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Attojoule Calorimetry of Mesoscopic Superconducting Loops
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We report the first experimental evidence of nontrivial thermal behavior of the simplest mesoscopic
system—a superconducting loop. By measuring the specific heat C of an array of 450 000 noninteracting
aluminum loops with very high accuracy of ~20 fJ/K, we show that the loops go through a periodic
sequence of phase transitions (with a period of an integer number of magnetic flux quanta) as the magnetic
flux threading each loop is increased. The transitions are well described by the Ginzburg-Landau theory
and are accompanied by discontinuities of C of only several thousands of Boltzmann constants k.
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Halfway between microscopic and macroscopic worlds,
mesoscopic systems are known to exhibit a series of unique
phenomena which disappear on smaller as well as on larger
scales (see Refs. [1-3] for review): oscillations of transi-
tion temperature in thin superconducting cylinders [4],
magnetic flux quantization [5], magnetoresistance oscilla-
tions [6], persistent currents [7], etc. The study of these
phenomena is becoming increasingly important because
mesoscopic, several nanometers in size, elements are the
base of this century’s electronics and are likely to revolu-
tionize many areas of human activity, such as medicine,
biotechnology, and information processing [2,3,8].
Although the electric transport in mesoscopic systems
has been mainly studied during the past 20 years, the
thermal transport has also attracted some attention very
recently [9,10]. Yet, very little is known about the thermo-
dynamic and thermal behavior of mesoscopic systems (i.e.,
behavior of their entropy, specific heat, etc.). Meanwhile,
thermodynamics of nanostructured systems, new phase
transitions intrinsic for them [11,12], the energies needed
for their heating, the heat released when the system
changes its state, will certainly be important in numerous
future applications of nanoelectronic devices [8].

In the present Letter we report highly sensitive specific
heat measurements performed on the simplest mesoscopic
system—a superconducting loop of size comparable to the
superconducting coherence length £(T) in a magnetic field.
We show that even this simple system exhibits behavior
that differs substantially from that observed in macro-
scopic superconductors. More precisely, we observe mul-
tiple phase transitions between states with different
numbers of magnetic vortices in the increasing magnetic
field, accompanied by discontinuities of the specific heat as
small as only a few thousands of k. These mesoscopic
phase transitions are due to the entrance of superconduct-
ing vortices into the sample and have recently been ob-
served in superconducting loops similar to ours by
susceptibility measurements [13] and by Hall magneto-
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metry [14,15]. Similar phenomena have been demonstrated
to exist in mesoscopic disks [16,17].

Our sample is composed of 450 thousand nominally
identical, noninteracting [18] aluminum square loops
(size = 2 pum, w = 230 nm arm width, d = 40 nm thick-
ness, separation of neighboring loops = 2 um, total mass
of the sample m = 80 ng), patterned by electron beam
lithography on a suspended sensor composed of a very
thin (4 pum thick) silicon membrane and two integrated
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FIG. 1. (a) The suspended attojoule thermal sensor. The cop-
per heater and the NbN thermometer can be distinguished in the
upper and in the lower parts of the silicon membrane, respec-
tively. The mesoscopic samples are deposited on the surface of
the sensor between the heater and the thermometer by e-beam
lithography. (b) Scanning electron microscope (SEM) image of
the array of superconducting loops. (c) SEM image of a single
aluminum superconducting loop.
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transducers: a copper heater and a niobium nitride ther-
mometer [20] (see Fig. 1). The setup is cooled below the
critical temperature 7. of the superconducting transition by
a *He cryostat, and then its specific heat is measured by ac
calorimetry. The technique of ac calorimetry consists in
supplying ac power to the heater, thus inducing tempera-
ture oscillations of the thermally isolated membrane and
thermometer [20]. For the operating frequency in the
middle of the “adiabatic plateau” [20] (in our case, the
frequency of temperature modulation is f = 250 Hz), the
temperature of the system ‘“‘sensor + sample” follows
variations of the supplied power in a quasiadiabatic man-
ner, allowing measurements of the specific heat C with a
resolution of 8C/C =5 X 1073 for signal integration
times of the order of 1 min. This makes it possible to
measure variations of the specific heat as small as
10 fJ/K (which corresponds to several thousands of kg
per loop), provided that the specific heat of the sensor
(silicon membrane, heater, and thermometer) is reduced
to about 10-100 pJ/K. Since the temperature oscillates
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FIG. 2. Specific heat data at (a) 7T =105K and
(b) T = 1.00 K. The right vertical axis shows the specific heat
normalized by its jump AC at the critical field H ~20 mT
where the transition to the normal state takes place (only a
part of the jump is shown in the figure). For these measurements,
the current through the heater is 4 wA and the current through
the thermometer is 0.1 wA. The amplitude of temperature os-
cillations measured at the thermometer is about 5 mK. When the
magnetic field is varied, clearly seen oscillations of C appear
with periodicity of 0.58 mT. This corresponds to the quantum of
magnetic flux @, threading a square of 1.89 wm side. (c) Fourier
transform of the signal at T = 1.00 K. The peak at 1/H =
1.72 mT~! corresponds to the periodicity of 0.58 mT seen in
the data.

with a typical amplitude of a few mK, our experimental
apparatus can detect energy exchanges of only a few aJ at
the lowest temperature of 0.6 K used in our experiments.

