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Magnetic flux noise in superconducting rings and disks close to the superconducting transition
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We report measurements of the magnetic flux noise in a series of superconducting rings and disks having a
wide range of superconducting transition temperatures. In the absence of an applied magnetic field, the behav-
ior of rings can be described in terms of a loop containing one or two superconducting weak links. We observe
logarithmic flux creep in discrete flux quanta when a magnetic field is applied to such rings and then abruptly
removed. For a Y-Ba-Cu-O ring and a complete disk, the behavior in the presence of an applied field is well
described by a model in which the film displays a temperature-dependent resistivity. We offer an explanation
for the observation that for a given superconductor and measurement geometry, the magnitude of the noise
peak close to the superconducting transifiqnis similar for all specimens and we find that the magnitude of
this peak is directly proportional to the transition temperat[$8163-18207)03213-X

[. INTRODUCTION which is often linear in the cooling field and is, therefore,
. . . consistent with the above modtThe absence of a magnetic
M_agqeﬂc noise has prove_d to _be a poweriul tool for N field dependence for the noise in a single crystal of YBCO
vestigating the motion of vortices in superconductors at Very,,q yeen interpreted as ruling out flux motion as the cause of
low flux densme;. It also offers.an advgntage over transpoffhe noisé and the 1§ noise has also been attributed to uni-
measurements in that flux motion equwalgnt to volltages 8§ersal conductance fluctuatioMsalthough both of these
low as attovolts may be detected. In particular, noise measpnclusions have been dispufe8ome work has also been
surements can be used to study the motion of vortices bacr'éported on flux transformef$,but the geometry is then
and forth between a small number of trapping sites where theomplicated by the presence of series crossovers in the pan-
voltage in a transport measurement would be indetectablgake input coil of a SQUID. In very thin films of BSCCO
The magnetic field variations involved are sufficiently small(Ref. 6 and superlattices of YBCO and Pras0;_;
that measurements are always made with a superconductitgBCO),’ the noise has been shown to exhibit an extended
quantum interference devidgSQUID), sometimes directly 1/f1° dependence and this has been interpreted in terms of a
detecting the flux in a specimen and sometimes coupled via diffusive motion of magnetic flux.
flux transformer. Measurements have been reported on bulk Despite extensive studies of the magnetic noise at tem-
samplesl, thick®® and thin films*~12 and single crystalé_ peratures well below ., the noise very close t®. has been
Most of the reported work has been on Y.Ba,0;._5 little studied in YBCO films, although very recently it has
(YBCO), while some has been on BirCaCyOg,s bPeen used to probe the possible existence of a Kosterlitz-
(BSCCO (Refs. 4 and 5 and ThLCaBa,CwO, and Thouless transition in the flux line lattidd It has been also
TICa,Ba,Cu0, (TCBCO).® The results of measurements on been noted that, for a given experimental arrangement, the
a large range of films, flakes, single crystals, and a flux trans@mplitude_of the noise peak is only weakly sample

former have been reviewed by Ferratial® dependent;® although, to our knowledge, an explanation of
Most of the reported work has involved a study of tele-this effect has not previously been given. _
graph and 1/ noise, with some reports of f° noise®’ The aim of this paper is to report studies of the flux noise

Telegraph noise is usually attributed to the thermally actidn @ series of rings and disks close to their superconducting
vated jumping of flux quanta or flux bundles between one offansition temperature and to offer explanations of the mag-
more trapping sites and is normally observed very close t#itude and temperature dependence of the noise. In so doing
T.. Such jumping is well described by a Lorentzian spec-We aim to throw further light on some of the other observa-
trum (Sec. 1l A). The magnitude of the jumps and the tem- tions referred to above.

perature dependence of the hopping frequency have been
used to deduce the distance between the trapping sites and
the heights of barriers, respectivél§.1/f noise has been
attributed to a linear superposition of two-state hopping pro- Specimens with a wide range of transition temperatures
cesses having a wide range of barrier heights between theere studied in this work. These were YBCO, YBCO/
energy wells. The frequency and temperature dependence BBCO superlattices, composite rings of YBCO and
the noise has been used to deduce the dominant enerdyd, ,CeCuQ,_s (NCCO), and niobium. All specimens,
ranges involved.Cooling the specimen in a magnetic field with the exception of the niobium ring, were epitaxially
has been observed to cause an increase in thendise  grown thin films. Some specimens were produceeineam

II. EXPERIMENTAL METHOD
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TABLE I. Composition and parameters of specimens used in this work. The YBCO rings and disks were
produced bye-beam evaporatio(Ref. 14. The YBCO/PBCO disks were produced by pulsed laser deposi-
tion (Ref. 19 and consist of ten layers of YBCO, 3-nm-thick, separated by layers of PBCO. For disk | the
PBCO was 6 nm thick and for dist was 9 nm thick. The YBCO/NCCO specimen was also produced by
pulsed laser depositiofRef. 1§ and consisted of two rings slightly greater than a semicircle with a small
(~0.3 mm) overlap. The niobium ring was made by sputter deposit@onductus, Ing

