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Magnetization of Mesoscopic Copper Rings: Evidence for Persistent Currents
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We have measured the low-temperature magnetization response of 10' isolated mescoscopic copper
rings to a slowly varying magnetic flux. At sufficiently low temperature, the total magnetization
response oscillates as a function of the enclosed magnetic flux on the scale of half a /faux quantum The.

amplitude of the oscillatory moment is = 1.2x10 "Am and decreases exponentially with increasing
temperature on the scale of the correlation energy F., hD/(2L)'- = 80 mK. This is evidence for a flux-

periodic persistent current in each ring of average value 3x 10 evF/L.

PACS numbers: 73.60.Aq, 03.65.Bz, 05.30.Ch

An isolated normal-metal ring threaded by a magnetic
flux p is thought to carry an equilibrium current at finite
temperature as long as the electron phase coherence is

preserved. ' In a ring geometry, the potential produced
by random impurities on each electron repeats periodi-
cally after each revolution around the ring. The Bloch
wave vector k„associated to this periodicity depends on
the enclosed flux. Using gauge invariance [A A+Vf,
y„y„exp(2izf/po) j, the vector potential can be elim-
inated from the Schrodinger equation and introduced as
a modification of the boundary condition,

y„(x+L) =exp 2ia y. (x),

where go=h/e is the flux quantum and L is the ring cir-
cumference. Then, the Bloch wave vector k„ is deter-
mined by this flux-dependent boundary condition: k„
=(2a/L)(n+p/po). In turn this imposes a periodicity
of the energy spectrum e„and related quantities with the
flux quantum. For example, state n has a velocity
v„=Be„/6 Bk, = (L/e) Be„/8& and therefore carries a
current j„= et„/L = —Be—„/B&, periodic with the flux

quantum. This implies a change E, of the total energy E
as the flux is increased from 0 to po/2 and a net current
j= —BE/B&. The correlation energy E, represents the
sensitivity to a change between periodic and antiperiodic
boundary conditions [Eq. (I)]. When the thermal ener-

gy kaT is less than E„, it is plausible that wave functions
may have sufficient "rigidity" to maintain a nonvanish-

ing current j= —BF/B& in thermal equilibrium (F is the
free energy).

In a metal the electrons disuse among impurities and
the persistent current fluctuates in sign and magnitude
depending on the realization of disorder and the number
and electrons. Furthermore, isolated rings have a fixed
number of particles: This constraint induces a subtle
dependence of the chemical potential on magnetic flux
which dominates the ensemble-averaged properties of the
current (j). On the other hand, the magnitude of the
current (j ) '~ is insensitive to averaging issues and in

the diff'usive regime is of the order of the current carried

by one electron, ' =e/rD, where rD=L /). ,tF is the
time it takes the electron to diffuse around the ring (X, is
the elastic mean free path). We can estimate the energy
sensitivity E„ to a change in boundary condition with the
uncertainty-principle argument, E, =h/rD. This gives
the same estimate bE/b&=2E, /po=2e/rD for the one-
electron current. For a copper ring with L = 2.2 pm and
X, =200 A, this current is of the order of 10 etF/L
=1.2 nA and induces a magnetic moment p, =4.5
x 10 A m = 50 Bohr magnetons.

In this Letter, we report a magnetization measurement
on N =10 disconnected copper rings showing evidence
for a flux-periodic persistent current. We stress the main
features of the data: The moment oscillates on a scale of
Po/2 (not po). The total oscillatory moment p is of the
order of 0.3Npj and not (Npj~) '/; i.e., there is a nonzero
average moment (p;).

