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Absence of effect of paramagnetic impurities on flux quantization in superconductors
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In this work we investigate flux quantization effects in uniform superconducting rings doped with paramag-
netic impurities. Several theories predicted that the impurity spins in weak links affect superconductivity by
inducing phase shifts, which might result in half-integral fluxoid quantization. We tested whether these ideas
could be extended to the case of uniform Mo rings doped with Fe, which is paramagnetic, but did not observe
any such effects. We explain the absence of such effects within the de Gennes version of the Abrikosov-
Gorkov theory of pair breaking.@S0163-1829~97!02626-X#
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I. INTRODUCTION

A group of recent experiments which tested the symme
of the superconducting state in high-temperature super
ductors showed that a ring including such a supercondu
may exhibit a half-integral flux quantization.1–3 In such
a ring, possible values of the fluxoid ar
6F0/2,63F0/2, . . . , in strong contrast with conventiona
low-temperature superconducting rings where the fluxoid
quantized with values equal to 0,6F0,62F0, . . . . These
experiments were done in order to test the idea that the o
parameter in high-temperature superconductors hasd-wave
symmetry. The origin of half-integral~anomalous! flux quan-
tization in ad-wave superconductor is an intrinsic phase sh
of the superconducting order parameter between diffe
crystalline directions. In a speculative alternati
explanation,4–6 it has been proposed that the anomalous fl
quantization might be caused by phase shifts induced
spin-flip scattering on paramagnetic impurities, located
grain boundaries. The work reported here was motivated
a desire to test if these ideas can be applied to paramag
impurities in uniform superconducting rings.

In this work we measured fluxoid quantization in low-Tc

superconducting loops doped with paramagnetic impurit
The rings were made by standard electron-beam lithogra
and the impurity concentration was varied throughout
entire region of concentrations whereTc is nonzero. We find
that paramagnetic impurities donot affect the type of flux
quantization, and that the amplitude of the Little-Par
oscillations7 is essentially independent of concentration
magnetic impurities. Experimental evidence indicates t
paramagnetic impurities exist in bulk high-temperatu
superconductors.6 Our work shows that those impurities ca
not cause a half-integral flux quantization. We still do n
rule out paramagnetic impurities as a possible explanatio
the observed half-integral fluxoid quantization, because
quantization may be more sensitive to paramagnetic imp
ties in point contact weak links, as will be explained in t
concluding section.

In Sec. II we give a brief background on pair-breaki
effects in superconductors, in Secs. III and IV we disc
sample fabrication and results, and in Sec. V we give
conclusion.
560163-1829/97/56~9!/5132~4!/$10.00
y
n-
or

is

er

t
nt

x
y
t
y
tic

s.
y,
e

s
f
t

t
of
e
i-

s
r

II. BACKGROUND

In classic superconductors, paramagnetic impurities
duce the superconducting transition temperature; this
known as the pair-breaking effect. According to th
Abrikosov-Gorkov theory,8 pair breaking results from a dif
ference in scattering amplitudes of paired electron sta
where the scattering potential is the exchange interaction
tween conduction electrons and static magnetic impurit
de Gennes’ version of the theory describes pair breaking
the properties of the time-reversal operator of a single e
tron in normal metal, subjected to forces that break its tim
reversal symmetry.9 Any two points in a sample are con
nected by many single-electron trajectories. The interfere
of the evolution of the time-reversal operator along tho
paths determines the correlation function of the superc
ducting pairing amplitude. Each time an electron passes n
a magnetic impurity, the time-reversal operator rapidly a
quires a phase,10 which is of orderG/EF , whereG is the
exchange interaction between the electron and the impu
andEF is the Fermi energy of the metal. The phase shift
dependenton the relative orientation of the spins of the ele
tron and the impurity. Because of the interference of diff
ent electron paths with different phase shifts, the superc
ducting correlations and the transition temperature
reduced in proportion to the concentration of paramagn
impurities.

Another example of pair breaking in superconductors
an external magnetic field. In a magnetic field, the tim
reversal operator of an electron along a trajectory evolves
acquiring a phase shift, which is equal to the Aharono
Bohm phase of a Cooper pair.9 This phase can be directl
observed in the Little-Parks effect7 or by interference in su-
perconducting quantum interference devices~SQUID’s!. In
contrast, explicit phase shifts induced by paramagnetic
purities in superconductors have not yet been seen exp
mentally.

