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We consider the mesoscopic normal persistent current (PC) in a very low-temperature superconductor
with a bare transition temperature T0

c much smaller than the Thouless energy Ec. We show that in a rather
broad range of pair-breaking strength, T0

c & @=!s & Ec, the transition temperature is renormalized to
zero, but the PC is hardly affected. This may provide an explanation for the magnitude of the average PC’s
in the noble metals, as well as a way to determine their T0

c ’s.
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Introduction.—The magnitude of the equilibrium aver-
aged persistent currents (PC’s) [1,2] in normal metals has
been a long-standing puzzle. Experiments [3–5] produce a
current larger by at least 2 orders of magnitude than the
theoretical prediction for noninteracting electrons [6–8]
and seem to indicate that the low-flux response is diamag-
netic. The average PC of a diffusive system with interac-
tions was calculated first in this connection [9] in
Refs. [10,11]. The resulting PC was found to be much
larger than that of a noninteracting system, but nevertheless
not large enough to explain the experiments.

Repulsive electron-electron interactions [11] result in a
paramagnetic response (at small magnetic fluxes) whose
magnitude is smaller than the experiment by about a factor
of 5. This disagreement is due to the downward renormal-
ization of the interaction [12,13]. Attractive interactions
[10] result in a diamagnetic response, whose magnitude
(due to the very low superconducting transition tempera-
ture), is again smaller by a factor of order five than the
measured one. This is in spite of the renormalization up-
ward of the attractive interaction. Attractive interactions, at
low energies, imply (with no pair breaking) a transition
into a superconducting state, and the PC of such an inter-
acting system depends on its transition temperature. These
temperatures are very low [14] for the noble metals used in
the PC experiments—hence the too small predicted values
for the PC.

Here we consider attractive interactions. We show that
the presence of a very small amount of pair breakers, e.g.,
magnetic impurities (which seem to be very difficult to
avoid in these metals [15]), may change the picture pro-
foundly. Obviously, one may consider other pair breakers,
such as a two-level systems [16] or simply a magnetic field
[17]. In this Letter we treat specifically the case of mag-
netic impurities. We find that within a significant range of
the pair-breaking strength, the magnetic impurities sup-
press the transition temperature down to immeasurable
values, leaving concomitantly the PC almost unchanged.

The physical reason for this remarkable observation is that
the PC is determined by the interaction on the scale of the
Thouless energy Ec ! @D=L2 ("20 mK for a typical ex-
perimental system), while the bare transition temperature,
T0
c , is much smaller. (The circumference of the ring is

denoted by L and D is the diffusion coefficient.) This gives
rise to a rather wide range of pair-breaking strengths,
presented here by the spin-scattering time !s,

 T0
c & @=!s & Ec; (1)

in which the actual transition temperature Tc will drop to
zero [18], but the PC will be hardly affected. As a result, it
is the bare transition temperature of the system without the
magnetic impurities, T0

c , as opposed to Tc, which domi-
nates the expression for PC, see Fig. 1. We conclude here
[19] on the experimental results of Ref. [3]. In order to
explain them, it is necessary to assume a T0

c in the 1 mK
range for copper. Our basic assertion is that this may
indeed be the correct order of magnitude of T0

c for ideally
clean copper, but that it is knocked down to zero or to a
very low value by a minute, &ppm, amount of unwanted
[15] pair breakers. We emphasize, however, that our result
concerning the fundamentally different sensitivities of Tc
and PC to pair breaking in the range given by Eq. (1),
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FIG. 1. The first flux harmonic [m ! 1; see Eq. (2)], in units of
I#s ! 0$, of the PC at T ! Ec (full line) and Tc=T0

c (dashed line)
as functions of the pair-breaking strength, s ! 1=#"T0

c!s$, dis-
played on a logarithmic scale.
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Field Dependence of the Electron Spin Relaxation in Quantum Dots
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The interaction of the electron spin with local elastic twists due to transverse phonons is studied. The
universal dependence of the spin-relaxation rate on the strength and direction of the magnetic field is
obtained in terms of the electron gyromagnetic tensor and macroscopic elastic constants of the solid. The
theory contains no unknown parameters and it can be easily tested in experiment. At high magnetic field it
provides a parameter-free lower bound on the electron spin relaxation in quantum dots.

DOI: 10.1103/PhysRevLett.95.166603 PACS numbers: 72.25.Rb, 73.21.La

The relaxation of the electron spin in solids is a funda-
mental problem that has important applications. Among
them are electron spin resonance and quantum computing.
In a semiconductor quantum dot the relaxation time for the
electron spin is determined by its interaction with phonons,
nuclear spins, impurities, etc. While impurities and nuclear
spins can, in principle, be eliminated, the interaction with
phonons cannot. Thus, spin-phonon interactions provide
the most fundamental upper bound on the lifetime of
electron spin states. The existing methods of computing
electron spin-phonon rates in semiconductors rely upon
phenomenological models of spin-orbit interaction; see,
e.g., Refs. [1–10]. These models contain unknown con-
stants that must be obtained from experiment. In the mean-
time, as was noticed more than 50 years ago by Elliot [11]
(see also Ref. [12]), the spin-orbit coupling in semicon-
ductors determines the difference of the electron g factor
from the free electron value of g0 ! 2:0023. The question
then arises whether the effect of the spin-orbit coupling on
spin-phonon relaxation can be expressed via the difference
between the electron gyromagnetic tensor g!" (!;" !
x; y; z) and the vacuum tensor g0#!". Since g!" can be
measured independently, this would enable one to compare
the computed relaxation rates with experiment without any
fitting parameters. In this Letter we show that this, indeed,
can be done under certain reasonable simplifying
assumptions.

The Zeeman interaction of the electron with an external
magnetic field, B, is given by the Hamiltonian

Ĥ Z ! "$Bg!"s!B"; (1)

where $B is the Bohr magneton and s ! %=2 is the di-
mensionless electron spin, with %! being Pauli matrices.
One can choose the axes of the coordinate system along the
principal axes of the tensor g!". Then g!" is diagonal,

g!" ! g!#!"; (2)

represented by three numbers, gx, gy, and gz, that can be
directly measured. Perturbation of Eq. (1) by phonons has

been studied in the past [3,4,6] by writing all terms of the
expansion of g!" on the strain tensor, u!", permitted by
symmetry. This gives spin-phonon interaction of the form
A!"&#u!"%&B# with unknown coefficients A!"&#. To
avoid this uncertainty, we limit our consideration to local
rotations generated by transverse phonons. The argument
for doing this is threefold. First, the rate of the transition
accompanied by the emission or absorption of a phonon is
inversely proportional to the fifth power of the sound
velocity [13]. Since the velocity of the transverse sound
is always smaller than the velocity of the longitudinal
sound [14], the transverse phonons must dominate the
transitions. Second, for a dot that is sufficiently rigid to
permit only tiny local rotations as a whole under an arbi-
trary elastic deformation, the emission or absorption of a
quantum of the elastic twist will be the only spin-phonon
relaxation mode. Third, we notice that interaction of the
electron spin with a local elastic twist generated by a
transverse phonon does not contain any unknown con-
stants. Consequently, it gives a parameter-free lower bound
on the electron spin-relaxation rate.

The angle of the local rotation of the crystal lattice in the
presence of the deformation, u#r$, is given by [14]

#! ! 1

2
r% u; (3)

and the local angular velocity is # _!. The analysis of the
effect of the rotation on the electron spin can be done in the
coordinate frame that is rigidly coupled to the crystal
lattice. In that coordinate frame the effect of the rotation
is twofold. First, it results in the opposite rotation of the
external magnetic field felt by the spin. The correspond-
ing perturbation of the magnetic field is given by #B !
B% #!. Second, the Hamiltonian in the rotating frame
acquires a kinematic term "@s & # _!. The spin-phonon
interaction in the lattice frame (marked by prime) is then
given by

Ĥ0
s"ph ! "@!0 & s;
!0

! ! # _'! ' #$B=@$g!"(B% #!)":
(4)
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Universal Decoherence in Solids
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Symmetry implications for the decoherence of quantum oscillations of a two-state system in a solid
are studied. When the oscillation frequency is small compared to the Debye frequency, the universal
lower bound on the decoherence due to the atomic environment is derived in terms of the macroscopic
parameters of the solid, with no unknown interaction constants.
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The problem of tunneling and coherence in the pres-
ence of dissipation has been extensively studied in the
past; see, e.g., the review of Leggett et al. [1]. In this
Letter we revise the case of quantum oscillations of a
particle (an electron, an atom, or a defect) in a double-
well potential in a solid in the presence of weak dissipa-
tion due to the nonconducting atomic environment. We
demonstrate that all previous works on this subject have
missed two important facts. The first fact is that the
double-well potential formed by the local arrangement
of atoms in a solid is defined in the coordinate frame of
that local atomic environment, not in the laboratory
frame. The second fact is that the interactions of the
tunneling variable with phonons must be invariant with
respect to global translations and rotations. When these
facts are taken into account, a simple universal result for
the decoherence rate can be obtained.