The "rings" studied are actually squares which are
more convenient for fabrication with the electron-beam
techniques employed. The ring dimensions (side,
=0.55 pm; circumference, L=2.2 pm; area, =0.3
pm ) were chosen to have phase coherence, on one hand
(L~) L) and well-defined area (corresponding to one
flux quantum every 130 G), on the other hand. L~ was
measured to be in excess of 2 pm at 1.5 K by observing
the Aharonov-Bohm oscillation in the resistivity of a net-
work made with the same copper. The 10 rings occupy
a 7-mm area on the sapphire substrate which is mount-
ed at the end of a 3-cm-long single-crystal quartz rod
linked to the dilution refrigerator through a 60-nA an-
nealed silver structure. The magnetization is measured
with an ultrasensitive SQUID magnetometer which was
calibrated against a well-characterized spin-glass film

(CuMn, g=2x10 emu/g). The 3-mm-diam pickup
coil is situated 0.3 mm from the rings. A slowly varying
(0.3-Hz) magnetic field is applied by a Ni-Ti supercon-
ducting solenoid. A center tap on this modulation coil
allows nulling of the linear response of the magnetometer
in situ. A static magnetic field can be trapped in a cylin-
drical Ni-Ti superconducting shield which surrounds all
components. The SQUID flux transformer, the modula-
tion coil, and the shield are thermally linked with sap-
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p2n (&) =2p, (7 )J2n (b)stn8,

p2g+ i (T) =2p, (T)J2„+i (b)cosH,
(3)

where b =2zp.„/p~ and 8=2zpq Jtt~. The Fourier ampli-
tudes p„ in the frequency domain are not to be confused
with the Fourier components of the magnetic moment in

harmonics of the flux. When the ac amplitude is suf-
ficiently large (=Pp/4), higher harmonics (3Q, . . . ) ap-
pear as modulation sidebands of the measured signal as
illustrated in Fig. l. ' On the other hand, paramagnetic
impurities contribute predominantly to the fundamental
(Q) response provided that the Zeeman splitting pttB.„,
remains small compared to the temperature kqT. This
provides a very effective background rejection. Phase-
sensitive detection is achieved by synchronous digitiza-
tion of the signal during an integral number of periods
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FIG. 1. Fourier transform of the in-phase magnetization
signal modulated at 0.3 Hz by a sine wave of 15-G amplitude.
The sample temperature is T 25 mK, while the magnetome-
ter is held at T=450 m K. Inset: Schematic dependence of the
average current with flux. A flux modulation of ~&~/4 (ar-
rows and highlighted region of the curve) produces the desired
nonlinear response.

phire and silver. This structure is thermally decoupled
from the refrigerator by an SP22 vespel structure; in this

way, all superconducting parts of the apparatus can be
held at a fixed temperature while the sample tempera-
ture is varied (from 7 to 400 mK).

The total moment induced by the persistent currents
can be distinguished from that due to paramagnetic im-

purities through its periodic dependence on applied mag-
netic flux. If a slowly time-varying flux p =pz, +p,,
xsin(Qt) is applied, the Fourier expansion of the in-

duced moment p(t) is

p(t) = g [pq„(T)cos(2nQr)
n 0

+p2„+ i (T)sin[(2n + 1)Qt] j .

If the average moment is assumed to be a sine function
of the flux with period p~ and amplitude p, (T), the
Fourier amplitudes p„can be computed as

(-20) followed by Fourier analysis. The odd harmonics
are in phase with the applied flux while even harmonics
are 90 out of phase because of the dissipation-free na-
ture of the persistent currents.

In Fig. 1, the Fourier transform of the in-phase
response to an ac magnetic field of amplitude 15 6= po/
8 shows a clear third-harmonic signal which is indepen-
dent of the measuring frequency from 10 to 10 Hz. In
the course of this study, two spurious backgrounds had
to be eliminated. (a) A sizable nonlinear paramagne-
tism (a: I/T ) originated from the Formvar insulation of
the Ni-Ti pickup coil. (b) Small (=1000 A) titanium
(T„=0.39 K) inclusions on the surface of the Ni-Ti wire
used in the flux transformer gave rise to a nonlinear
response (incomplete Meissner effect). By temperature
regulating the magnetometer at T-450 mK above
T, (Ti) both effects could be reduced to a sufficiently
small level. That is demonstrated in trace (a) of Fig. 2:
Without a sample the residual second and third harmon-
ics show no temperature dependence. " Thus, no residu-
al nonlinear paramagnetic background ( cc I /T ) is
detected at our level of sensitivity. This is contrasted
with the clear temperature dependence of the third har-
monic observed when a sample is loaded [Fig. 2, trace
(b)]. Furthermore, the same signal is observed when the
magnetometer is regulated at 450 and 700 mK (circles
and triangles) and extrapolates to the same zero-
temperature limit.