It has been proposed that a Josephson junction contai
paramagnetic impurities can have an intrinsicp phase shift
originating from spin-flip scattering, and that a SQUID co
taining one such junction could exhibit half flux quantu
pairing.4 It was also predicted that anomalous flux quantiz
tion may appear with 50% probability in rings made fro
either disordered superconductors or granular supercond
5132 © 1997 The American Physical Society
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56 5133BRIEF REPORTS
ors doped with paramagnetic impurities and that phase s
induced by the impurity spins are independent of the im
rity spin orientation, which would make the phase shifts u
affected by thermal and quantum fluctuations.5 Because our
samples are well in the metallic regime, they are not nec
sarily the same as assumed in Ref. 5. However, the avail
evidence11 and the Abrikosov-Gorkov theory8 show that the
pair-breaking effect does not depend on the amount of n
magnetic disorder.

Within the de Gennes’ description of pair breaking in s
perconductors, if we consider an electron path closing
loop such that the total phase accumulated along the pa
closer to (2n11)p than to 2np, then such a path would
favor a half flux quantum pairing. We note that because m
netic flux and fluxoid must be antisymmetric with respect
the applied magnetic field, due to the overall time-rever
symmetry of the ring, and because the spacing between
secutive fluxoid quantum values in a superconductor is eq
to F0, only integral or half-integral flux quantizations a
allowed.

The type of flux quantization in our samples was det
mined by measuring the Little-Parks oscillations7 nearTc . If
the quantization were half-integer, then the induced circu
supercurrents and their kinetic energy would have
highest magnitude when the applied flux is equal
0,6F0, 62F0, . . . , and thekinetic energy would be zero
when the applied flux is equal to6F0/2,63F0/2, . . . .4

Thus, the superconducting critical temperature would hav
maximum at the applied flux equal to6F0/2,63F0/2, . . . ,
and the resistance vs field curves nearTc would be shifted by
half a flux quantum relative to the conventional Little-Par
oscillation.7

III. SAMPLE FABRICATION

For this experiment, we selected Mo as the superc
ductor and Fe as the impurity. Fe dissolved in Mo ha
magnetic moment,12 and it has a dramatic effect on the s
perconducting transition temperature.14 Only about 0.01
at. % Fe is enough to render bulk Mo nonsuperconductin

MoFe alloy films were obtained by e-beam lithograph
magnetron sputtering, and liftoff. A bilayer resist techniq
was used to achieve a large resist undercut, which is ne
sary for a successful liftoff of sputter deposited films. M
and Fe were mixed by sputtering from two different targe
The first target, which we will refer to as pure Mo, contain
about 0.003 at. % Fe, as specified by the manufacturer.
second target was a Mo target to which we added a do
pure Fe. The area and the position of the dot were de
mined so that film deposited from that target alone contai
approximately 0.02% Fe. Films with arbitrary Fe concent
tion were grown as multilayers Mo-MoFe0.02%-Mo-
MoFe0.02% . . . MoFe0.02%-Mo, with a Mo layer thickness 40
Å and a MoFe0.02% layer thickness ranging from 0 to 40 Å
Total film thickness was'500 Å. Since the superconductin
coherence length of the films inferred fromHc2 measure-
ment was 400 Å, which greatly exceeds the layer thickne
the mixture can be regarded as uniform. Four films w
different Fe concentration were deposited on a given pu
down of the sputtering chamber. Each film was pattern
into four or five wires with widths ranging from 100 to 30
fts
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nm and six rings with diameter 1mm and average width 150
nm. The total area covered by samples with a particular
concentration was only 50mm350 mm, which assured a
uniform Fe concentration. One ring sample is shown in F
1.

IV. RESULTS AND DISCUSSION

An undoped Mo ring and its superconducting transiti
curve are shown on the left part of Fig. 1. We also show fi
transition curves obtained by measuring five wires of diff
ent widths deposited at the same time, in the top right gra
Resistance was measured by a four-probe method with a
excitation current of 0.1mA and frequency 20 Hz, in both
wires and rings. The ac response signal was linear and it
measured by an analog lock-in amplifier. Experiments w
made in a3He cryostat, which was placed inside a shield
room. All external leads were filtered to reduce rf noise.
the width of wires decreases,Tc first decreases. But, whe
the width is about 200 nm or less, this trend reverses,
Tc becomes larger as the wire gets narrower. The initialTc
vs width dependence can result from weak localization
hancement of electron-electron interactions15 or possibly
from the enhancement of the pair-breaking strength of
due to the finite-size Kondo effect.16 The sheet resistance o
the film ;1 V is much smaller than the resistance quantu
thus the weak localization effects should be negligibly sm
The increase inTc when the width becomes smaller than 2
nm is probably caused by the reduction in stress in Mo. I
known that narrow wires made by magnetron sputtering
liftoff have less stress and smaller thickness than the b
film, due to the shadowing effects of the resist mask.13 We
measured that the narrowest wires were about 15% thin
by atomic-force microscopy.

