
VOLUME 64, NUMBER 1 PHYSICAL REVIEW LETTERS 1 JANUARY 1990

Distribution of Flux-Pinning Energies in YBa2Cu307 —b and Bi2Sr2CaCu208+it from Flux Noise
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The spectral density of the magnetic flux noise measured in high-temperature superconductors in low

magnetic fields scales approximately as the inverse of the frequency and increases with temperature. We
use the temperature and frequency dependence of the noise to determine the pinning energies of indivi-

dual flux vortices in thermal equilibrium. The distribution of pinning energies below 0.1 eV in

YBa2Cu307-~ and near 0.2 eV in Bi2Sr2CaCu20g+~. The noise power is proportional to the ambient
magnetic field, indicating that the vortex motion is uncorrelated.

PACS numbers: 74.60.Ge, 74.40.+k, 74.70.Vy

Much attention has been focused on the vortex pinning
U(T) of high-transition-temperature (T, ) superconduc-
tors. From studies of the resistive transition in a mag-
netic field, Palstra et al. ' showed that flux creep in single
crystals of Bi2SrqCaCu20s —s (BSCCO) was thermally
activated with magnetic-field-dependent pinning ener-

gies ranging from 0.03 to 0.3 eV near T, . In similar ex-
periments, Sun et al. showed that the activation ener-

gies in ErBa2Cu307 —b were much greater when the ap-
plied magnetic field was perpendicular to the c axis than
when it was parallel. Zeldov et al. have studied the
resistive transition in YBaqCu307-s (YBCO) and re-

ported activation energies as high as 6 eV in a magnetic
field of 0.5 T. On the other hand, Hagen and Griessen
deduced a much lower value of the activation energy in

YBCO from flux-creep measurements by Tuominen,
Goldman, and Mecartney, and Yeshurun, Malozemoff',

and Holtzberg. They found a distribution of activation
energies with a peak near 0.06 eV. Subsequently,
Griessen et aI. used the data of Yeshurun et al. to
show that the activation energies in a single crystal of
BSCCO were also distributed, with a peak near 0.04 eV.

The above experiments were carried out in substantial
magnetic fields with strong driving forces acting on
correlated vortices. In this Letter, we describe an alter-
native probe of pinning energies, magnetic flux noise,
which is present without applied currents or magnetic
fields. We argue that this technique measures the pin-

ning potential of individual uncorrelated vortices. We
have measured flux noise in YBCO and BSCCO samples
over the temperature range from 4.2 K to above T, ~ The
spectral density S~(f) of the noise scales as 1/f, where

f is the frequency and m = l. Assuming that individual
vortices are thermally activated among pinning sites, we

extend a model by Dutta, Dimon, and Horn' to derive
the distribution of flux-pinning energies. In YBCO, this
distribution shows a broad peak below O. l eV. The fact

that Sq, (f) scales linearly with an applied magnetic field

8 (0.1 mT~ 8 ~ 2.5 mT) supports our contention that
the motion of the vortices is uncorrelated.

A detailed description of our experimental technique,
including a diagram of the apparatus, appears in Ref. 11.
A Nb-PbIn thin-film dc SQUID ' (superconducting
quantum interference device) is attached to a sapphire
plate maintained at 4.2 K inside a vacuum can. The
high-T, sample is supported approximately 100 pm from
the SQUID and parallel to it by a thermally isolated
stage that regulates the sample temperature from 4.2 to
140 K. The cryostat is surrounded by a Mumetal shield
that reduces the ambient magnetic field below 10 T.
The motion of vortices in the high-T, material is detect-
ed as a change in flux through the SQUID with a cou-
pling coefficient of about 70%. We report results on two
films of YBCO and a single-crystal flake of BSCCO.
YBCO(1), which was cosputtered from three targets and
postannealed, ' was & 90% c-axis oriented with T, =85
K and a critical current density J, of 5x10 A/cm at
4.2 K. YBCO(2) was grown in situ epitaxially on a
(100) MgO substrate by olf-axis sputtering from a single
target, ' and had T, =84 K and J, =4X10 A/cm at
4.2 K. The BSCCO single-crystal flake was gro~n from
a melt and was c-axis oriented with T, =90 K. Each
film was about 300 nm thick and the BSCCO flake was
about 40 pm thick.

All samples showed 1/f-like flux noise over our observ-
able frequency range, 1 to 10 Hz. To illustrate the tem-
perature dependence of this noise, we plot S~(1 Hz)
versus temperature T in Fig. 1. The noise was 1/f-like at
all temperatures below T„except for random telegraph
noise occasionally exhibited by YBCO(2) above 78 K
and by BSCCO above 87 K; these events are not includ-
ed in our analysis. Measurements of the mutual induc-
tance between our SQUID and its modulation coil probe
the dc magnetic susceptibility of the sample, and are sen-
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FIG. l. Magnetic flux noise 5+(1 Hz) vs temperature for
three samples: squares, postannealed sputtered YBCO(1); tri-
angles, in situ sputtered YBCO(2); circles, single-crystal
BSCCO. Noise-power spectrum is I/f-like in all cases. Curves
are piecewise cubic interpolants used to calculate m(T) (solid
and dashed segments) and D(UD) (solid segment only). Inset:
Noise power fS~(f) vs magnetic field 8 in which the BSCCO
sample was cooled for two temperatures (1 Hz ~f~ 100 Hz).
Lines are guides to the eye; both axes are linear.
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F&G. 2. Slope m(T) of the noise-power spectrum vs temper-
ature for the three samples (a) YBCO(1), (b) YBCO(2), and

(c) BSCCO. Points are experimental data. Curves are predic-
tions of Eq. (3) from the fits to noise in Fig. 1.

sitive to second phases with depressed T, . These mea-

surements indicate that the noise in the range of temper-
atures we analyze is not the result of such second phases.