o.d. i.d. Thickness
Specimen Material (mm) (mm) (nm) Comments
Ring A YBCO 8 7.75 375
Ring B YBCO 8 7.75 375 Notch25 um left)
Ring C YBCO 8 7.75 375 NotcH10 um left)
Ring D YBCO/NCCO 8 7.75 200 See caption
Ring E YBCO/NCCO 8 6.0 200 See caption
Ring F Nb 8 7.75 200
Disk G YBCO 8 300 Not annealed
Disk H YBCO 8 300 Annealed
Disk | YBCO/PBCO 8 84 See caption
Disk J YBCO/PBCO 8 111 See caption

evaporatioit* and some by pulsed laser depositidri® The  ture for about 10 min before a noise measurement is taken.
films were photolithographically patterned to form disks or For measurements in a magnetic field, the field is trapped
annualr rings having an outer diameter of 8 mm. Ring speciin persistent mode at a specimen temperature above the su-
mensB andC had an additional notch patterned into them toperconducting transition. We have found no subsequent de-
locally reduce the track width to 25 and 1@n, respectively. pendence of the magnetic noise on the order in which differ-
RingsA—C and diskH were annealed after patterning. De- €nt temperature readings are taken or upon the rate of change
tails of all specimens are given in Table I. of temperature. _ o

The cryostat is described in more detail elsewHére. (ii) For flux expulsion measurements, an additional small

Briefly, the specimen under test is held by a thin layer offi€ld (~10 nT) is trapped in persistent mode at 4.2 K and the

silicon grease onto a silicon disk which is temperature conSPECIMEN IS heated in stages until abdye The correspond-

trolled to an accuracy of 10 mK over the temperature range gs%irilwua)fcecg?rng:ngl tfgf t?]lglgjnpnﬁglr Snen rggsetr?a%rlg\s”?ﬁean:gggr
_ H H H c y ’ -

4.2-100 K. The flux noise from the specimen is detected b)fude of the flux jumps to be determined as explained in Sec.

a flux transformer close wound from ten turns of B A

Formex-insulated niobium wire on a 5-mm-diam, 30-mm- .

X (iii) For M/H loops and flux creep measurements, the
long tube made from a single layer of closely packedyigh sensitivity of the apparatus prevented us from making

120-4um enameled copper wires glued lengthways. The fluxyeasurements at the flux quantum level unless the field coil
transformer was separated from the specimen~tymm. \ya5 operated in persistent mode. Even while in persistent
The flux transformer is, in turn, connected to a commercialygge however. we were able to make small changes in the
dc SQUID and can be raised above its superconducting transagnetic field by passing a small current down the external
sition to remove any trapped flux. A small magnetic field Canjeads, this current dividing in inverse proportion to the in-

be applied with a superconducting coil which is normally 4, ctance of the field coil and the superconducting switch.

operated in persistent mode. The specimen stage is enclosggh ;sed this method to study both the flux creep and hys-

in two superconducting shields and suspended by three thifresis loops of an annular ring as described in Sec. Il B.
copper rods from a temperature-controlled ring. The tem-

perature control heater and thermometer, the persistent mode IIl. RESULTS AND DISCUSSION

switch, and a heater for the flux transformer are located out- . . ] .

side the superconducting shields and make no observable We first consider the noise behavior of the three YBCO
contribution to the background noise of the system. The cryfings in zero applied magnetic fie{@ec. Il A) and then the
ostat is mounted in conventional glass Dewars inside threlux creep behaviofSec. Ill B). We examine the effect on
nestedu-metal shields. The background field at the pickupthe noise of applying a rang of larger magnetic fields up to
coil was measured to be-100 nT by rotating a separate 200 uT (Sec. Il ©. We describe the behavior of the two

pickup coilin situ at 4.2 K. disk sampleqSec. Il D) and finally consider five samples
The experimental procedure varies according to the prop?ith lower transition temperaturgSec. il B. Our most de-
erty measured. tailed experimental results were taken on YBCO ring A and

(i) For noise measurements, the system is first cooled t§BCO disk G, and we will concentrate on the behavior of
4.2 K. The specimen is then heated to a temperature aboJB€S€ specimens in our discussion.
its superconducting transition, and the field coil and flux
transformer heaters are operated for a few seconds to remove
any circulating currents generated on cool down of the cry- In Fig. 1, we show the results for the spectral density of
ostat. The specimen is then stabilized at the desired tempertie flux noiseSy, in zero applied field and the response to a

A. Flux noise in YBCO rings in zero applied field
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FIG. 1. Noise spectral density at 10 Hz vs temperat@gand FIG. 3. Output voltage of SQUID electronics vs time for rikg

response to a 10-nT field applied at 4.2 K) for the notched ring
e 5 o Results are shown for the same two closely spaced temperatures as
C. The response to the applied field has its midpoint 20 mK lower: y SP P

int ture than th ; K due to the 1 tling ti in Fig. 2. The upper trace is far=86.00 K. The lower trace is for
In temperature than the noise peak due to the -5 Setting IMe USELL_ g6 06 K. The dotted lines are equally spaced and scaled to pass
in these measurements.

through the quantized voltage levels.

