(√
kBTwe

−∆3/(kBTw)

× cosh

(
~φ̇

2kBTw

)
−
√
kBTRe

−∆3/(kBTR)

)
, (14)

where we have assumed that the difference ∆3 − ∆2 is
much bigger than the thermal energies of quasiparticles
which help reduce the back-flow of heat from the reser-
voir to the working substance. The magnitude of the φ
dependent term is always smaller than P qpS2,S3

and is given

by PφS1,S2 = −∆2/∆3P
qp
S2,S3

cosφ [22]. In the examples
considered, we have taken Tcw = 4.48K for Tantalum,
TcR = 9.29K for Niobium. The refrigerator operates be-
low 0.1 Tcw in the examples presented, where the super-
conducting gap remains constant at its zero temperature
value. In Fig. 3, we have set φ = 0, and φ̇ = 0. In general,
the relative phase between the superconductors provides
another control knob in the problem, and is significant
in determining the cooling power when the magnetizing
cycles are applied faster than the thermal relaxation time
of the Josephson junction [23, 24].

Discussions – We proposed a cyclic superconducting
refrigerator using the principle of adiabatic magnetiza-
tion of a superconductor. The refrigerator action is simi-
lar to a conventional kitchen refrigerator. Here, the work-
ing fluid is the electron gas in a superconductor switching
between normal (expanded) and superconducting (com-
pressed) states in an applied magnetic field. Substantial
cooling down of a substrate is predicted, as depicted in
Fig. 3(b) for different equilibrium initial temperatures of
the refrigerator. Although we discussed a refrigeration
scheme in which conventional s-wave superconductivity
and the BCS description holds, we note that similar adia-
batic cooling effects can be achieved in high-temperature
superconductors as well. For example, cooling by adia-
batically increasing the super-current in a high temper-
ature superconductor has been studied by Svidzinsky in
Ref. [25], which could be an alternate way of achieving
single shot adiabatic cooling with superconductors [5].
It should be noted that a high temperature supercon-
ductor may increase the operating temperature of the
refrigerator, but cooling down a normal metal may still
be more efficient in the low temperature regime, as the
phonon entropy (∝ T 3), and electron phonon scattering
(∝ T 5) starts to dominate at high temperatures, effec-
tively nullifying any cooling effect in the normal metal
from electron-mediated transport phenomenon at the in-

terface.
We conclude by noting that many variations of our

proposal are possible. For example, if another set of
metal/superconductor junctions is placed on the other
side of the metal to be cooled, then out-of-phase double-
action refrigeration is possible, where one side continues
to cool the metal down while the other side is heating up
and ejecting its excess heat. Our solid state refrigeration
technique can be very effective for achieving significant
cooling in superconducting circuits, and for applications
such as superconducting single photon detectors [26] and
sensors [27].
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Appendix A: Alternative implementation schemes
for the refrigerator

Here we propose two alternative implementation
schemes for the refrigeration protocol discussed in the
letter. Both use a suspended membrane to reduce the
Kapitza coupling in order to inhibit phonon thermal
transport between interfaces (See Fig. 4).

The Kapitza coupling for an interface between materi-
als j and k, with phonon temperatures Tphj

and Tphk
is

given by [14–16],

Pphj ,phk
= KA(T 4

phj
− T 4

phk
), (A1)

where A is the area of the interface, and K is the
coupling ∼ 200 W m−2 K−4, for typical metal interfaces.
We stress that in general, different temperatures for elec-
trons and phonons can be investigated in this scheme,
as marked in the figures. Negligible Kapitza coupling,
and fast electron-phonon interaction relative to the adi-
abatic magnetization process ensures that we can essen-
tially treat the electron/phonon temperatures the same
during the quasi-static operation of the refrigerator, as
described in Eq. (5) of the main text.
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