Let the degenerate minima of the double-well potential
be located at the points X0 and !X0 inside the solid. In the
case of weak dissipation, if, at the moment of time t " 0,
the particle is prepared in the state X " X0, then for any
moment t > 0

hX#0$X#t$i " X2
0e

!!t cos#!0t$; (1)

where h% % %i means quantum average, "h!0 " # is the
tunneling splitting, and ! & !0 is the decoherence rate.
When addressing the effect of dissipation one should
answer two questions: (i) how is # renormalized by the
atomic environment? and (ii) what is the value of !? The
answer to the first question requires the precise knowl-
edge of the interactions with the environmental degrees
of freedom. After the latter are integrated out from the
total action [2], # can be computed via the instanton of
the remaining effective action for the tunneling variable
[3,4]. For the Ohmic interactions, # can be nicely ex-

pressed in terms of a single measurable dissipation con-
stant [4]. In this Letter we show that a similar beautiful
result follows for the decoherence due to the super-Ohmic
interactions with phonons. In the limit when !0 is small
compared to the Debye frequency, !D, the decoherence
rate ! can be expressed in terms of measurable constants
of the solid, with no unknown interaction constants.
Similar results for problems involving tunneling of the
angular momentum have been obtained earlier [5,6]. Here
we present a rigorous derivation of the universal expres-
sion for ! due to phonons for an arbitrary double-well
potential in a solid.

The Hamiltonian of the system is

H " 1

2
m _RR02 'U#R$ ' !iklmRiRkulm#R$ ' % % %

'
Z

d3r
!
1

2
" _uu2 ' #iklmuikulm

"

; (2)

where R0 and R are the radius vectors of the particle of
mass m in the laboratory coordinate frame and in the
coordinate frame rigidly coupled with a solid, respec-
tively, U#R$ is the double-well potential, u#r$ is the pho-
non displacement field, uij " 1

2 #@iuj ' @jui$ is the strain
tensor, " is the mass density of the solid, #iklm is the
tensor of elastic coefficients, and !iklm; . . . are coefficients
of the expansion of the long-wave interaction between R
and u into a series on uij. The invariance of the inter-
action with respect to the translation [u#r$ ! u#r$ ' a]
and rotation [u#r$ " !( r] of a solid as a whole rules out
combinations of the forms R % u and R % r( u. All
interaction terms, therefore, must be even in the number
of the spatial components of R. Our result is based, in
part, upon this observation. Another important observa-
tion is that the kinetic energy of the particle depends on
_RR0, while the potential energy depends on R. Substituting
R0 " R' u into Eq. (2), one obtains

H " 1

2
m _RR2 'U#R$ 'm _RR % _uu#R$ ' !iklmRiRkulm#R$ ' % % % '

Z

d3r
!
1

2
)"'m$#r!R$* _uu2 ' #iklmuikulm

"

: (3)

The renormalization of the mass density in Eq. (3) is totally insignificant in the long-wave limit (see below), but the
presence of the effective dynamic interaction, m _RR % _uu, which is linear in the tunneling variable, is absolutely crucial for
our argument.
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New clues in the mystery of persistent currents

By Hélène Bouchiat Laboratoire de Physique des Solides Université Paris-Sud, Bldg. 510, Orsay Cedex,
France 91405Published July 28, 2008

A decade ago, experimentalists showed that persistent currents can flow in nonsuperconducting
mesoscopic metal rings, but there was no theory that correctly explained the magnitude or direction of the
unexpectedly large currents. Theorists are now proposing a simple idea that may at last explain these
results.

A Viewpoint on:

Effect of Pair Breaking on Mesoscopic Persistent Currents Well above the Superconducting
Transition Temperature

H. Bary-Soroker, O. Entin-Wohlman, and Y. Imry

Phys. Rev. Lett. 101, 057001 (2008) – Published July 28, 2008
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Figure 1: Schematic representation of a
persistent current in a mesoscopic metal ring
threaded by a magnetic flux quantum, !. For
rings ~ 1!m in size and at a temperature
T ~ 1K, the flux quantum induces a persistent
current due to the Aharonov-Bohm effect.
Elastic scattering from static impurities (light
blue spheres) does not destroy the phase
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Normal persistent currents

Josephson behavior in small normal one-dimensional 
rings

M. Büttiker, Y. Imry1 and R. Landauer

IBM T.J. Watson Research Center, Yorktown Heights, NY 10598, USA

Received 7 March 1983.  Available online 10 August 2002. 
Abstract

Small and strictly one-dimensional rings of normal metal, driven by an external 
magnetic flux, act like superconducting rings with a Josephson junction, except that 2e 
is replaced by e.
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The Aharonov-Bohm Effect





H!(r) = E!(r)

H = 1
2m

!
!i!"! e

cA
"2

+ V (r)

A = !
L !̂

gauge transformation : !(r) = e
i 2!
!0

R r A·dr!

!̃(r)

!0 = hc/e
!
! !2

2m"
2 + V (r)

"
"̃(r) = E"̃(r)

phase of the wave function
changes by : ! = 2!"/"0

zero temperature; I = !c!E
!!

finite temperature : I = !c!"
!!

Byers and Yang, Phys. Rev. Lett. 7, 46 (1961)
Bloch, Phys. Rev. B 2, 109 (1970)
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 microscopic persistent currents

L. Pauling: “The diamagnetic Anisotropy of Aromatic 
molecules”, J. Chem. Phys. 4, 673 (1936);

F. London: “Theorie Quantique des 
Courants Interatomiques dans les 
Combinaisons aromatiques”, J. Phys. 
Radium 8, 397 (1937);

 molecular scale only, no scattering



the magnitude of normal persistent currents

I ! e

!D

time to encircle the ring!D!

I ! evF

L
clean (ballistic) non-interacting ring

L! circumference ! µm
EF! Fermi energy ! eV

I ! 10!8amp

diffusive non-interacting ringI ! evF!

L2
" eEc

!
Ec =

!D

L2
! Thouless energy

D! Diffusion coefficientCheung, Gefen, Riedel, Phys. Rev. Lett. 52, 587 (1989);
Entin-Wohlman, Gefen, EuroPhys 8, 477 (1989);
Altshuler, Gefen, Imry, Phys. Rev. Lett. 66, 88 (1991); 



Experimental detection of normal persistent currents

measuring the induced magnetic moment

 low enough temperatures, to reduce inelastic scattering-----T<1 K

 short enough circumference to retain phase-coherence-----L is a 
few  micrometers

           magnetic moment of a single ring----- ~100 Bohr magnetons



single-ring experiments

Chandrasekhar, Webb, Brady, Ketchen, Gallagher,  Kleinsasser, 
Phys. Rev. Lett. 67, 3578 (1991) --  single gold ring



Mailly, Chapelier, Benoit, 
Phys. Rev. Lett. 70, 2020 (1993) --  GaAs-AlGaAs ring

single-ring experiments (cont.)



Bleszynski-Jayich, Shanks, Ilic, Harris 
J. Vac. Sci.Tech B 26 (2008)

single-ring experiments (cont.)



a
rX

iv
:0

8
1
0
.4

3
8
4

v
1

  
[c

o
n
d

-m
a
t.

m
e
s-

h
a
ll

] 
 2

4
 O

c
t 

2
0

0
8

Persistent currents in normal metal rings

Hendrik Bluhm,1, ! Nicholas C. Koshnick,1 Julie A. Bert,1 Martin E. Huber,2 and Kathryn A. Moler1, †

1Departments of Physics and Applied Physics, Stanford University, Stanford, CA 94305
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The authors report measurements of the magnetic response of 33 individual mesoscopic gold
rings, one ring at a time, at low temperatures. The response of some su!ciently small rings has
a component that is periodic in the flux through the ring and can be attributed to a persistent
current circulating the ring. Its period is close to h/e, and its sign and amplitude vary from ring
to ring. Including rings without a detectable periodic response, the amplitude distribution is in
good agreement with predictions for the typical h/e persistent current in di"usive metal rings. The
temperature dependence of the periodic component, measured for four rings, is also consistent with
theory. These results disagree with a previous experiment [1] that measured three individual metal
rings and found a much larger response than expected. The measurements were taken using a
scanning SQUID microscope, which enabled in situ measurements of the sensor background. All
measured rings also show a paramagnetic linear susceptibility and a poorly understood anomaly
around zero field, both of which are attributed to unpaired defect spins.

PACS numbers: 73.23.Ra

When a conducting ring is threaded by a magnetic flux
!a, the associated vector potential imposes a phase gradi-
ent on the electronic wave functions, !, that can be trans-
formed into a phase factor in the boundary conditions:
!(L) = ei2!!a/"0!(0), where L is the circumference of
the ring and "0 ! h/e the flux quantum [2]. The h/e pe-
riodicity of this phase factor is reflected in all properties
of the system. Here, we focus on the persistent current
I circulating the ring, which is the first derivative of the
free energy with respect to !a, and thus a fundamental
thermodynamical quantity. For a perfect 1D ring with-
out disorder populated by noninteracting electrons, it is
relatively straightforward to show that I will be of order
evF /L [3], the current carried by a single electron circu-
lating the ring at the Fermi velocity vF . A more advanced
calculation [4, 5] shows that this picture still applies in
the di"usive limit, i.e. for a mean free path le < L. In
this case, I " e/#D is set by the di"usive round trip time
#D = L2/D, where D = vF le/3 is the di"usion constant.
Thermal averaging leads to a strong suppression of the
persistent current at temperatures above the correlation
energy Ec ! !$2D/L2 # !/#D.