10-nT applied field for ringC, as a function of temperature. these dimensions for which we firld~21 nH. The average
We see that the excluded flux falls to zero and the flux noisérequency of these flux jumps is seen to be very strongly
peaks at a temperature close to the expettefibr a YBCO  dependent on temperature.
thin film. We also find that the noise displays a rather accu- We can explain the observed behavior if we model the
rate Lorentzian spectrum over the entire temperature rangéng as a loop of superconductor close by a single Josephson
for which its amplitude is significantly above the white noise junction. We should emphasize that any restriction which
background of the SQUID. Examples of noise spectra foiprovides a barrier to flux motion into and out of the ring
ring A are shown in Fig. 2. Observation of the time trace forwould suffice. It may be some form of localized junction or
ring A shows that this noise results from flux jumps betweenmicrobridge, or a portion of the ring may have a slightly
some five or so sharply defined levélsig. 3). In order to  lower T, than the rest. We will, however, proceed with the
determine the size of these jumps in terms of flux in the ringmodel of a Josephson junction for calculational convenience.
we have measured the sensitivity of the detection system to a The energy of a superconducting ring containing a Jo-
small (10-nT) field applied both well above and well below sephson junction is well knowt¥,
T.. The sensitivity of the pickup loop to a current flowing in 5
a ring the same size as the specimen was also deduced from U= (Pi—Pe)” 1cPo {ZW‘I’i
. = - co

room-temperature mutual inductance measurements on cop- 2L 27 (O

here®; is the flux in the ring®,,, the applied fluxL the

per coils of the same dimensions at a frequency of 1 kHz.

From these measurements it is straightforward to deducg"e" i X :

both the self-inductance of the specimen riai§+ 3 nH) and ring inductance, and the crmcal current of the junction.

the size of the flux jumps shown in Fig. 3. These were found " AL =27LI/Po>1, U(®;) is multivalued and there are
metastable minima in the energy. Fr>1, which we will
grgue pertains to most of our experimental results, the

to be in multiples of(1.1+0.2)®,. We note that this induc-
minima in the energy are separatedinby an amount very

. @

tance is slightly smaller than the value expected for a ring o

close tod,.
10! e The barriers between the minima are surmounted by ther-
] mally activated jumping at a rate
10° — e
—.‘: y= VaefAU /kBT’ (2)
107 3 where v, is an attempt frequency. Feb.,=0, B, >1, and
@e ®,=ndy<Ll, it can easily be shown that the barriers be-
w 107 F tween the minima are given by
10° b by P2 D2
E = +o—*n o
: AU ="t el ar &
10-4 —aaal — ] Ll
0.1 1 10 100 where the positive sign is for increasidg and the negative
Frequency (Hz) sign for decreasing; . Occupancy of higher-flux states be-

comes increasingly rare as expected from a Boltzman distri-

FIG. 2. Flux noise spectral density vs frequency for rigat bution.
two different temperatures. The smooth curves are fits to Lorentzian For the parameters relevant to our experiment, only the
spectra. lowest few energy states are occupied in the duration of a
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109 : spectra in the analysis which follows, and so it is of some
importance to establish that the spectrum is indeed of this
form. We have computer modeled the noise expected from a
ring containing a weak link by allowing the flux to jump
randomly between energy minima as described by (&y.
taking ®.,,=0 and with the energy modulation amplitude
chosen to provide a similar number of available minima
(~5) as for the real specimen. The probability of a given
jump is determined by Ed2), and a fast Fourier transform is
used to obtain the noise spectrum. Here we have assumed an
104 | attempt freql_Jclencyva=1Oll Hz, although the results are
rather insensitive to the value of because of the dominant
exponential dependence. A typical fit to the computed noise
Frequency (Hz) is shown in Fig. 4. This Lorentzian form is observed for both
. _the computer simulations and in the data for all rings. We
FIG. 4. Results of computer model for.the noise Spe.Ctral dens'“(/vill henceforth assume that our noise data are correctly de-
resulting from thermally activated flux jumps in a ring having . . -
L=17 nH,1 ;=49 uA, T=86 K, and an attempt frequency‘Ltz. scribed by a Lorentzian function.
The solid line is a fit to a Lorentzian function.

S (@3 Hz™h)

1 10 100

measurement. We must emphasize that, in our experiment, B. M/H loops and flux creep in YBCO rings
the very rapid variation ob with temperature results from
the (very strong temperature dependence Iqf close toT,
rather than the explicit dependence on temperature ifZeq.

Jumping between two states having lifetimgsand 7,
results in a Lorentzian noise spectriim

We have performed magnetization measurements on ring
A in an applied magnetic field up to 200 (Ref. 20 as
follows. First, the specimen was cooled in zero applied field
to 80 K. A field having a triangular wave form was then
applied and the specimen warmed until hysteresis in the
4A2 2 SQUID output versus applied field was observed. Such hys-
S(f )= T — (4) teretic behavior occurs when the amplitude of the applied
(r1+ 1) 1+ (27f )7 field is sufficient to cause the circulating current in the ring
whereA is the amplitude of the jump, 1is an average jump to exceed the critical current of the weak lifkWhile the
rate given by #=1/r,+1/7,, and, and r, depend on tem- applied field was in the falling part of the cycle and flux was

; _ i leaving the specimen, the applied field was abruptly removed
erature. For the special ca =1, this becomes X
P P BT and the subsequent decay of flux obserif€d. 5). The flux
2A%r decays in discrete flux quanta with an overall time depen-
S(f)= T+ (a2 (5  dence which is logarithmic over two orders of magnitude in

time. This is, to our knowledge, the only reported example of

The spectrum is white fof<1/7 and falls as #/ for f>1/  logarithmic flux decay at the flux quantum level.
7. As the temperature is varied therefore, there is a peak in We can make use of this decay curve to deduce the
the noise spectrum as the Lorentzian knee frequégdde-  equivalent voltage-current relation that would be measured
fined by wfy7=1) passes through the measurement fre-in a transport experiment. We concentrate here on the short-
guency. time scale behavior, whe®,>LkgT/®, so that backward