In the absence of magnetic field, a discontinuity of the
specific heat is observed at 7, = 1.2 = 0.02 K, corre-
sponding to the superconducting transition of the sample.
Once the sample is in the superconducting state, we keep
the temperature constant and turn on the magnetic field H
directed perpendicular to the loops’ planes. The field is
then varied very slowly (a typical run from O to 20 mT
takes 10 h), and the specific heat C of the sample is
measured for each value of H. Close to T, (above T =
0.93T.) C exhibits monotonic behavior with H without any
detectable regular fine structure, whereas below 7 =
0.93T. we observe oscillations of C(H) with a period of
approximately 0.58 mT (see Fig. 2). The field H ~ 20 mT
destroys superconductivity and produces a large jump AC
of the specific heat. The periodic character of specific heat
variations is even more evident when looking at the Fourier
transform of the data [see Fig. 2(c)] exhibiting a well-
defined peak at 1/H =~ 1.72 mT~!. The observed period
of oscillations of 0.58 mT corresponds to the magnetic flux
quantum @, = 2.07 X 10715 Wb through a square of
1.89 um side, which is roughly the size of our loops. At
the same time, the amplitude of oscillations ~50 fJ/K
corresponds to specific heat variations of ~0.1 aJ/K
(=7500kp) per loop. A similar, periodic with the external
magnetic field H, behavior of the magnetization M of
superconducting loops and disks has been recently re-
ported in Refs. [15,16]. From these measurements, oscil-
lations of C versus H can be anticipated by using the
Maxwell relation: 9C/dH « 9>M/0T?, suggesting that
periodicity of C with H is a signature of the entrance of
vortices into the mesoscopic sample.

A detailed description of the oscillations of C with
magnetic field can be obtained in the framework of the
Ginzburg-Landau (GL) theory of superconductivity [21].
We consider a circular loop of the same average perimeter
as the actual square loop and assume the GL coherence
length at zero temperature £(0) = 0.15 pm, corresponding
to the mean free path € =~ 20 nm measured independently.
At a given magnetic flux @ threading the loop, the super-
conducting order parameter takes the form (r) = f,(p) X
exp(ing), where the vorticity n is a number of “giant”
magnetic vortices in the loop and we use cylindrical coor-
dinates with the z axis perpendicular to the plane of
the loop. The specific heat of the loop C =
—T(0>F[(r)]/0T?), where F[i(r)] is the GL free-energy
functional, is shown in Fig. 3(a) by dashed lines for differ-
ent values of vorticity n and for T = 0.957T,. As follows
from the figure, several values of vorticity are possible at a
given value of ®. In the thermodynamic equilibrium, the
transitions between the states with vorticities n and n + 1
(so-called ‘“‘giant vortex states””) occur at & =
(n + 1/2)d,, which minimizes the free energy and makes
the specific heat to follow the lowest of curves correspond-
ing to different n in Fig. 3. This results in oscillations of
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FIG. 3. Specific heat of a superconducting loop computed from
the numerical solution of the Ginzburg-Landau equation in the
increasing magnetic field and for three different temperatures
(solid lines). Dashed lines correspond to states with constant
vorticities (n = 0, 1, 2, ..., from left to right). ® is the magnetic
flux threading the loop, @, is the magnetic flux quantum, the
curves are normalized by the discontinuity AC of specific heat at
the superconducting-to-normal transition that takes place at
(2) /Dy =~ 14.5, (b) /D = 34.0, and (c) /D, = 44.0.

C(P) with a period of ®,, in agreement with the experi-
ment. The amplitude of oscillations decreases when T
approaches T,, and hence the oscillations are likely to be
masked by noise at T close to 7., which explains why we
did not succeed to observe any regular fine structure in C at
T > 0.93T,.