All the rings that we measured have dimensions as sho
in Fig. 1. The field that generates one flux quantum in a
mm diameter circle is 25 G. Flux quantization effects in
undoped Mo ring are shown in Fig. 2. The curves sh

FIG. 1. ~a! Superconducting transition curve of an undoped M
ring. T! is the temperature at which phase fluctuations are sm
enough that we can just observe Little-Parks oscillation.~b! Scan-
ning electron micrograph of a Mo ring.~c! Superconducting transi
tion curves of five Mo wires with different widths, showing non
monotonic width dependence.~d! Superconducting transitions o
four MoFe rings of different Fe concentration.
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5134 56BRIEF REPORTS
resistance vs magnetic field applied perpendicular to the r
We see that the oscillations in resistance have a minimum
zero field, and the first maximum at 12.5 G, which is the fie
for a half flux quantum in the ring, exactly as expected in
usual Little-Parks effect. As the temperature is reduced,
oscillations of the resistance as a function of magnetic fi
first appear atT'2.6 K. Above this temperature, the resi
tance is nearly constant in this range of fields. We note
there is an inflection point in the resistance vs tempera
curve in Fig. 1~a!, indicated byT!, just above the tempera
ture at which the oscillations in resistance begin. ThusT! is
identified as the temperature at which the entire ring
comes superconducting, in a sense that phase fluctuation
small enough that we can observe Little-Parks oscillatio
T! is much smaller than the temperature of the onset of
transition because of the strong width dependence ofTc in
narrow Mo wires. Since the average width of the wire
'150 nm,200 nm, and since the wire is wider near elect
contacts, superconductivity first nucleates at two poi
which are furthest away from the contacts. As the tempe
ture is reduced, superconducting regions spread, and aT!,
we can observe phase coherence along the entire ring
cumference.

The effect of Fe onTc of Mo rings is shown by Fig. 1~d!.
The depression ofTc is approximately proportional to the F
content. The width of the transition is nearly independen
Fe concentration, when the concentration is smaller t
0.015%. At the highest measured Fe concentration, the t
sitions become wider. The origin of this broadening is n
clear, but it may be due to the antiferromagnetic correlat
between Fe spins, which is well established in MoFe allo
with large Fe concentration.12 The slope of the depression o
Tc is approximatelydTc /dC'1.4 K/0.01 at. %, which is
close to the literature value.14 The normal-state resistance
all the samples is between 37 and 57V, and its value does
not depend on Fe concentration. The temperature de
dence of the resistance aboveTc and below 8 K is barely
measurable, but the samples with Fe concentration la
than 0.01% have a negative temperature slope, whic
caused by the Kondo effect in Mo.17

The Little-Parks effect in the MoFe rings is shown in Fi
3. A close inspection in Fig. 1~d! shows that there is an
inflection point in all three doped samples, just as the po

FIG. 2. Resistance vs magnetic field of the purest Mo ring
different temperatures. The oscillations represent the Little-P
effect. No oscillations are observed aboveT! as indicated in
Fig.1~a!.
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denoted byT! for an undoped sample in Fig. 1~a!. Flux
quantization effects were observed only at temperatures
low the corresponding inflection points. At all the temper
tures where oscillations in resistance are nonzero, and fo
the Fe concentrations, the phase of the Little-Parks osc
tion is given by integral flux quantization. The amplitudes
the oscillations are not the same in all the curves beca
they were obtained at different relative temperatu
(Tc2T). Nonetheless, the magnitude of the oscillation
resistance is about the same in the purest Mo and the m
highly doped sample at the corresponding temperature.
may conclude that the Little-Parks effect is not strongly
fected by doping with paramagnetic impurities.

V. CONCLUSION

Fluxoid quantization effects in micron-sized Mo ring
doped by magnetic Fe impurities were measured, as a fu
tion of Fe concentration. We found that integral flux quan
zation is the only observed quantized regime. Within t
de Gennes’ formalism, the explanation for the absence of
anomalous flux quantization is that the phase shifts indu
by paramagnetic impurities do not survive averaging o
different electron paths around the loop. When the length
an electron path enclosing the ring is of the order of
mean free path for spin-flip scattering, then the accumula
phase is of order 1. Because the superconducting sta
formed when electrons condense in many paired elec
states, and because the width of the wires is much larger
the mean free path to elastic scattering, phase shifts v
randomly from pair to pair, and so the average phase s
along the loop is zero. This situation would be different if t
diameter of the wire forming the ring were narrow enough
make it essentially one-dimensional, so that all the electr
circling the loop are subjected to the same exchange po
tial; however, our samples are not that narrow. A loop with
nanometer-size point contact, doped with magnetic imp
ties might satisfy this requirement in an experimentally a
cessible way.
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FIG. 3. Little-Parks effect of Mo rings vs concentration of F
Note that only integer flux quantization is observed, independen
Fe concentration.
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