We are not aware of any analytic result for the noisejumping over the energy barriers is unimportant. We note
spectrum of anultilevelhopping process, particularly for the first that the large number of steps observed in the flux decay
case where the values ared; dependent. We will be mak- is consistent with our earlier assertion tiat>1 in the range
ing use of the Lorentzian form of our experimental noiseof our experiment. FoB, >1 and for values ofb; not too

100
_I

[o)
(=]

e 50} .

ra ; 40|
S = 30} .
% B 2] ’~,‘ FIG. 5. Flux decay in quantum steps for ring
= S0 % 10l ‘.‘ A at 86 K after applying and removing a
E a0 . . s magnetic-field. Note the onset of backward jump-
8 0.1 lT’ 10 100 ing at long times. The inset is a plot against the
5 ime (5) logarithm of time derived from the main figure.
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1 1
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Time (s)



9102 FOULDS, SMITHYMAN, COX, MUIRHEAD, AND HUMPHREYS 55

10»12 I 1 I 1 I E 10-1 E' LML ) I T I I
10 [ ¢ T
T [ ‘e ]
~ i ] ae 107 b -
< 14 E E
< 10 E ,ei F ‘e ® ]
) F E N A
. ] z [ .
= 10 L - 3 ]
> = 1wk, ® 3
101 L ] 2 ; A 1
Ea E [
F o E .
1047 L L ! I 1 ! ] 0 b
0 2 4 6 8 10 12 89.05 89.1 89.15 89.2 89.25 89.3 89.35
Current (LA) Temperature (K)
FIG. 6. Voltage-current characteristics for riAgdeduced from FIG. 7. Noise spectral density at 100 Hz vs temperature for ring

flux decay data at three different temperatures 85.9MK 85.80 K B with the 25um constriction taken with applied magnetic fields
(A), and 85.70 K(®). The solid line is from Eq(6), assuming that 0 4T (@) and 200uT (A).
the ring is closed by a single junction.
as large, not far outside our experimental error. In both rings
large @;=n®d,<Ll.), the barrier against flux decay is the discrete jumps in the flux disappear, but the spectra re-
given by Eq.(3), where we need only consider the negativemain accurately Lorentzian.
sign. In the case of the un-notched ring, the effect of an
The corresponding voltage is given by the rate of changapplied field was much stronger and we have therefore been
of flux, i.e., V=v,9eexp(—AU/kgT) and the current able to make a more detailed study of the effect. The results
around the ring iei® /L, from which it immediately follows are shown in Fig. 8. We note the following features.
that (i) The magnitude of the noise peak is essentially the
same for all fields.
(|c¢o P2 ‘bo|) (i) The_ temperature of the noise peak drops monotoni-
— +——— cally with increasing field.
keT \ 7 sL 2 (iii) The sharp jumps in the time trace disappear, as with
rings B and C, but the noise spectrum remains accurately
If the voltageV results from the jump of flux across Lorentzian.
series junctiondi.e., the current flows througm parallel (iv) The noise peak is broadened by a similar amount for
junctiong which are sufficiently strong to trap a flux quan- all applied fields.
tum in the enclosed area, téR3 this equation becomes The behavior in an applied field is clearly different from
modified to the zero-applied-field case. The fielddependencef the
peak height inS; can be understood on rather general
1 | b P2 P grounds, given the observed Lorentzian behavior. The inte-
c*0 0 0 H H
P ( +—— _) (6) grated noise power over all frequencies must eggdl2 by
mkgT | 7 8L 2 equipartition. By integration of Eq(5), we see that this
uniquely determines the noise powermst,7=1 and, hence,
From the comparison between the deriwgd character- the magnitude of the noise peak as
istics (Fig. 6) and Eq.(6), we see that there is quite good
agreement for ringA if we take m=1. Ring A therefore

In(V)=In(v,®q)—

IN(V)=In(v,®q)—

-1

behaves as a superconducting loop containing a single strong 10 E 0 Tt
junction. The behavior of the notched rilgis very similar, N
but shows only half the slope in the Yhversusl plot, im- R |
plying m=2. The behavior of the other notched rifigwas ) 10
qualitatively similar to ringB, but detailed flux creep mea- S
surements were not made on this specimen. The possible role % i
of the notch in the different behavior of these rings clearly = 107
requires more detailed investigation. &

10-4 1 1 | 1 1 1 |
C. Flux noise in YBCO rings in small applied magnetic fields 85.4 25.6 85.8 86.0 86.2

The effect of a 20Q+T applied field on the noise of ring Temperature (K)

B is shown in Fig. 7. We see that the field has displaced the

curve to lower temperature by some 30—40 mK consistent F|G. 8. Noise spectral density at 100 Hz vs temperature for ring
with a corresponding suppression in temperature of tGE) A for a range of applied magnetic fieldsdT (@), 2 T (M), 10 uT
curve. The same effect is observed in the more heavilyV), 40 4T (#), and 200uT (A). The lines are linear interpola-
notched ringC, except that the suppression is less than haltions between the data points.
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Given the success of a simple junction model in explain-
ing our zero-field data, we can ask whether the model can be
used to explain the behavior in an applied field, the absence
of any clearly defined jumps resulting, for example, from
some form of flux flow damping of the junction. The clear i
change in the temperature dependence of the noise in an 10° ;
applied field is, however, difficult to explain in terms of a i
simple model of a ring containing a weak link. In the ab- 10”7
sence of any information on the size or nature of the link, we 85.4 855 85.6 85.7 85.8 85.9 86.0 86.1 86.2
will therefore not pursue this approach further, but consider a Temperature (K)
totally different model for the behavior in an applied field,
which we believe to be consistent with our observations.