It is, however, not clear if during the experiment the
superconducting loops always remain in the thermody-
namic equilibrium as the magnetic field is varied. Once
the flux ® surpasses (n + 1/2)®d,, the giant vortex state n
becomes metastable and, although a state with lower en-
ergy (n + 1 state) exists, the latter is separated from the
former by an energy barrier that can take a long time for the
system to overcome [13,17]. As ® is further increased, the
height of the barrier decreases and finally the barrier
vanishes. The state n then becomes unstable and one
more giant vortex enters into the loop. To model this
situation, we solve the GL equation for #(r) by increasing
the flux @ in small steps and using the previous-step
solution as a starting point of our relaxation-type algo-
rithm. The resulting dependence of the specific heat on
the flux exhibits discontinuities at values of ® where giant
vortices enter into the loop. The discontinuities are sepa-
rated by A® = ®, and the curve C(®P) has a characteristic
asymmetric triangular shape [solid line in Fig. 3(a)]. Since

no unambiguous signature of such a shape is observed in
the experimental data of Fig. 2, we conclude that at not too
low temperatures (at least, above 7 = 0.9 K) our system
always remains close to the thermodynamic equilibrium.
This is probably due to the electromagnetic and thermal
noises which provide sufficient energy for the system to
overcome energy barriers between states with different
vorticities well before one of the states becomes unstable.

The maximum number of giant vortices that can be
hosted by a loop of radius R and arm width w < &(T)
can be found to be n,,,, = /3R2/w&(T), yielding the field
H,.x at which oscillations of C should stop: H,, =
3P,/ mwé(T). Our experiments show that the loop can
remain superconducting up to H slightly exceeding H .,
but the periodicity of C with H is lost beyond H,,,;.

To study the behavior of superconducting loops at lower
temperatures [and hence at smaller coherence lengths
&(T)], we performed the measurements of the specific
heat at 7 = 0.85 and 0.7 K (see Fig. 4). In contrast to
Fig. 2, discontinuities of C are now clearly seen, testifying
that the loops do not remain in thermodynamic equilibrium
and explore metastable states. Another difference with
Fig. 2 is that the periodicity of the signal is now a multiple
of ®y: AP =20, at T=0.85K and AP =3P, at
T =0.7K. Such “multiple flux jumps” or “flux ava-
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FIG. 4. Specific heat data at lower temperatures:

(@) T = 0.85 Kand (b) T = 0.7 K. The right vertical axis shows
the specific heat normalized by its jump AC at the critical field
where the transition to the normal state takes place. At T =
0.85 K, the periodicity of 2 X 0.58 mT (2®, in terms of mag-
netic flux) is observed, whereas at 7 = 0.7 K (and at lower
temperatures, down to 7 = 0.6 K) the periodicity of 3 X
0.58 mT (3®,) dominates. The insets show the Fourier trans-
forms of the data for 0 < H < 16 mT and 20 < H < 28 mT with
dominant components peaked at 1/H = 0.57 mT~! and 1/H =
1.72 mT~!, respectively. Note the existence of higher harmonics
due to the triangular shape of the signal at low field.
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lanches™ are signatures of simultaneous entrances of sev-
eral (2 or 3) giant vortices into the loop and can be
considered as nonequilibrium phase transitions between
states with n and m > n + 1 giant vortices. Such transi-
tions are also predicted by the GL theory [Figs. 3(b) and
3(c)] and have been recently observed in mesoscopic sys-
tems similar to ours by using the ballistic Hall micromag-
netometry [14—16]. Note that although the observed jumps
of specific heat are rather sharp, their width 6® ~ 0.1d, is
finite. This is due to slightly fluctuating geometric parame-
ters of the loops, which therefore exhibit transitions be-
tween different giant vortex states at slightly different
values of the applied magnetic field. Mutual inductance
effects are expected to increase 6P [19]. It is worthwhile to
note that the discontinuities §C of C following from the
theory are systematically larger than the measured ones,
but both the theory and the experiment yield very similar
results for 6C normalized by the large discontinuity AC
observed at the transition of the sample to the normal state
(see Fig. 4 for the definitions of §C and AC). §C/AC is
typically several percent for T close to T, but increases to
~25% for T = 0.7 K.

The data of Fig. 4 have been obtained for the magnetic
field sweep rate of 2 mT/h, a 10 times faster run yielded
identical results. However, for a 10 times slower field
sweep, the finite lifetime of metastable states starts to
play an important role, leading to a more complicated
behavior of C(H) (alternating &, 2d,, and 3P, jumps),
which is a subject of ongoing study. The multiple flux
jumps can be understood by studying the stability of the
state with vorticity n with respect to an admixture of a state
with a different vorticity m > n. In the increasing magnetic
field, the instability first occurs for m =~ n + R//2&(T),
favoring typical flux jumps m —n =1 for T close to T,
when &(T) is large and R/&E(T) ~ 1, and m —n>1 at
lower temperatures, when &(T) decreases and R/&(T) >
1. The multiple flux jumps are observed only in magnetic
fields below H =~ 18 mT, whereas at larger fields and up to
H .« the single flux jumps are recovered [see the insets of
Fig. 4(b)], in agreement with magnetic measurements [14].
Theoretical curves also show the tendency to smaller pe-
riodicity [A® = 2® instead of AD = 3P in Fig. 3(c)] at
high magnetic fields.