Like many mesoscopic e"ects in disordered systems,
the persistent current depends on the particular real-
ization of disorder and thus varies between nominally
identical samples. In di"usive rings, randomness of its
sign leads to an exponentially suppressed ensemble av-
erage of the first, i.e. h/e-periodic, harmonic, $Ih/e% =

12/$2
&

Me"(Ec/"0)e"2L/le , where Me" is the e"ective
number of channels [4]. The typical value in contrast
depends linearly on le for T = 0: [5]

$I2
h/e%

1/2 =
Ec

"0
e"kBT/Ec . (1)

We have not included a factor 2 for spin because our Au

rings are in the strong spin-orbit scattering limit [6, 7].
Higher harmonics are generally smaller because they are
more sensitive to disorder and thermal averaging. How-
ever, due to interactions [8, 9, 10] and di"erences between
the canonical and grand canonical ensemble [9, 11, 12],
$Ih/2e% is expected to be larger than $Ih/e%.

To date, there are very few experimental results on per-
sistent currents, and most measured the total response
of an ensembles of rings [13, 14, 15, 16]. The experi-
ments are considered challenging because persistent cur-
rents can only be measured magnetically and require a
very high sensitivity. Since |$Ih/2e%| ' |$Ih/e%|, the mea-
surements of large ensembles are dominated by $Ih/2e%,
whose contribution to the total current of N rings scales
with N , whereas the contribution from the typical cur-
rent scales with

&
N . The measured values of $Ih/2e%

are somewhat larger than theoretically expected, and the
sign and exact cause of the response are not well under-
stood.

Here, we address $I2
h/e% in di"usive rings by measuring

one rings at a time. The h/e component has been mea-
sured in good agreement with theory [3] in a single ballis-
tic ring [17] and an ensemble of 16 nearly ballistic rings
[18] in semiconductor samples. Measurements of three
di"usive metal rings [1] on the other hand showed peri-
odic signals that were 10–200 times larger than predicted
[5]. Later results on the total current of 30 di"usive rings
[19] showed a better agreement with theory [5], but did
not allow to distinguish between the typical and average
current, which would require individual measurements of
several rings or groups of rings. Thus, there is an unre-
solved contradiction between experiment and theory for
the typical h/e current, the investigation of which is a
major open challenge in mesoscopic physics.

We report measurements of the individual magnetic

single-ring 
experiments 

(cont.)

3

estimated from the susceptibility assuming spin 1/2 [24],
indicate that these spins are di!erent from the magnetic
impurities that often cause excess dephasing [25, 26]. The
linear response of isolated rings varies little below about
150 mK. This indication of a saturation of the electron
temperature is in good agreement with estimates of the
heating e!ect of the 10 µA, 10 GHz Josephson current
in the SQUID pickup loop [27]. The di!erent behavior
of heatsunk and isolated rings shows that the linear sus-
ceptibility reflects the electron rather than phonon tem-
perature, which are weakly coupled at low T .

From now on, we focus on the much smaller nonlinear
response, obtained after eliminating the linear response
(including its out of phase component) by subtracting a
fitted ellipse. We note that the linear component varies
by up to a factor of 2 between nominally identical rings.
Fig. 2(a) shows data from fifteen isolated rings with R
= 0.67 µm. While these raw data are not periodic in
"a, most of them can be described as the sum of a peri-
odic component and a step-like shape near "a = 0. This
anomaly, which we believe to be due to nonequilibrium
e!ects in the spin response, appeared in nearly all mea-
sured rings, and was most pronounced in heatsunk rings
[27]. Motivated by the idea that the spin signal could
be the same for all rings, whereas persistent currents are
expected to fluctuate around a near zero mean, we com-
puted the average of all fifteen datasets and subtracted it
from each individual curve. The results [Fig. 2(b)] show
oscillations that can be fitted with a sine curve of the ex-
pected period for most rings. Datasets 4, 5 and 15 give
better fits with a 30 % larger period, which correspond to
an e!ective radius close to the ring’s inner radius. This
variation of the period may be due to an imperfect back-
ground elimination, but could also reflect a mesoscopic
fluctuation of the e!ective ring radius between its inner
and outer radius. The seemingly much larger period of
datasets 13 and 14 appears to be due to a di!erent mag-
nitude of the zero field anomaly. From the sine curve fits
to 13 datasets, we obtain an estimate for M!I2

h/e"
1/2 of

0.11 µ"0 if fixing the period at the value expected for
the mean radius of the rings, or 0.12 µ"0 if treating the
period as a free parameter. This value agrees with the
theoretical value of 0.12 µ"0 from Eq. 1 for T = 150
mK, which corresponds to !I2

h/e"
1/2 = 0.9 nA for R =

0.67 µm.
We checked the reproducibility of the response over

several weeks without warming up the sample for seven
rings, and found good consistency in five cases. Reducing
the field sweep range from 45 to 35 and 25 G or varying
the frequency between 13 and 333 Hz changed the step
feature, but had little e!ect on the oscillatory component
in the di!erence between the responses of two rings [27].

Out of five measurements of rings with R = 0.57 µm
[27], four gave similar results after subtracting their mean
response as the R = 0.67 µm rings. The rms value of the
fitted sine amplitudes was 0.06 and 0.07 µ"0 for variable

!1 0 1
!

a
/"

0

6

7

8

9

10

!1 0 1
!

a
/"

0

11

12

13

14

15

!1 0 1

0

1

2

3

4

!
a
/"

0

!
S

Q
U

ID
 (
µ
!

0
)

1

2

3

4

5

(b)

6

7

8

9

10

!1

0

1

2

3

4

1

2

3

4

5

!
S

Q
U

ID
 (
µ
!

0
)

(a)

11

12

13

14

15

mean

FIG. 2: (color online). (a) Response of 15 nominally identical
rings with R= 0.67 µm after subtracting the in- and out-of-
phase component of the linear response. The curve labeled
“mean” is the average of datasets 1-15. (b) Results of sub-
tracting this mean from datasets 1-15 in (a). The smooth lines
are sinusoidal fits (including a linear background term) with
fixed (red/dark) and fitted period (green/light). Datasets
13 and 14 were excluded from the analysis because of their
stronger zero field anomaly. The rms amplitude estimated
from the fixed and variable period fits corresponds to a cur-
rent of 0.8 and 0.9 nA, respectively, in agreement with the
expected value of !I2

h/e"
1/2.

and fixed period, respectively. A fifth ring was excluded
from this analysis because it had a significantly larger
zero field anomaly. Data from additional three rings were
rejected because of a large variation of the sensor back-
ground that was not connected with the rings.

We have also measured eight isolated rings with R = 1
µm, which are expected to give a smaller signal because
of their smaller Ec of 170 mK and stronger heating from
the SQUID [27]. The magnitude of the zero-field anomaly
seen in these rings varies significantly, so that the mean
subtraction procedure cannot fully remove it. One of
these rings shows a sinusoidal signal with a period of 1 to
1.15 !0 and an amplitude of up to 0.1 µ"0, however with
a poor reproducibility. Fitting sine curves, regardless of
the absence of clear oscillations in data from the other
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We have measured a diamagnetic persistent current with flux periodicities of both h!e and h!2e in an
array of thirty diffusive mesoscopic gold rings. At the lowest temperatures, the magnitudes of the currents
per ring corresponding to the h!e- and h!2e-periodic responses are both comparable to the Thouless
energy Ec " h̄!tD , where tD is the diffusion time. Taken in conjunction with earlier experiments, our
results strongly challenge the conventional theories of persistent current. We consider a new approach
associated with the saturation of the phase coherence time tw .
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The phase of the electron wave function lies at the
heart of many mesoscopic phenomena. Consider a phase-
coherent ring of length L: the presence of an Aharonov-
Bohm flux F introduces a phase factor into the boundary
condition C#x 1 L$ ! C#x$e2piF!F0 , such that all ther-
modynamic quantities are oscillatory in the applied flux,
with a period F0 ! h!e. To minimize its free energy F,
this isolated ring will support an equilibrium persistent cur-
rent I ! 2!F!!F, even in the presence of disorder [1].
Moreover, for an ensemble of such rings, the fundamen-
tal harmonic of this current (with flux periodicity h!e)
is strongly suppressed, whereas the next harmonic (with
flux periodicity h!2e) survives due to the contribution of
time-reversed paths of the electron [2].

Nanoampere-sized h!e- or h!2e-periodic currents have
been separately observed in a few experiments: the h!e
current has been measured in single Au rings [3] and in a
GaAs-AlGaAs ring [4], while the h!2e current has been
measured in multiring arrays of 107 Cu rings [5] and 105

GaAs-AlGaAs rings [6], where the h!e response was not
observable. Except for the case of the nearly ballistic GaAs
ring [4], all the currents measured are remarkably 10–100
times larger than theoretically expected [7–9]. The dia-
magnetic sign of the average h!2e response at high fre-
quencies in Ref. [6] also contrasts with most predictions.
Disorder plays a strong role in these results, emphasizing
the Thouless scale of electron diffusion Ec.