Examination of the data in Fig. 8 shows that at a fixed
temperature the noise power well below the peak is propor-
tional to the applied field. Similar behavior has also been
observed in the 1/flux noise power reported in thin films
well below T, .° Well above the peak, however, we find that
the noise power scales asl/B. We also note that the bulk
transition temperature would not be shifted by an observable
amount for the fields used in this experiment.

A ring of inductancel. and containing a series resistance i
R has a flux noise spectral density 0 Wl e

0 50 100 150 200 250
So(f ) 4kgTR L2 @ (b) Applied magnetic field (W T)
T RZ+(2wf )ALZ

Resistance ()

E

2'5 LR L

Resistance(85.9K) (mQ2 )

FIG. 9. (a) Resistance vs temperature for riAgdeduced from

This expression has essentially the same Lorentzian form abe data of Fig. 8 and applied magnetic fieldgD (@), 2 uT (H),
that resulting from telegraph noise, only without the sharplO uT (V¥), 40 uT (@), and 200uT (A). (b) Resistance of ringh
jumps in the time trace. The noise peak occuratR/2wL Vs applied magnetic field deduced at 85.9 K.
and has the same val&g,(fy) =LkgT/7f, given by Eq.(7). ) )

We emphasize that the noise at the peak is determinefyiture paper. We believe, however, that our smallest deliber-
only by fo, L, andT. The existence of the peak only requires ately applied field of 2uT is probably sufficient to cause
R to change smoothly from a value less than to greater thagquilibrium flux penetration into a 250m-wide track,
2mfoL as the temperature is changed. whereas our background field of QuT" is not. _

Our model for the observed noise is therefore as follows. In Fig. Ab) we plot theR versus applied fiel® at fixed

In the presence of a magnetic flemhe ring deve'ops a temperature. We see a linear dependenCB aver two or-
resistanceR, which results in current, and hence flux noise,ders of magnitude, consistent with a flux creep or viscous
spectra which are of Lorentzian form. priori we make no flow model and implying a flux density proportional to the
assumption about the nature of this resistance. It may havaPplied field. The resistance goes to zerd®at0, within an
its origin in flux creep between a series of potential barriersxperimental accuracy iB of =5 uT. This is consistent
(since in the limit of very low current, where the probabili- With observations of the field-dependent flux noise in con-
ties of forward and backward jumps are very similar, thistinuous YBCO thin films at lower temperaturd$ we as-
resistance tends to a constant Véﬁjas requireu orit may sume a uniform distribution of flux Iines, the |ineal’ity B
be a consequence of flux flow viscosity. Alternatively, it mayUpP to 200uT implies that the noise is unaffected by any
be due to a fluctuation or percolation effécin which the flux-line—flux-line interactions at flux line separations down
role played by the applied field is to change the magnitude of0 ~3 um. )
these effects rather than constitute a direct cause of the re- We see from Fig. @) that the dependence ofRnon
sistance. temperature tends to the same linear relationship in all ap-
Eq. (8), has a quite different temperature dependence in thdmit of a thermally activated flux creep procesTo pro-
presence of an applied field and that this is field independerftéed further we will pursue the specific model of flux creep
W|th|n the range measured' We knOW Of no junction mode|and ConSide!’ what can be deduced from our results in the
which would explain this behavior. There is therefore a cleacontext of this model. .
qualitative difference in the low- and zero-applied-field be- ~Following Ref. 4, we use a form for the barrier of
havior. The determination of the conditions for equilibrium
flux penetration into thin films is a nontrivial matter? depend- U=Uo(1=[T/Tc]". ©)
ing as it does on the detailed geometry- and temperaturé=or T close toT,, it follows that U=4Uy(1—-T/T.). The
dependent penetration depth. This will be the subject of aesistivity therefore has a temperature dependence
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jump. The fact that the noise is Lorentzian at the peak and
that the magnitude of the noise peak is similar to that of the
rings is less immediately obvious.
: The Lorentzian behavior again suggests an explanation in
2Pk terms of an effective resistance. The analysis is, however, a
sl little more complex due to the lack of a simply defined ring
L of calculable inductance and cross sectional area, and be-
0 e cause of the rather close values of the disk and pickup coil
Temperature (K) radii. We have therefore proceeded in a manner similar to
that described by Cleffifor determining the flux noise from
\ normal infinite metal sheets, but extended to lower resistiv-
\ ities and modified to accommodate our finite geometry:
4 ) | L = Briefly, the flux noise can be obtained by calculating the
168 166 10 16" 16%° 10° real part of the complex impedan@which would be ob-
Resistivity (Q m) served if the flux transformer were opened and the imped-
ance between the two leads measured. The fluctuation dissi-
FIG. 10. The experimental data from digk (W). The dotted  pation theorem implies that the current noise inainéroken
line is the computed noise spectral density vs resistivity for anflux transformer will be that due to the Johnson voltage noise
elipsoid of major axis 8 mm and minor axis 300 nm. The experi-from the real part of the impedance,{Z¢, in series with the
mental and theoretical noise is expressed as an equivalent flux noisetal circuit impedance, i.eS,=4kgT Re{Z}/|Z|>.
in a ring having the same parameters as #nat the same distance We model the YBCO disk as an ellipsoid having major
from the flux transformer. The solid line is from the computed axis equal to the disk diameter and minor axis equal to the
noise, scaled up by a factor of 2.8 to achieve a best fit. The horifilm thickness and having a temperature dependent resistivity
zontal (resistivity) axis has been scaled and shifted horizontally to,  We have taken the flux transformer to be a single ring of
fit the theoretical curve. The inset shows the resistivity vs temperaradiys equal to the real pickup coil and at a separation from
ture deduced from the main graph. the film of 3 mm. Again, we will make na priori assump-
tions about the origin of this resistance.{R& can be com-
puted by a straightforward extension of the method used in
Ref. 27 for calculating the complex susceptibility of ellipsoi-
dal normal metal particles. We takg|, with little error, to
Be that arising from the inductance of the pickup loop in
series with the input coil to the SQUID. In Fig. 10 we show
%he experimental noise data for di§k Here we have used
our measured values of the self-inductance of a ring and its
barrier as a facton. mutual inductance to the pickup coil to express the noise as