In conclusion, the specific heat of mesoscopic super-
conducting loops is an oscillatory function of the external
magnetic field and exhibits discontinuities (jumps) at the
vortex entrance. Vortices enter an isolated loop one, two, or
three at a time, depending on the temperature at which the
experiment is performed. Definitely, the possibility of
measuring the specific heat of nanoscale objects with
very high accuracy opens quite interesting prospects in
the field of mesoscale and nanoscale thermodynamics of
superconducting as well as normal materials.

We acknowledge the valuable help from the Pole de
Biothermique et de Nanocalorimétrie (J.-L. Garden, E.

André, and P. Lachkar). We thank R. Maynard and G.
Deutscher for discussions, and P. Brosse-Maron, T.
Fournier, and Ph. Gandit for their help.

*Electronic address: Olivier.Bourgeois @ grenoble.cnrs.fr

[1] Mesoscopic Phenomena in Solids, edited by B.L.
Altshuler, P.A. Lee, and R.A. Webb (North-Holland,
Amsterdam, 1991).

[2]1 Y. Imry, Introduction to Mesoscopic Physics (Oxford
University Press, Oxford, 2002).

[3] New Directions in Mesoscopic Physics (Towards
Nanoscience), edited by R. Fazio, V.F. Gantmakher, and
Y. Imry (Kluwer Academic Publishers, Dordrecht, 2003).

[4] W.A. Little and R. D. Parks, Phys. Rev. Lett. 9, 9 (1962).

[5] D.Yu. Sharvin and Yu.V. Sharvin, JETP Lett. 34, 272
(1981).

[6] R.A. Webb, S. Washburn, C.P. Umbach, and R.B.
Laibowitz, Phys. Rev. Lett. 54, 2696 (1985).

[7]1 L.P. Lévy, G. Dolan, J. Dunsmuir, and H. Bouchiat, Phys.
Rev. Lett. 64, 2074 (1990).

[8] Springer Handbook of Nanotechnology, edited by B.
Bhushan (Springer-Verlag, Berlin, 2004).

[9] K. Schwab, E.A. Henriksen, J. M. Worlock, and M.L.
Roukes, Nature (London) 404, 974 (2000).

[10] M.L. Roukes, Physica (Amsterdam) B263, 1 (1999).

[11] P. Singha-Deo, J. P. Pekola, and M. Manninen, Europhys.
Lett. 50, 649 (2000).

[12] A. Bezryadin, A. Buzdin, and B. Pannetier, Phys. Rev. B
51, 3718 (1995).

[13] X. Zhang and J.C. Price, Phys. Rev. B 55, 3128 (1997).

[14] S. Pedersen, G.R. Kofod, J.C. Hollingbery, C.B.
Sorensen, and P.E. Lindelof, Phys. Rev. B 64, 104522
(2001).

[15] D.Y. Vodolazov, F. M. Peeters, S.V. Dubonos, and A. K.
Geim, Phys. Rev. B 67, 054506 (2003).

[16] A.K. Geim, I. V. Grigorieva, S. V. Dubonos, J.G.S. Lok,
J.C. Maan, A.E. Filippov, and F.M. Peeters, Nature
(London) 390, 259 (1997).

[17] B.J. Baelus, F. M. Peeters, and V. A. Schweigert, Phys.
Rev. B 63, 144517 (2001).

[18] Although the interloop interaction can lead to interesting
phenomena when the mutual inductance of neighboring
loops is deliberately maximized by placing the loops very
close to each other [19], we do not expect it to affect our
results significantly because for our sample the mutual
inductance (=~ —20 fH) is much smaller than the self-
inductance (=5 pH), the mutual magnetic flux always
remains much smaller than ®(, and the energy of mag-
netic interaction between loops is much smaller than the
free energy of a single loop.

[19] D. Davidovic et al. Phys. Rev. Lett. 76, 815 (1996); Phys.
Rev. B 55, 6518 (1997).

[20] F. Fominaya, T. Fournier, P. Gandit, and J. Chaussy, Rev.
Sci. Instrum. 68, 4191 (1997).

[21] M. Tinkham, Introduction to Superconductivity (Dover,
New York, 2004), 2nd ed.

057007-4