In this Letter, we report the first experiment on a single
sample to measure the sign, amplitude, and temperature
dependence for both the h!e and h!2e components of
the persistent current. For our array of 30 diffusive Au
rings, we determine the sign of both currents to be dia-
magnetic near zero field. At our lowest temperature of
5.5 mK, the amplitudes of the total h!e and h!2e cur-
rents are %I1T & ! 1.92 nA and %I2T & ! 1.98 nA, respec-
tively. For comparison to previous experiments, we present
our results for the currents per ring as %I1& ! %I1T &!

p
30 !

0.35 nA ! 2.3eEc!h̄ and %I2& ! %I2T &!30 ! 0.066 nA !
0.44eEc!h̄. We fit the temperature dependence of both the
h!e and h!2e currents to the form e2T!T0 [8], as well as

to e2
p

T!T0 , and compare the different characteristic tem-
peratures T0 to Ec. The sum of all the experimental results
prompts a discussion of new calculations based on a direct
connection to the saturation of tw at low temperatures.

Figure 1(a) displays a section of our array of 30 Au
rings, fabricated using e-beam lithography on top of one
arm of the counterwound Nb pickup coil of a dc SQUID.
A 150-nm-thick layer of SiO separates the coils from the
Au rings. We compute that the mutual inductance of each
ring to the coil is 2.7 pH and uniform to within 5%. The
gradiometer configuration of the two counterwound coils
is clearly displayed in Fig. 1(b) together with the pair of
on-chip Nb field coils. Operating the dc SQUID in a flux-
locked loop mode, we measure a typical flux noise of

FIG. 1. (a) Electron micrograph showing the Au rings, as well
as the pickup and field coils of the SQUID. (b) Larger view
illustrating the entire gradiometer design of the SQUID.
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!3mFS"
p

Hz down to 2 Hz at low temperatures. Here
FS denotes the superconducting flux quantum.

Each ring has a perimeter of length L ! 8.0 6 0.2 mm,
with a line thickness t ! 60 6 2 nm and linewidth
w ! 120 6 20 nm. We estimate R! ! 0.15 V"! and a
diffusion constant of D ! yFle"2 ! 0.06 m2"s, where
the elastic mean free path le # 87 nm. These parameters
as well as the phase coherence length Lw $

p

Dtw are
measured separately in a 207 mm long meander with the
same line thickness and line width as the rings. By using a
standard weak localization measurement of the magnetore-
sistance, we determined that Lw % 16 mm for this control
sample and is temperature independent below 500 mK
[10]. The Thouless energy Ec $ h̄"tD ! h̄D"L2 is
7.3 mK; the mean energy level spacing is given by
D $ 1"2N0V ! 19 mK, where N0 is the density of
states and V is the volume of each ring.

We measure the response of the rings to an applied
magnetic field as a change in the average magnetic mo-
ment coupled to the SQUID pickup coil. To distinguish
the flux-periodic current in the rings from the background
magnetization, we modulate the field at a small frequency
f and measure separately the first, second, and third har-
monics at f, 2f, and 3f, respectively. The amplitudes of
the periodic signals measured are related to the ac modu-
lation amplitude by a Bessel function, allowing us to
maximize the signal in a particular harmonic for either
the h"e or the h"2e flux-periodic response [11]. The
response is independent of the measurement frequency f
below 12 Hz, as also seen previously [3].

In the following, we discuss a typical data set, shown
in Fig. 2, which focuses on the h"2e oscillations in the
second harmonic of the magnetization using a 2.26 G ac
modulation. As in most of our runs, we apply this ac field
at f ! 2.02 Hz, which is superimposed on a dc field. The
dc field is swept slowly over 620 G at 3.6 G"h. The data
is averaged in 0.08 G bins for over 80 s per bin, resulting
in a noise floor of !0.3mFS for each bin. In Fig. 2(a)
we display the raw data (dashes) of the second harmonic
component at frequency 4.04 Hz taken at the base tem-
perature of 5.5 mK, along with the h"2e-periodic contri-
bution (solid line) represented by the signal in the h"2e
window of the power spectrum shown in Fig. 2(b). The
width of these windows corresponding to h"e- or h"2e-
periodic currents reflect the finite linewidth of the rings;
furthermore, they are broadened to account for the effect
of the intrinsic width of the transform due to the finite field
range of the data. The autocorrelation function of the raw
data is displayed in Fig. 2(c), clearly identifying an oscil-
latory function in flux corresponding to an h"2e-periodic
response from the rings. Similar measurements maximiz-
ing the h"2e response in the third harmonic at 6.06 Hz
yield similar results. One previously unreported observa-
tion is that the amplitude of the periodic response appears
to decrease exponentially as e2H"Hc with Hc % 6 G. If
this decay is due to the dephasing effect of magnetic field
penetration into the arms of the ring [12], then our observa-

FIG. 2. Magnetic response of 30 Au rings from a run focusing
on h"2e oscillations. The dashed line in (a) represents raw
data. The solid line represents the h"2e-periodic contribution,
taken from the h"2e window in the power spectrum in (b).
The autocorrelation shown in (c) also demonstrates the h"2e-
periodic signal.

tion is consistent with the corresponding weak-localization
field scale of Hc !

p
3 h̄"ewL.

A similar decaying envelope is seen in the h"e-periodic
response, as shown in Fig. 3(a). Here we use a 5.38 G ac
modulation to maximize the h"e oscillations in the third
harmonic at 6.06 Hz. The solid line in Fig. 3(a) represents
the h"e-periodic contribution to the total signal. Note that
the leftmost peak shown in the power spectrum in both
Figs. 2(b) and 3(b) results from the finite field range of
our data with a background subtracted. The size of our
rings has been chosen to avoid confusion of the h"e- or
h"2e-periodic signals with this lower-frequency response.

The data in Figs. 2(a) and 3(a) also illustrate the dia-
magnetic sign of the response near zero field. This de-
termination depends inherently on the exact wiring of the
SQUID chip and electronics, but is confirmed empirically
by comparing an applied phase-modulated magnetic field
with the sign of the SQUID response in the higher harmon-
ics. Both the h"2e and the h"e responses are consistently
diamagnetic for all ac field drives used, at all temperatures
investigated, and on at least three different coldowns.

Figure 4 displays the temperature dependence of the
total h"2e and h"e currents up to 150 mK. The values
for current are calculated from the flux response using the
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We report measurements of the flux-dependent orbital magnetic susceptibility of an ensemble of 105

disconnected silver rings at 217 MHz. Because of the strong spin-orbit scattering rate in silver this
experiment is a test of existing theories on ensemble averaged persistent currents. Below 100 mK the
rings exhibit a magnetic signal with a flux periodicity of h=2e consistent with averaged persistent cur-
rents, whose amplitude is of the order of 0.3 nA. The sign of the oscillations indicates unambiguously
diamagnetism in the vicinity of zero magnetic field. This sign is a priori not consistent with theoretical
predictions for average persistent currents. We discuss several possible explanations of this result.
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At low temperature, electrons in metallic mesoscopic
samples keep their phase coherence on a length L! which
is larger than the sample size. The transport and thermo-
dynamic properties of the system are then sensitive to
interference between electronic wave functions and
present spectacular signatures of this phase coherence.
To measure these effects the ring geometry is particularly
suitable. Indeed, in the presence of a magnetic flux !
through the ring the periodic boundary conditions for
electronic wave functions acquire a phase factor
2!!=!0 with !0 ! h=e the flux quantum [1]. As a
consequence the free energy F of the system is flux
dependent which leads to the existence of a nondissipative
current I ! "@F=@!, the persistent current, which is a
periodic function of ! [2] and can be detected by mea-
suring the induced magnetic moment.

Persistent currents in mesoscopic rings have been
studied for over ten years theoretically [3–9] and experi-
mentally addressing the question of either the typical
current (measured on a single or a small number of rings)
[10–13] or of the ensemble averaged persistent current
(measured on arrays of rings) [12,14–16]. However,
theory and experiment still do not agree. One important
subject of disagreement is the sign of the average value of
these persistent currents. Recent experiments on GaAs
rings [16] indicate a sign corresponding to low field
diamagnetism. In contrast, theoretical calculations which
include repulsive field interactions predict paramagnetism
[5,6,17]. A recent theory [9] shows that additional cur-
rents may be generated in rings due to the rectification of a
high frequency nonequilibrium noise. These currents (as
also suggested in Ref. [18]) are not experimentally dis-
tinguishable from persistent currents. This mechanism
yields a diamagnetic sign and gives the right amplitude
for the average current measured in GaAs rings. An
important feature is that the sign of this current should
change from diamagnetic to paramagnetic depending on
the strength of spin-orbit scattering. In contrast, the
thermodynamic equilibrium persistent currents are in-
sensitive to spin-orbit scattering. This motivates the com-

parison between the orbital magnetism of mesoscopic
rings fabricated in different materials having various
strength of spin-orbit scattering. The experiments on
GaAs rings dealt with the case of weak spin-orbit inter-
actions. Previous experiments on Au rings [12] addressed

FIG. 1 (color online). (a) Photograph of a part of the resonator
with the silver rings. (b) Image obtained by scanning electron
microscopy of one silver ring. (c) Schematic picture of the
resonator with the square rings on the inductive part. The
resonator has an inductive part (meander line) and a capacitive
part (comblike structure).
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area enclosed in a ring, as expected for the average
susceptibility [4,21].