In summary, therefore, our model is that in zero appliedthe equivalent flux noise in a ring having the same param-

f : . . . . eters as ringA. The result of the above computation, ex-
ield the behavior of our ring specimens is well explained by ressed in the same way, is shown by the dotted line. Both

a superconducting loop closed by a single weak link, whic ;

i 2 ! e computed and experimental data show a power spectrum

we have taken to be a Josephson junction, but that in small = =~ ; . X -
L o . ! which is white on the high-temperature side of the transition,

applied fields, the behavior is dominated by an effective re;

H 1.75 H

sistance which has its origin in thermally activated quxtendlng to 1f~™on the Iow-tgmperature side. We see, how-
. o ever, that the computed noise peaks at a value below that
creep. More work is needed to understand the transition re: : . .
gion which occurs between 0.1 andud’. observed.expenmentally, but that by scaling our .theoretlcal
curve up in magnitude by a factor of 2.7, we obtain rather a

good fit to the experimental data. The fact that this fit is
achieved with a linear choice of temperature scale shows that

We concentrate first on the behavior of diSkwhich was  the experimental resistivity is an exponential function of
the only YBCO sample which wasot annealed after pat- temperature, again consistent with thermally activated flux
terning. The noise power at 10 Hz in zero applied field iscreep, although we recall that there was very little field de-
shown in Fig. 10, together with theoretical curves explainedoendence to the observed noise. In the inset to Fig. 10, we
below. (Cooling this sample in a field of 20QT caused a show the resistivity versus temperature deduced from the fit.
shift of the curve to lower temperature by only about 50We note that the magnitude of the flux noise predicted by our
mK.) The noise spectrum shows a clear Lorentzian behaviomodel is rather sensitive to the separation of the pickup loop
at and above the peak. The peak corresponds, as with tHeom the film, and that we have also approximated the ten-
rings, to the knee in the Lorentzian spectrum passing througturn pickup loop by a single turn. The agreement with the
the measurement frequency. Below the peak, the frequenagxperimental data is not unreasonable considering the sim-
dependence is-1/f17-18 slightly less strong than theff/  plicity of our model. We conclude therefore that the behavior

for a Lorentzian. There is no evidence of flux jumping in theof disk G is quite well explained by treating the disk as a
time trace at any temperature. material with a temperature-dependent resistivity, although
The absence of quantized flux jumps is perhaps not surfurther measurement and computation will be needed to de-

prising, since there is no defined area into which they cartermine whether the observed discrepancy inrtiegnitude

Temperature ( K)

o0 891 89.2 89.3 894 89.5 89.6
10 I I I~ :

-1
Hz™)
Resistivity

2
(]

So(10 Hz)(®@

pxexp(—4Uy/kgT) so that Ip is linear in T for a small
range ofT as observed.

We deduce a value dfl, of 3 eV, which is one to two
orders of magnitude larger than that deduced from flux nois
at lower temperaturéor flux creef??° data in YBCO. Ap-
plication of the same formula to our zero-applied-field dat
implies a value folJ, of 7 eV. We note that the particular
power (T/T.)" in Eq. (9) only enters the calculated energy

D. Flux noise in YBCO disks



55 MAGNETIC FLUX NOISE IN SUPERCONDUCTIN . . . 9105

of the noise is significant. It is worth emphasizing that the 03
fluctuation dissipation theorem placesranimumvalue on

the noise only. Again using E), we find an energy barrier Dis'cl

~6.5 eV, a factor-2 larger than that in rind\. We also see Disc G
that a single activation energy again describes the behavior =
throughout the whole of the transition region.