Before we analyze the decrease of the signal with in-

creasing temperature, we qualitatively describe the oscil-
latory behavior of the second and third harmonics at
T 0 with static magnetic field. Traces (c), (d), and (e)
of Fig. 2 show the temperature dependence of the second
and third harmonics when a dc field of 15 6 (Po/8), 30
6 (po/4), and 60 6 (po/2) is trapped in the supercon-
ducting shield. At pp/8, the T=O amplitude of the third-
harmonic signal goes through zero, while the second har-
monic reaches its maximum negative value. This behav-
ior is accounted for by Eqs. (2) and (3) provided that
8=n/2 when pq, po/8, i.e., p~ =go/2. At po/4, the T=O
third harmonic has changed sign (8=+) while the zero-
field signal repeats at po/2 (8=2m). This oscillatory be-
havior on the scale of half a flux quantum is indicative of
persistent currents. We now turn to the observed tern-
perature dependence.

At T&0, electron wave functions are wave packets of
finite width which spread by diffusion. Sensitivity to a
change in boundary condition is expected to be lost when

the spread in the electron phase during a path around
the ring exceeds the total phase acquired. This takes
place when the diffusion length Lr =(hD/kT)'i (D is

the diffusion coefficient) is of the order of 2L, since a
quasiclassical wave packet must enclose the flux twice to
have a po/2 periodicity. Persistent currents are therefore
expected to decrease exponentially (exp[ —(2L/Lt )] for
a diffusive process) with temperature on a scale E, (po/2)

2075



VOLUME 64, NUMBER 17 PHYSICAL REVIEW LETTERS 23 APRIL 1990

0—

I I I I I

() /

I I I I I —4

—0

I I I I I

I I I I I

C)
tl 0—

—5—

I
I

I I I
I

I I I
I

I I I
I

I I I I I I
I

I I I
I

I6—

0—
I

I I I

I I I I

I I I I I

~ ~

«v» I ~p ~ 0

—6—
I

0
I « I I i s IAI i I i I i i i I i s e I

20 40 60 80 100 120
B (Gauss)

0—
(c) C./8

I I I I I

I I I I Ia&
~ ~ ~

k

=0

I I I I I

Aila k a k, 04
~ ~~+ ~ a

FIG. 3. Dependence of the fitted second- and third-har-
monic amplitudes at T 0 with dc field as detected with a 15-
G amplitude. 130 G correspond to one I'D. The horizontal er-
ror bars arise from the uncertainties in the field compression
induced by the superconducting shield. Vertical error bars are
statistical.
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=it/4ro hUF&, /(2L) . From resistance measurements
on wires of similar aspect ratio as the ring sample, we
infer k, = 200 A and E, (&0/2)//ktt = 80 mK. Once E, is
known, the only parameter to be fitted becomes the
zero-temperature amplitude of the second and third har-
monics, p2 3(T) =p2 3(0)exp( ktt T/E, ) For eac—h.
value of the dc magnetic flux, this one-parameter fit is

plotted in Fig. 2 as solid lines. Within the experimental
noise, this exponential behavior is nicely verified. ' This
sharp dependence gives the most direct determination of
a correlation energy.