From the value of the maximum frequency shift
!!f ! f"!0=4# $ f"! ! 0# and given the coupling co-
efficient km [16], we deduce the amplitude of the variation
with magnetic field of the magnetic susceptibility
!!""!# ! "5:3% 0:9# & 10$24 m3. In order to compare
this value to existing theories on orbital magnetism we
make the assumption that the signal measured is due to
persistent currents:

@I"!#
@!

! $!f"!#
2f

L
NM2 (2)

with L ! 0:05 #H the estimated inductance of the reso-
nator and M ! 0:14 pH the calculated mutual induc-
tance between one ring and the inductive part of the
resonator. It is then possible to deduce the flux dependence
of the average persistent current depicted in Fig. 4 which
oscillates with a periodicity !0=2 and an amplitude
jI0j ! 0:33% 0:05 nA. The current is diamagnetic at
low field. Note that the sign of the susceptibility oscilla-
tions can be determined in a completely unambiguous
way in this experiment, since it is directly related to the
sign of the resonance frequency shift measured. Another
check comes from the field dependence of the diamag-
netic signal of the bare resonator (see inset of Fig. 2). The
temperature dependence of the oscillations is shown in
the inset of Fig. 3. The signal cannot be detected above
100 mK. From the small number of data points, we can
say only that this temperature decrease of the signal is
consistent with an exponential behavior with a tempera-
ture scale of the order of 40 mK, which is close to the

value of the Thouless energy Ec ! hD=L2 where D is the
diffusion coefficient.

We now compare our result with theoretical predic-
tions. Because of the very small value of the mean level
spacing " in metal rings, theoretical predictions based on
noninteracting electrons [8], which lead to a current of
amplitude "=!0, are not able to explain the value of the
current measured. In the case of interacting electrons [5],
the expected value of the persistent current is of the order
of 0:2Ec=!0 ! 0:04 nA, which is within an order of
magnitude of the experimental value. However, theory
predicts in this case a paramagnetic current for repul-
sive interactions, with or without strong spin-orbit cou-
pling [5,6]. Considering instead attractive interactions,
superconducting fluctuations in silver with a critical
temperature of the order of 50 nK would lead to a dia-
magnetic current (therefore in agreement with our experi-
ment) with the same amplitude as the repulsive case.
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FIG. 3. Fourier transform of the frequency shift due to the
rings at 40 and 140 mK. Inset: temperature dependence of the
frequency shift due to the rings. The data are consistent with an
exponential decay with a temperature scale of 40 mK.
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FIG. 4. Average persistent currents through the rings recon-
stituted from the field dependence of the resonance frequency
in Fig. 2 according to expression (2) after high pass filtering at
0:025 G$1 and integration of the signal.
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FIG. 2. Resonance frequency shift due to the silver rings at
40 and 140 mK versus magnetic field. These data are obtained
after subtraction of the parabolic signal characteristic of the
bare resonator shown in the inset and is obtained after averag-
ing 50 curves. The smooth curve on the low temperature data is
obtained by numerical filtering. Curves are shifted for clarity.
Inset: Frequency shift of the resonator with the ring. The
parabolic behavior is due to the flux dependence of the dia-
magnetic response of the bare resonator.
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The signature of phase coherence on the electric and magnetic response of 105 nonconnected Aharonov-

Bohm rings is measured by a resonant method at 350 MHz between 20 mK and 500 mK. The rings are etched

in a GaAs-AlxGa1!xAs heterojunction. Both quantities exhibit an oscillating behavior with a periodicity con-

sistent with half a flux quantum #0/2"h/2e in a ring. We find that electric screening is enhanced when

time-reversal symmetry is broken by magnetic field, leading to a positive magnetopolarizability, in agreement

with theoretical predictions for isolated rings at finite frequency. Temperature and electronic-density depen-

dences are investigated. The dissipative part of the electric response, the electric absorption, is also measured

and leads to a negative magnetoconductance. The magnetic orbital response of the very same rings is also

investigated. It is consistent with diamagnetic persistent currents of 0.25 nA. This magnetic response is an

order of magnitude smaller than the electric one, in qualitative agreement with theoretical expectations.

DOI: 10.1103/PhysRevB.65.075301 PACS number!s": 73.20.Fz, 73.23.Ra

I. INTRODUCTION

At mesoscopic scale and at low temperature, electrons in
metallic samples keep their phase coherence on a length L# ,
which is bigger than the sample size. Transport and thermo-
dynamic properties of the system are then sensitive to inter-
ference between electronic wave functions and present spec-
tacular signatures of this phase coherence. To study these
effects the ring geometry is especially suitable. Indeed in the
presence of a magnetic flux # through the ring the periodic
boundary conditions for electronic wave functions acquire a
phase factor 2$#/#0 with #0"h/e the flux quantum.1 As a
result, the magnetoconductance of a phase-coherent ring ex-
hibits quantum oscillations the periodicity of which corre-
sponds to one flux quantum through the area of the sample.2

The phase of the first harmonics of these oscillations is
sample specific so that these harmonics do not survive en-
semble average. In contrast the second harmonics have a
contribution that resists this averaging. This results from the
interference between time-reversed paths around the ring
!weak localization contribution". These #0/2 periodic oscil-
lations were observed in transport measurements on long
cylinders or connected arrays of rings.3,4 Their sign corre-
sponds to a positive magnetoconductance in zero field. In the
case of singly connected geometries, such as full disks, the
signature of weak localization consists in a single peak of
positive magnetoconductance the width of which corre-
sponds to %0/2 through the sample.

5,6

Magnetotransport experiments on connected systems con-
stitute a very sensitive and powerful probe for the investiga-
tion of sample specific signatures of quantum transport.
However, because of strong coupling between the system
and the measuring device, quantum corrections represent a
small fraction of the conductance !of the order of 1/g , where
g is the dimensionless conductance expressed in e2/h units"
that is still dominated by the classical Drude response in the
diffusive regime g#1. There exists a number of experiments
that can address some of the electronic properties of mesos-

copic samples without coupling to macroscopic wires. This

is the case of ac conductance experiments where Aharonov-

Bohm rings are coupled to an electromagnetic field. In con-

trast with the connected case, the response of an isolated
system can be dominated by quantum effects. Moreover, the
quasidiscrete nature of the energy spectrum and the sensitiv-
ity to the statistical ensemble !canonical or grand canonical"
are new features of isolated mesoscopic systems. In particu-
lar, it has been emphasized that the average absorbtion of
isolated mesoscopic systems is determined by the energy
level statistics and its sensitivity to time-reversal symmetry
breaking by a magnetic field.
The first experiments done in this spirit were performed

by coupling an array of disconnected GaAs/GaxAl1!xAs
rings to a strip-line superconducting resonator.7 In such a
geometry the rings experience both ac magnetic and electric
fields. The magnetic response of the rings, i.e., their orbital
magnetism, is directly related to persistent currents in the
zero-frequency limit.8–13 On the other hand, the electric re-
sponse of the isolated metallic sample is related to the
screening of the electric field inside the metal. The induced
charge displacement is at the origin of the polarizability & ,
defined as the ratio between the induced electric dipole d and
the applied electric field E (d"&E). The polarizability is
known to be essentially determined by the geometry of the
sample with correction of the order of 's /L , with 's the
screening length and L the typical size of the system.14 It has
been recently predicted that this quantity is sensitive to phase
coherence around the ring15–17 and is thus expected to
present flux oscillations. The electric contribution can be, in
the particular case of GaAs rings, of the same order of mag-
nitude as the magnetic response.18

To be able to distinguish between the two types of re-
sponse we have designed a superconducting LC resonator in
which the capacitive part and inductive part are physically
separated. In this paper we present measurements of both the
magnetic and electric responses of Aharonov-Bohm rings.
Note that these experiments are done on the very same array
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junction than the rings. The magnetoconductance is shown in

Fig. 3. As expected the AB effect disappears under ensemble

averaging. The !0/2 oscillations, on the other hand, remain

on the mesh. In this case the triangular shape of the magne-

toconductance is attributed to weak localization in the wire

of the mesh.

2. Superconducting microresonator

To measure the electric or magnetic response of the rings

we couple them to a superconducting microresonator and

detect the changes in its properties. This resonator is made

by optical lithography. It consists of a niobium stripline de-

posited on a sapphire substrate. This substrate has been pre-

ferred to silicon or GaAs because it induces the weakest

temperature dependence of the resonance frequency and

gives the best quality factor due to the quality of the niobium

layer on sapphire. A schematic drawing is given in Fig. 4.