We finally note that, in predicting a change from white to
1/f1-"> behavior as the temperature falls below the noise Disc] -
peak, our resistivity model shows a small but significant dif- 0.1 — ol _
ference in behavior compared to models based on the study -7
of a random walk in two dimensiorf§,which change from Ri -7

. 15 . . . ingE _ -~
white to 1f*>. It also differs from the Lorentzian behavior O Ring D
associated with telegraph noise, which changes from white to ~GRingF A | | |
1/f2. A detailed comparison of the various models will be the 0 20 40 60 30 100
subject of a future paper. Temperature (K)

Measurements were made on the annealed YBCOHlisk
This disk also displays a Lorentzian spectrum at and above FIG. 11. Noise spectral density at 10 Hz for all specimens: disks
the noise peak and has a very similar peak magnitude to th@) and rings(O). The dotted line is from Eq7) for L=17 nH.
unannealed disk. The behavior below the peak is somewhat

different in that, although still having an exponential tem-and hence of the observation that at a given temperature the
perature dependence, it displays a cledrspectrum, rather npjse peaks at the same value for all specimens. This pro-
than the 17" of the unannealed disk. It has been shown byyides a possible explanation of the specimen independence
Ref. 29 that a process causing random fluctuations whiclf the noise peak magnitude noted in Refs. 5 and 12, al-
involves thermal activation over a uniform distribution of though their measurement system was rather different to
barrier heights results in fLhoise, albeit with a linear, rather gyrs.

than exponential, temperature dependence, and this theory we turn finally to an alternative and rather tentative
has been adapted to flux motion in order to explain tfe 1/ model for the behavior of the disk specimens. As we have
noise in thin YBCO films well belowT;.**> As with the  noted, our model based on resistivity requires an upward
unannealed disk there is only a very small effect due to &caling of the computed data in order to achieve a quantita-
200-uT applied field, which simply pushes the curve downtjve fit and it is not clear, without more detailed computation
in temperature by-50 mK. We have no detailed explanation and experimental measurement, whether this difference can
for the differences in the behavior of annealed and unanbe accommodated. Indeed, we might expect the noise of the
nealed disks at the present time. There is also insufficierdisks to be somewhat smaller than for the rings on the rather
information on specimen preparation given in the literaturegeneral ground that the disk acts as an inductor whose scale
to enable us to compare our results with those of other ays set by the size of the pickup loop rather than the outer
thors, but the role of annealing in a number of properties isfiameter of the disk. The observed magnitude of the noise

HZY)
fenn]
(3]
|

—

DiscHm _ -

”
Ring A 0F'Ri
mng /08R1ngB
-~ RingC

2
]

(i)

Se(10Hz) (

certainly a subject which warrants further study. peaks for the disks is, if anything, slightly larger than that for
_ _ the rings. We also note that the values for the energy barriers
E. Effect of temperature on magnitude of the noise peak deduced from Eq9) are, within a factor of-2, the same for

An important prediction of both our thermally activated all specimens, other than for the two lower-temperature rings
flux jump model for rings and our resistivity models for both D @ndE, for which it is an order of magnitude smaller, and
rings and disks is that, for a given geometry, the magnitudéhe niobium ringF, for which we have insufficient Qata.
of the noise peak at a given frequency will be proportional toReferences 5 and 8 also foug~5 eV for telegraphnoise
temperature. We have therefore made noise measuremer®@se to the transition in a continuous YBCO thin film. These
on a series of rings and disks having a range of transitioPPservations all point to a common origin for the noise in
temperatures, but all having the same outer diameter. In Figlisks and rings, and we tentatively suggest that the noise
11 we show the magnitude of the noise peak for all ourobserved |n_ourd|sks may also bp due to the motion of smgle
specimens. The dotted line is a best fit to the ring sampledlux quanta into and out of a region not too far from the disk
from which we are able use E7) to deduce a typical ring Center, this motion being sufficiently damped so as to smooth
inductance of 17 nH, which is, within our experimental error,OUt any sharp jumps on the time trace. Verification of this
the same as that deduced experimentally in Sec. IIl A. wé&xplanation will require a detailed consideration of the en-
see that, with the exception of one of the superlattice sample&'dy barriers and the response function of the pickup loop;
(disk 1), the data are in broad agreement with the abovéhe necessary theory has yet to be developed.
predictions. The behavior of ring sampBs-F is very simi-
lar to that of the YBCO ringsA—C, in that the noisc_e is IV. CONCLUSIONS
Lorentzian over the whole temperature range and in zero
applied field is associated with flux quantum jumps. We We have reported the flux noise in a number of rings and
should also stress thatl our disk specimens display an ap- disks having a large range of superconducting transition tem-
proximately Lorentzian spectrum at and above the noisg@eratures. The magnetic noise in rings close to the transition
peak. An important conclusion of our work is that a modelresults from flux jumps between a few sharply defined levels.
based on resistance provides a natural explanation of this fafe have shown that these jumps consist of single flux
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guanta and that the behavior is well explained by thermaplay approximately the same value for the magnitude of the
activation between the lowest few metastable states of a sumoise peak.

perconducting loop closed by a single Josephson junction. The behavior of a series of other rings having a wide

Detailed studies of the YBCO ring specimens show that inrange of superconducting transition temperatures is also
the presence of a small applied magnetic field, the sharpund to be in good quantitative agreement with this model.

quantum jumps disappear, but the spectra remain accuratelye find that our YBCO samples have behavior which is

Lorentzian and have the same magnitude at the noise peakonsistent with thermal activation energies in the range 3—7
This behavior is then well explained by a model in which theey. Finally, we suggest a possible alternative explanation for

ring is treated as a fixed inductance having a temperaturghe noise in disks in terms of the heavily damped motion of
dependent resistance directly proportional to the appliedingle flux quanta.

field. The same model is in quite good quantitative agree-

ment with the temperature dependence of the noise in an

unannealed YBCO disk. However, in an gnnealgd YBCO ACKNOWLEDGMENTS

disk, the frequency dependence of the noise deviates from

our model below the noise peak. We offer an explanation for We are grateful to Professor C. E. Gough for a careful
the observation that all specimens in a given experimentaleading of the manuscript and Dr. L. B. Kiss for useful dis-
configuration and with the same transition temperature diseussions.