With the fitting procedure just described, we can
quantitatively study the dependence of the fitted zero-
temperature signal as a function of the applied dc field.
The measured dependences of the second and third har-
monics are plotted in Fig. 3 over a full flux quantum.

temperature (mK)

FIG. 2. Temperature dependence of the second (p2, right
column) and third (p3, left column) harmonics (plotted in ar-
bitrary units) of the magnetization response using a 15-G ac
drive. (a) Empty magnetometer, (b) sample with no dc field,
(c) 15-G dc field, (d) 30-6 dc field, and (e) 60-6 dc field. The
solid lines are one-parameter fits by p2, 3(0)exp( —kT/E, ) ad-
justing only p2, 3(0).

Both harmonics oscillate with magnetic field on a half-
flux-quantum scale. Furthermore, as we hinted earlier,
their field dependences are 90' out of phase; i.e., the
second harmonic is maximum when the third harmonic
goes through zero [Eq. (3)I. The ratio to the second-to-
third-harmonic amplitude is -2, close to the ratio of
Bessel functions J2(z/2)/J3(tr/2) =2.8 expected from
Eq. (3). The magnitude of the oscillatory moment is es-
timated (within a factor of 2) to be —1.2& 10 ' Am
corresponding to an ensemble-averaged current of 0.4
nA=3X 10 eUF/L per ring. These are quite compel-
ling facts in favor of persistent currents. With one and a
half oscillations, we can only state that the Fourier am-
plitude of the oscillatory moment at half flux quantum is

sizable but other harmonics may be present. To relate
the sign of the third harmonic to the sign of the average
current requires making specific assumptions about the
functional dependence of the average moment with mag-
netic field. A sine function with pu/2 periodicity [cf. Eq.
(3)] implies a negative moment g, (T) and leads to a
diamagnetism at low fields. Other assumptions can lead
to other sign assignments.

The sign of the current is a priori a random quantity
depending on the realization of the disorder and the
number of electrons. One would expect the net moment
of W-independent rings to be dominated by fluctuations
cc(N(j ))'t and retain a periodicity of po. In a meso-
scopic system, this is only true if the chemical potential
is held constant by a particle reservoir. In our experi-
ment the number of particles in each ring is fixed. It has
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been demonstrated in exact one-dimensional models
and in large-scale numerical simulations that the en-
semble average scales in this instance with the numbers
of rings and acquires a po/2 periodicity. While clearly
established, the physical origin of this period halving
remains unclear. Experimentally, the amplitude of the
observed oscillatory moment p =0.3Npi is too large to
be attributed to fluctuation. The measured average
current of 0.3(j )'i per ring seems to agree reasonably
well with the canonical ensemble average in the diffusive
regime of 0.1(j )'i obtained in Ref. 6. On the other
hand, simulations show a positive average current (para-
magnetism) Th. is sign is opposite to our tentative as-
signment based on Eq. (3) (diamagnetism) We. now

propose a possible explanation for this sign diN'erence.

Our weak-localization measurements indicate that the
spin-orbit scattering length =3000 A is less than the
perimeter. In this limit, the spin-orbit interaction in-

duces a rotation of the spin as the electron goes around
the ring which must also be periodic. A spin rotation of
2x around an arbitrary axis changes the phase of the
wave function by a factor exp(iva), where o ~ —,

'
is

the initial spin orientation and v depends on the actual
spin motion. It has recently been shown'3 that after
averaging over all possible spin rotations the first har-
monic of the current (po) averages out to zero, while the
second harmonic (po/2) is multiplied by a factor of —

—,
'

(assuming it is nonzero after an ensemble average). The
weak-localization corrections to the conductivity change
sign for the same reason that the spin-orbit scattering
length decreases. '

The physical understanding of the phenomena we have
described remains incomplete. The symmetries of the
Hamiltonian unbroken by disorder (time reversal) are
likely to play a central role in explaining the physics we

have described.
We have benefited from discussions with M. Biittiker,

P. de Vegvar, D. DiVicenzo, Y. Gefen, R. Landauer, G.
Montambaux, E. Riedel, A. Ruckenstein, and others.

Note added. —After this paper was completed, an in-

teresting interpretation of our experiment relying on the
electron-electron interaction along a time-reversed path

was proposed. '
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