The width of the wire constituting the resonator is 2 "m, the
thickness 1 "m, and the spacing between two adjacent wires
4 "m. The total length of the capacitance or the inductance
is 10 or 20 cm. In this kind of resonator the inductance is

physically separated from the capacitance by a distance of

300 "m, allowing us to submit the sample only to an electric
field #or to a magnetic field$ to measure its electric #or mag-
netic$ response. This separation between magnetic and elec-

tric response has been checked by deposition of a paramag-

netic system #DPPH$ alternatively on the capacitive and
inductive part of the resonator. A magnetic spin resonance

signal was only observed when DPPH was on the inductive

part. The resonance frequency of the bare resonator varies

between 200 MHz and 400 MHz depending on the geometry.

Its quality factor is 10 000 at 4.2 K and 200 000 at 20 mK.

The resonator can be modeled by an LC circuit of resistance

r, inductance L, and capacitance C, whose resonance fre-
quency is f 0!(1/2%)!LC and quality factor Q!L&0 /r .

From the value of the higher resonance frequencies of the

resonator we have estimated that the residual capacitance of

the meander line is at least 10 times smaller than C. Due to
the Meissner effect, the dc field just above the resonator is

strongly inhomogeneous. In order to minimize this effect, we

have inserted a thin, 1-"m-thick, Mylar film between the

detector and the rings. This reduces the field inhomogeneity

to about 10%, which is of the order of fluctuations in the

lithography.

3. Electric coupling between the rings and the resonator

In order to measure their electric response the rings are

placed on top of the capacitance of the resonator. Note that

with this procedure the rings are not well aligned with the

resonator so that they do not have the same coupling with the

capacitance. This is not a problem as only linear response is

investigated. We note '(&)!'!(&)"i'"(&) the polariz-
ability averaged over disorder of a ring at the frequency & .
The impedance of the capacitance C slightly modified by the
rings reads

Z#&$!
1

iC&(1#Nke'#&$)

*
1

iC&
(1"Nke'!#&$#iNke'"#&$) .

In this expression N is the number of rings coupled to the

capacitance and ke is an averaged coefficient measuring the

dielectric coupling between one ring and the capacitance.

FIG. 2. Fourier transform of the magnetoconductance of an

Aharonov Bohm ring at different illumination. The shape and am-

plitude of the !0 peak are strongly dependent on illumination. The

curves are shifted for clarity.

FIG. 3. Magnetoconductance of a ring and a mesh. The !0

signal disappears with ensemble average, so that in the mesh only

the !0/2 component remains. Note the triangular shape of the mag-

netoconductance on the mesh. The curves are shifted for clarity.

FIG. 4. Schematic drawing of the resonator and optical photo-

graphes of part of it. Note that the inductance #meander line$ is
physically separated from the capacitance #comblike structure$.
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single-ring  persistent currents:

1. random direction; 2. h/e periodicity;

ensemble-averaged  persistent currents:

1. diamagnetic response; 2. h/2e periodicity;



summary: experiment vs. theory

independent electrons: Iexp/Itheo > 102

interacting electrons: Iexp/Itheo > 5

attraction-diamagneticrepulsion-paramagnetic

Levy, Dolan, Dunsmuir, 
Bouchiat, Phys. Rev. Lett. 64, 

2074 (1990) 
~107 Cu rings

theory : 0.05 e/!D per ring

experiment : 0.3 e/!D per ring

Ambegaokar and Eckern, Phys. Rev. Lett. 65,381 (1990)
Ambegaokar and Eckern, Europhys. Lett. 13,  733  (1990)



! =
!
interaction matrix element

"
!

!
density of states at EF

"

renormalization of the effective interaction

!e! =
!

1 + ! ln(E>/E<)
!

!
! for ! ln(E>/E<)" 1
1

ln(E>/E<) for ! ln(E>/E<) # 1

example is the renormalization 
of the repulsive Coulomb 
interaction in the theory of 
superconductivity:

µe! =
µ

1 + µ ln(EF/!D)

Morel and Anderson, Phys. Rev. 125, 163 (1962)



renormalization of attractive electronic interactions
(once the repulsive Coulomb interactions had been overcome)

!(E<) =
!(E>)

1! !(E>) ln(E>/E<)

example is the renormalization 
of the attractive interaction 
from the Debye frequency 
scale to the superconducting 
transition temperature:

!("D)
1! !("D) ln("D/Tc0)

"#

Ambegaokar and Eckern, Phys. Rev. Lett. 65,381 (1990)
Ambegaokar and Eckern, Europhys. Lett. 13,  733  (1990)



Copper does not superconduct even at 10 micro-Kelvin. 
How can the attractive interaction be so weak that it 
does not cause superconductivity, yet permits a large 

persistent current in the normal state?

our answer:

copper is superconducting at about 1 mili-Kelvin, 
provided that it is cleaned from magnetic imps.



pair-breaking in superconductivity 

Tc/Tc0

!/(!kBTc0"S)

less than 1 ppm pernicious magnetic imps knocks 
down superconductivity from 1mK to 0

Abrikosov and Gor’kov, Sov. Phys. JETP 12, 1243 (1961)



pair-breaking in superconductivity 

Tc/Tc0

!/(!kBTc0"S)

less than 1 ppm pernicious magnetic imps knocks 
down superconductivity from 1mK to 0

Abrikosov and Gor’kov, Sov. Phys. JETP 12, 1243 (1961)



pair breakers destroy the 
superconducting transition

Tc ! 0 when Tc0 "
1
!S

the relevant energy scale 
for the persistent current is 
the Thouless energy

Ec

superconductivity will be 
destroyed but the persistent 
current will be hardly affected 
for:

Tc0 !
1
!S

! Ec
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We consider the mesoscopic normal persistent current (PC) in a very low-temperature superconductor
with a bare transition temperature T0

c much smaller than the Thouless energy Ec. We show that in a rather
broad range of pair-breaking strength, T0

c & @=!s & Ec, the transition temperature is renormalized to
zero, but the PC is hardly affected. This may provide an explanation for the magnitude of the average PC’s
in the noble metals, as well as a way to determine their T0

c ’s.

DOI: 10.1103/PhysRevLett.101.057001 PACS numbers: 74.78.Na, 73.23.Ra, 74.25.Ha, 74.40.+k

Introduction.—The magnitude of the equilibrium aver-
aged persistent currents (PC’s) [1,2] in normal metals has
been a long-standing puzzle. Experiments [3–5] produce a
current larger by at least 2 orders of magnitude than the
theoretical prediction for noninteracting electrons [6–8]
and seem to indicate that the low-flux response is diamag-
netic. The average PC of a diffusive system with interac-
tions was calculated first in this connection [9] in
Refs. [10,11]. The resulting PC was found to be much
larger than that of a noninteracting system, but nevertheless
not large enough to explain the experiments.

Repulsive electron-electron interactions [11] result in a
paramagnetic response (at small magnetic fluxes) whose
magnitude is smaller than the experiment by about a factor
of 5. This disagreement is due to the downward renormal-
ization of the interaction [12,13]. Attractive interactions
[10] result in a diamagnetic response, whose magnitude
(due to the very low superconducting transition tempera-
ture), is again smaller by a factor of order five than the
measured one. This is in spite of the renormalization up-
ward of the attractive interaction. Attractive interactions, at
low energies, imply (with no pair breaking) a transition
into a superconducting state, and the PC of such an inter-
acting system depends on its transition temperature. These
temperatures are very low [14] for the noble metals used in
the PC experiments—hence the too small predicted values
for the PC.

Here we consider attractive interactions. We show that
the presence of a very small amount of pair breakers, e.g.,
magnetic impurities (which seem to be very difficult to
avoid in these metals [15]), may change the picture pro-
foundly. Obviously, one may consider other pair breakers,
such as a two-level systems [16] or simply a magnetic field
[17]. In this Letter we treat specifically the case of mag-
netic impurities. We find that within a significant range of
the pair-breaking strength, the magnetic impurities sup-
press the transition temperature down to immeasurable
values, leaving concomitantly the PC almost unchanged.

The physical reason for this remarkable observation is that
the PC is determined by the interaction on the scale of the
Thouless energy Ec ! @D=L2 ("20 mK for a typical ex-
perimental system), while the bare transition temperature,
T0
c , is much smaller. (The circumference of the ring is

denoted by L and D is the diffusion coefficient.) This gives
rise to a rather wide range of pair-breaking strengths,
presented here by the spin-scattering time !s,

 T0
c & @=!s & Ec; (1)

in which the actual transition temperature Tc will drop to
zero [18], but the PC will be hardly affected. As a result, it
is the bare transition temperature of the system without the
magnetic impurities, T0

c , as opposed to Tc, which domi-
nates the expression for PC, see Fig. 1. We conclude here
[19] on the experimental results of Ref. [3]. In order to
explain them, it is necessary to assume a T0

c in the 1 mK
range for copper. Our basic assertion is that this may
indeed be the correct order of magnitude of T0

c for ideally
clean copper, but that it is knocked down to zero or to a
very low value by a minute, &ppm, amount of unwanted
[15] pair breakers. We emphasize, however, that our result
concerning the fundamentally different sensitivities of Tc
and PC to pair breaking in the range given by Eq. (1),
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1

s

I/I(s=0)

T
c
/T

c
0

FIG. 1. The first flux harmonic [m ! 1; see Eq. (2)], in units of
I#s ! 0$, of the PC at T ! Ec (full line) and Tc=T0

c (dashed line)
as functions of the pair-breaking strength, s ! 1=#"T0

c!s$, dis-
played on a logarithmic scale.
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details of the calculation

Hamiltonian:

partition function:

H =
!

dr
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details of the calculation (cont.)

partition function: Z =
!

q!