V. N. Glyantsev, I. M. Dmitvenco, V. V. Barzenets, and V. I. Blenkinsop, and R. G. Humphreys, Appl. Phys. L&ff, 2796
Shnyrkov, Sov. J. Phy45, 554 (1989. (1990.

°C.E. Gough, M. S. Colclough, S. P. Harrop, M. N. Keene, and C1D. J. Norris, M. Aindow, L. G. Earwaker, P. Woodall, and F.
M. Muirhead, J. Less Common Met51, 461 (1989. Wellhdfer, in Applied Superconductivity 199%roceedings of

3C. M. Muirhead, F. Wellhofer, T. W. Button, and N. McN. Al- the 2nd European Conference on Applied Supercondugtadty
ford, IEEE Trans. Appl. Supercond, 1695(1993. ited by D. Dew-Hughes, IOP Conf. Proc. No. 1d8stitute of

4M. J. Ferrari, M. Johnson, F. Wellstood, J. Clarke, D. Mitzi, P. A. Physics and Physical Society, London, 1995 879.
Rosenthal, C. B. Eom, T. H. Geballe, A. Kapuitulnik, and M. R. 165, N. Mao, X. X. Xi, Qi Li, I. Takeuchi, S. Bhattacharya, C.

Beasley, Phys. Rev. Letb4, 72 (1990. Kwon, C. Doughty, A. Walkenhorst, T. Venkatesan, C. B.
SM. J. Ferrari, M. Johnson, F. Wellstood, J. J. Kingston, T. J. Whan, J. L. Peng, and R. Green, Appl. Phys. L6®, 2425
Shaw, and J. Clarke, J. Low Temp. Ph9d, 15 (1994. (1993.
6C.T. Rogers, K. E. Meyers, J. N. Eckstein, and |. Bozovic, Phys.”S. A. L. Foulds, J. Smithyman, and C. M. Muirhe&gnpub-
Rev. Lett.69, 160(1992. lished.

L. B. Kiss, P. Svedlindh, M. Bjmander, P. Norblad, J. Smithy- 8A. Baroni and G. Paternd?hysics and Applications of the Jo-
man, C. M. Muirhead, U. Klein, and Z. Gingl, ifroceedings of sephson EffediWiley, New York, 1982, p. 361.
the 13th International Conference on Noise in Physical Systems'®S. Machlup, J. Appl. Phy25, 341 (1954
edited by V. Bareikis(World Scientific, Singapore, 1995p. 205 A. L. Foulds, C. M. Muirhead, and R. G. Humphreys, Physica

105. B 194, 1619(1994.

8M. J. Ferrari, M. Johnson, F. Wellstood, P. A. Rosenthal, R. H.2YJ. E. Zimmerman and A. H. Silver, Solid State Comm&n133
Hammond, and M. R. Beasley, IEEE Trans. MaghAG-23, (1966.
806 (1989. 22C. Mee, A. I. M. Rae, W. F. Vinen, and C. E. Gough, Phys. Rev.

9M. J. Ferrari, M. Johnson, F. C. Wellstood, J. Clarke, A. Inam, X. B 43, 2946(1992).
D. Wu, L. Nozar, and T. Venkatesan, Natg41, 723(1989. 2a. 1. M. Rae, Phys. Rev. B3, 2956(199)).
10, Wang, Y. Zhu, H. L. Zhao, and S. Feng, Phys. Rev. Lé#. 241 . B. Kiss and P. Svedlindh, Phys. Rev. Lefd, 2819(1993.

3094(1990. 25C. W. Hagen and R. Griessen, Phys. Rev. L&#.2857(1989.
1IM. J. Ferrari, J. J. Kingston, F. C. Wellstood, and J. Clarke, Appl.?6J. R. Clem, IEEE Trans. MagMAG-23, 1093(1987.
Phys. Lett.58 1106(1997). 27E. M. Parvin, A Singfield, W. F. Vinen, and G. F. Cox, Super-

2M. J. Ferrari, M. Johnson, F. Wellstood, J. Clarke, P. A. cond. Sci. Technol6, 523(1993.
Rosenthal, R. H. Hammond, and M. R. Beasley, Appl. Phys.28K. M. Van Vliet and J. Fassett, iffluctuation Phenomena in

Lett. 53, 695(1988. Solids edited by R. E. Burges#\cademic, New York, 1962 p.
3M. Bjornander, J. Magnusseon, P. Svedlindh, P. Norton, and F. 268.
Wollhéfer, Physica Qto be published 29p. Dutta, P. Dimon, and P. M. Horn, Phys. Rev. L&, 646

¥N. G. Chew, S. W. Goodyear, J. A. Edwards, J. S. Satchel, S. E. (1979.