"
1
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#!1
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4$kBT
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2spin-flip time:

bare transition 
temperature is found from 
the pole of the partition 
function at zero wave 
vector and zero frequency:
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We consider the mesoscopic normal persistent current (PC) in a very low-temperature superconductor
with a bare transition temperature T0

c much smaller than the Thouless energy Ec. We show that in a rather
broad range of pair-breaking strength, T0

c & @=!s & Ec, the transition temperature is renormalized to
zero, but the PC is hardly affected. This may provide an explanation for the magnitude of the average PC’s
in the noble metals, as well as a way to determine their T0
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Introduction.—The magnitude of the equilibrium aver-
aged persistent currents (PC’s) [1,2] in normal metals has
been a long-standing puzzle. Experiments [3–5] produce a
current larger by at least 2 orders of magnitude than the
theoretical prediction for noninteracting electrons [6–8]
and seem to indicate that the low-flux response is diamag-
netic. The average PC of a diffusive system with interac-
tions was calculated first in this connection [9] in
Refs. [10,11]. The resulting PC was found to be much
larger than that of a noninteracting system, but nevertheless
not large enough to explain the experiments.

Repulsive electron-electron interactions [11] result in a
paramagnetic response (at small magnetic fluxes) whose
magnitude is smaller than the experiment by about a factor
of 5. This disagreement is due to the downward renormal-
ization of the interaction [12,13]. Attractive interactions
[10] result in a diamagnetic response, whose magnitude
(due to the very low superconducting transition tempera-
ture), is again smaller by a factor of order five than the
measured one. This is in spite of the renormalization up-
ward of the attractive interaction. Attractive interactions, at
low energies, imply (with no pair breaking) a transition
into a superconducting state, and the PC of such an inter-
acting system depends on its transition temperature. These
temperatures are very low [14] for the noble metals used in
the PC experiments—hence the too small predicted values
for the PC.

Here we consider attractive interactions. We show that
the presence of a very small amount of pair breakers, e.g.,
magnetic impurities (which seem to be very difficult to
avoid in these metals [15]), may change the picture pro-
foundly. Obviously, one may consider other pair breakers,
such as a two-level systems [16] or simply a magnetic field
[17]. In this Letter we treat specifically the case of mag-
netic impurities. We find that within a significant range of
the pair-breaking strength, the magnetic impurities sup-
press the transition temperature down to immeasurable
values, leaving concomitantly the PC almost unchanged.

The physical reason for this remarkable observation is that
the PC is determined by the interaction on the scale of the
Thouless energy Ec ! @D=L2 ("20 mK for a typical ex-
perimental system), while the bare transition temperature,
T0
c , is much smaller. (The circumference of the ring is

denoted by L and D is the diffusion coefficient.) This gives
rise to a rather wide range of pair-breaking strengths,
presented here by the spin-scattering time !s,

 T0
c & @=!s & Ec; (1)

in which the actual transition temperature Tc will drop to
zero [18], but the PC will be hardly affected. As a result, it
is the bare transition temperature of the system without the
magnetic impurities, T0

c , as opposed to Tc, which domi-
nates the expression for PC, see Fig. 1. We conclude here
[19] on the experimental results of Ref. [3]. In order to
explain them, it is necessary to assume a T0

c in the 1 mK
range for copper. Our basic assertion is that this may
indeed be the correct order of magnitude of T0

c for ideally
clean copper, but that it is knocked down to zero or to a
very low value by a minute, &ppm, amount of unwanted
[15] pair breakers. We emphasize, however, that our result
concerning the fundamentally different sensitivities of Tc
and PC to pair breaking in the range given by Eq. (1),
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FIG. 1. The first flux harmonic [m ! 1; see Eq. (2)], in units of
I#s ! 0$, of the PC at T ! Ec (full line) and Tc=T0

c (dashed line)
as functions of the pair-breaking strength, s ! 1=#"T0

c!s$, dis-
played on a logarithmic scale.
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deducing the superconducting transition temperature 

8

roughly, the renormalization of a dimensionless interac-
tion from a higher frequency scale !> to a lower one, !<,
is given by14

"(!<) =
!
"!1(!>)! ln

"
!>

!<

#$!1

. (43)

For attractive interactions " is positive and the high fre-
quency scale is !D. At T = T 0

c and 1/#s = 0, the attrac-
tive interaction should diverge. Using this to eliminate
"(!D) (" gN (0)/V ), we obtain that for T 0

c ! ! # !D,

"(!) " 1/ ln(!/T 0
c ) . (44)

Replacing in the first-order approximation for the current
the bare interaction by the e!ective one, Eq. (44), gives

I1st = ! 8eEc

ln(!/T 0
c )

"%

m=1

sin(4$m%)
m2

$
%

!

& "

0
dxx sin(2$x)"#(F (x, &)) . (45)

The energy scale ! needs to approach the temperature
at high enough temperatures. However, the renormal-
ization stops at the energy scale Ec or 1/#s, whichever
is larger. The latter relation is a hindsight gained by
comparing Eq. (45) with the exact result. (The termina-
tion of the e!ective interaction renormalization at 1/#s

due to high enough pair breaking prevents the material,
in its bulk form, from becoming superconducting at low
temperatures.)

In Fig. 8 we plot the amplitude of the h/2e harmonic
as a function of T/Ec, calculated from the full expres-
sion Eq. (26) (thin curves) and from the first-order ap-
proximation Eqs. (45) (bold curves). The plotted curves

FIG. 8: The first-order approximation for the current Eq. (45)
(bold lines) is compared with the exact result (thin lines).
Here T 0

c = 0.1Ec. In drawing the former, we have used the
assumption ! = T + Ec + 1/"s .

are for T 0
c = 0.1Ec. We have seen that the agreement

of Eqs. (45) with the exact results is even better for
T 0

c = 0.01Ec. Taking ! = T alone results that the valid-
ity of the approximation is only at T # Ec, since this !
gives a too high PC at lower temperatures. This is the
case also when 1/#s = 0 and T 0

c = 0.01 (or T 0
c = 0.1).

A more precise expression for the renormalized attrac-
tive interaction depends on q, & of the order-parameter
fluctuation. The renormalized attractive interaction
"(q, &), obtained from an infinite series of diagrams con-
taining Cooperon contributions, is given by

"(q, &) =
'
"!1(!D)! T

N (0)
#(q, &)

(!1
. (46)

Upon substituting Eq. (19) in Eq. (46) one can identify
"(q, &) from our result, e.g., by comparing Eq. (45) with
Eq. (24).

VI. COMPARISON WITH EXPERIMENTS

Amazingly enough, persistent currents flow in meso-
scopic rings in response to static magnetic fields (as has
been assumed in the derivation). However, experiments
have been carried out with an ac magnetic field. In the
experiments on copper3 and gold,7 the sweeping frequen-
cies of the magnetic field were very low (0.3 Hz and 2Hz
respectively). Thus, one expects that the measured PC
could be explained using a theory for a static magnetic
field. In the experiment on silver, on the other hand, a
very high sweeping frequency of the magnetic field was
used (217 MHz). It is plausible that in order to explain
the results of Ref. 4 one may not confine oneself to a
static magnetic field. We therefore do not attempt to
explain the experiment of Ref. 4 using Eq. (26).

Here we fit the h/2e signal observed in copper3 and
gold7 to our result Eq. (26). In the left six columns of
Table I we summarize the experimental parameters for
the (h/2e)-periodic signal. (Prefactors in the definition
of the Thouless energy vary in the literature. Note that
in this paper Ec = D/L2 with D = lelvF /3, where vF is
the Fermi velocity.)

Ec T I/eEc L L! min T 0
c

Copper3 15 mK 7 mK 1 2.2 µm 2 µm(1.5 K) a few mK

Gold7 4.9 mK 5.5 mK 0.65 8.0 µm 16 µm(0.5 K) a fraction of a mK

TABLE I: Experimental parameters in the left six columns. The magnitude of the h/2e periodic current (column 4) is given for
the lowest temperature (column 3) reached in the experiment. The coherence length L! is given together with the temperature
at which it was measured. The last column is our fit for a lower limit on T 0

c according to Eq. (34), see also Fig. 9.

The metals used in the experiments are not super-
conductors at any measured temperature in their bulk

form. Therefore, it is not possible to obtain, theoreti-
cally, a large enough PC (to match the measurments3,7)
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Apparent “saturation” of dephasing at low T
due to ~10-6 amount of magnetic imp’s

Dephasing of electrons in mesoscopic metal wires
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We have extracted the phase coherence time #$ of electronic quasiparticles from the low field magnetore-

sistance of weakly disordered wires made of silver, copper, and gold. In samples fabricated using our purest

silver and gold sources, #$ increases as T
!2/3 when the temperature T is reduced, as predicted by the theory of

electron–electron interactions in diffusive wires. In contrast, samples made of a silver source material of lesser

purity or of copper exhibit an apparent saturation of #$ starting between 0.1 and 1 K down to our base

temperature of 40 mK. By implanting manganese impurities in silver wires, we show that even a minute

concentration of magnetic impurities having a small Kondo temperature can lead to a quasisaturation of #$

over a broad temperature range, while the resistance increase expected from the Kondo effect remains hidden

by a large background. We also measured the conductance of Aharonov–Bohm rings fabricated using a very

pure copper source and found that the amplitude of the h/e conductance oscillations increases strongly with

magnetic field. This set of experiments suggests that the frequently observed ‘‘saturation’’ of #$ in weakly

disordered metallic thin films can be attributed to spin–flip scattering from extremely dilute magnetic impu-

rities, at a level undetectable by other means.

DOI: 10.1103/PhysRevB.68.085413 PACS number!s": 73.23.!b, 73.50.!h, 71.10.Ay, 72.70."m

I. MOTIVATIONS

The time #$ during which the quantum coherence of an

electron is maintained is of fundamental importance in me-

soscopic physics. The observability of many phenomena spe-
cific to this field relies on a long enough phase coherence
time.1 Amongst these are the weak localization correction to
the conductance !WL", the universal conductance fluctua-
tions !UCF", the Aharonov-Bohm !AB" effect, persistent cur-
rents in rings, the proximity effect near the interface between
a superconductor and a normal metal, and others. Hence it is
crucial to find out what mechanisms limit the quantum co-
herence of electrons.
In metallic thin films, at low temperature, electrons expe-

rience mostly elastic collisions from sample boundaries, de-
fects of the ion lattice and static impurities in the metal.
These collisions do not destroy the quantum coherence of
electrons. Instead they can be pictured as resulting from a
static potential on which the diffusivelike electronic quantum
states are built.
What limits the quantum coherence of electrons are in-

elastic collisions. These are collisions with other electrons
through the screened Coulomb interaction, with phonons,
and also with extrinsic sources such as magnetic impurities
or two level systems in the metal. Whereas above about 1 K
electron–phonon interactions are known to be the dominant
source of decoherence,2 electron–electron interactions are
expected to be the leading inelastic process at lower tempera-
tures in samples without extrinsic sources of decoherence.3

The theory of electron–electron interactions in the diffu-
sive regime was worked out in the early 1980s !for a review,
see Ref. 4". It predicts a power law divergence of #$ when
the temperature T goes to zero. Effects of quantum interfer-
ence are therefore expected to grow significantly upon cool-
ing down the electrons. In mesoscopic wires, the predicted

power law #$%T!2/3 was first observed in 1986 by Wind

et al.5 between 2 K and 5 K in aluminum and silver wires

and then by Echternach et al.6 down to 100 mK in a gold
wire. However, in 1997, Mohanty, Jariwala, and Webb7 pub-
lished a series of measurements of #$ on gold wires with a
broad range of diffusion coefficients. They observed that the
phase coherence time tends to saturate at low temperature,
typically below 0.5 K, in apparent contradiction with theo-
retical predictions. That same year, measurements of the en-
ergy exchange rate between electrons in copper wires8 were
found to be at odds, both qualitatively and quantitatively,
with the prediction for electron–electron interactions. Both
experiments suggested that electrons in mesoscopic metallic
wires interact with each other differently and more strongly
than predicted by theory.
To shed some light on this issue we present here several

sets of experiments probing the phase coherence time at low
temperature in mesoscopic metal wires.9 We summarize our
most important conclusions here. First, we measured #$(T)
down to 40 mK in several wires made of copper, silver, and
gold and fabricated from source materials of various purities.
We found in the four very pure silver wires and in the very
pure gold wire that #$(T) does not saturate in the investi-
gated temperature range, but continues to increase as the
temperature is lowered in agreement with the theoretical pre-
diction. Since these samples have comparable resistances
and geometries as some measured in Ref. 7, this observation
casts doubt on the assertion7 that saturation of #$ is a uni-
versal feature of weakly-disordered metals. Second, we
tested the impact of very dilute magnetic impurities with a
small Kondo temperature on the temperature dependence of
#$ . We found that even at concentrations lower than one part
per million !1 ppm", such impurities can cause #$(T) to
display a plateau over a large temperature range. This could
explain why saturation of #$ at low temperature is frequently
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In the fit procedure, we use the measured sample resis-

tance and length given in Table I. Our experimental setup

being designed to measure resistance changes with an higher

accuracy than absolute values, !R is known only up to a

small additive constant that we adjusted to fit each magne-

toresistance curve. The width was fixed at a value wWL giv-

ing the best overall fits for the complete set of data at various

temperatures. The difference between the width w measured

from scanning electron microscope images and the best fit

value wWL "see Table II# was found to be always less than
15%.17 The spin–orbit length Lso was obtained from fits of

the magnetoresistance measured at the highest temperature.

These parameters being determined, L$ remains as the only

fit parameter for each magnetoresistance curve. Examples of

fits are displayed as solid lines in Fig. 2.

In order to get %$ from L$ , the diffusion coefficient D

was determined using the measured geometrical and electri-

cal sample characteristics given in Table I. Figure 3 shows

%$ as a function of temperature for samples Ag"6N#c,
Ag"5N#b, Au"6N#, and Cu"6N#b. This confirms quantita-
tively the differences between samples already mentioned

from the raw magnetoresistance data. On the one hand, the

samples Ag"6N#c and Au"6N#, fabricated using our purest
"6N# silver and gold sources, present a large phase coherence
time that keeps increasing at low temperature. On the other

hand, the copper sample Cu"6N#b and the sample Ag"5N#b,
fabricated using a silver source of smaller nominal purity

"5N#, present a much smaller phase coherence time and ex-
hibit a plateau in %$(T), in contradiction with the theoretical

prediction for electron–electron interactions. This trend, il-

lustrated in Fig. 3, has been confirmed by the measurements

of several samples, as summarized in Table II.

IV. COMPARISON WITH THEORETICAL PREDICTIONS

AND DISCUSSION

A. Purest silver and gold samples

Theory predicts that, in samples without extrinsic sources

of decoherence, %$(T) is limited by the contributions of

electron–electron %ee and electron–phonon %ph interactions.
In principle, decoherence by electron–electron scattering is

not purely an exponential process, hence the decoherence

rates from electron–electron and electron–phonon scattering

do not simply add. In practice "see Appendix B#, the exact
formula for the magnetoresistance is indistinguishable from

Eq. "1# with a total decoherence rate,

1

%$"T #
!

1

%ee"T #
"

1

%ph"T #
. "2#

For our wires, whose width and thickness are smaller than

L$ , the quasi-1D prediction for electron–electron interac-

tions applies15

%ee!&! "4/'#"RK /R #(FSL

"kBT #2
" 1/3) 1

A thyT
2/3
, "3#

TABLE II. Fit parameters of the magnetoresistance data to weak

localization theory: maximum phase coherence time %$
max , obtained

at the lowest temperature of *40 mK; spin–orbit length Lso and
effective width wWL . We also recall the width w obtained from

SEM pictures. The upwards arrow ! indicates that %$ keeps in-

creasing down to 40 mK. In the other samples, %$ is nearly constant

at low temperature.

Sample %$
max

Lso wWL "w#
"ns# (+m) "nm#

Ag"6N#a 9! 0.65 57 "65#
Ag"6N#b 12! 0.35 85 "100#
Ag"6N#c 22! 1.0 90 "105#
Ag"6N#d 12! 0.82 75 "90#
Ag"5N#a 2.9 0.65 108 "108#
Ag"5N#b 3.5 0.75 82 "90#
Au"6N# 11! 0.085 85 "90#
Cu"6N#a 0.45 0.67 155 "155#
Cu"6N#b 0.95 0.4 70 "70#
Cu"6N#c 0.2 0.35 75 "75#
Cu"6N#d 0.35 0.33 80 "80#
Cu"5N#a 1.8 0.52 110 "110#
Cu"5N#b 0.9 0.67 100 "100#

FIG. 3. Phase coherence time %$ versus temperature in wires

made of copper Cu"6N#b (!), gold Au"6N# "*#, and silver Ag"6N#c
(") and Ag"5N#b (#). The phase coherence time increases con-
tinuously with decreasing temperature in wires fabricated using our

purest "6N# silver and gold sources as illustrated respectively with
samples Ag"6N#c and Au"6N#. Continuous lines are fits of the mea-
sured phase coherence time including inelastic collisions with elec-

trons and phonons ,Eq. "4#-. The dashed line is the prediction of
electron–electron interactions only ,Eq. "3#- for sample Ag"6N#c. In
contrast, the phase coherence time increases much more slowly in

samples made of copper "independently of the source material pu-
rity# and in samples made of silver using our source of lower "5N#
nominal purity.
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