We analyze the 1/f noise within the model of Dutta,
Dimon, and Horn' modified to account for tempera-
ture-dependent activation energies. The central assump-
tion of this model is that I/f-like noise arises from the

incoherent superposition of many thermally activated
switching processes. Consider a vortex hopping over a
temperature-dependent barrier U'(T). The characteris-
tic time for this process is

t'(T) tpexp[U'(T)/ktt T] = tpexp[UpP(T)],

where zp
' is a temperature-independent attempt fre-

quency, Up is the zero-temperature barrier height, and

p(T)=U'(T)/UpkttT. Each independent process thus

yields a Lorentzian power spectrum of the form

S~(ro, T) ce z'(T)/[I + [cot'(T)] '),
where co 2tcf. The spectral density of the noise from

many such processes is

Up/fe OO zpe
S~(co, T) ec dUpD(Up)4 p 2UpP

co zpe

where D(Up)dUp is the number of processes with zero-

temperature activation energies between Up and Up

+dUp. We assume tp and P(T) are the same for all

processes. The kernel in Eq. (I) peaks sharply at an en-

ergy Up(co, T) = —In(corp)/P(T) and has a width of or-
der 1/P(T) If we assume that D(Up) .is slowly varying
in the width of the kernel, we can take D(Up) outside

the integral, which we readily carry out to find

D[Up(co, T)] ce coS~(ro, T)P(T) .

Thus, by measuring S~(co, T) and taking an appropriate
form for P(T), we can obtain D(Up).

Our model makes an additional prediction, which can

be tested. Since D[Up(co, T)] is weakly frequency de-

pendent, Eq. (2) implies S~(co,T) cx: 1/co, where

m —c)lnS+/c) into may deviate from unity. One can

show from Eqs. (I), (2), and the expression for Up(co, T)
that m must satisfy

1 9 ln5~
m(co, T) - I+ 1+

In(corp) c) In T
1) lnP

81n T
(3)

Agreement between the measured values of m(T) and
the prediction of Eq. (3) will give us confidence that our
model captures the physics of the flux-noise process.

In the litnit of noninteracting vortices [(&p/8) 't »A, ],
the pinning energy arises from a core interaction with

temperature dependence' U(T) cx: L [&p/A, (T)] . Here
L is the length over which the vortex is pinned, @p is the
flux quantum, and A, (T) is the penetration depth. The
recent work of Hagen and Griessen suggests that L is

temperature independent. With this assumption, and the
temperature dependence ' k(T) ~ (I —t ) 't where

t T/T„we obtain p(T) =(I —t )/kttT.
Figure 2 shows the measured values of m(T) for each

sample together with values calculated from Eq. (3) with
co/2tr= 1 Hz. We set tp =10 '' sec in agreement with
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values reported elsewhere. ' The entire fit to Sq, (T) in

Fig. 1 (solid and dashed segments) is used in the calcula-
tion, since Eq. (3) is relatively insensitive to the particu-
lar functional form of P(T) Alt. hough the measured and

predicted values of m can diA'er by 10%, the major
trends are reproduced, lending support to our model. A

notable example appears in Fig. 2(a), where the most ex-

treme departures from m =1 occur at 73 and 78 K. The
predicted values of m mimic this behavior because

Sc,(T) exhibits a peak in this temperature range (Fig.
1). The noise peak must therefore be associated with a
feature in D(Up). In plotting m, we have implicitly as-

sumed that the vortex hopping distance I is temperature
independent, so that the temperature dependence of
S(rp, T) arises solely from t'(T). If, instead, we al-

lowed l(T) to scale with T, the curves in Fig. 2 would be

displaced downward, improving their agreement with the

experimental data.
Figure 3 shows the distribution of pinning energies (in

arbitrary units) computed from Eq. (2), using the fit to

So(T) in Fig. 1. The dashed segment of the fit is not

used in this calculation. In YBCO, this is the region
near T, where D(Up) depends strongly on the exact tem-

perature dependence of P(T). In BSCCO, the dashed

segment marks the onset of a peak in m(T) predicted
from Eq. (3) that is not reflected in the measured slope

(Fig. 2), perhaps indicating a noise process outside our

model. The two YBCO films show a peak in D(Up)
below 0. 1 eV. To facilitate comparison of the peaks in

the two films, we have replotted that for YBCO(1) in

Fig. 3(a) on an expanded scale. One can understand the

appearance of a low-energy peak by inspecting Eq. (2).
Below 35 K, S+(T) increases rapidly, yielding the onset

of the peak in D(Up). As T increases further, Sc,(T)
levels oF and the decrease of P(T) dominates, rolling oF
D(Up). The peak occurs at an energy corresponding to
T = 35 K: since t « 1 at this temperature, the peak is

at

Up = kgT[ In(cptp)] = 23k' T = 0 07 eV .

In addition to the low-energy peak, YBCO(1) shows a

peak near 0.35 eV (arising from the noise peak at 73 K)
that is absent in YBCO(2). The higher-energy peak

may be associated with grain boundaries or a-axis grains,
both prevalent in YBCO(1) but not in YBCO(2), while

the lower-energy peak may represent an intrinsic, in-

tragranular pinning energy. The distribution D(Up) in

BSCCO has a rapid onset near 0.03 eV and peaks near
0.2 eV. Our calculation yields a broader peak because
the noise increases steadily from 35 to 75 K.

We have also studied the behavior of the noise when

the sample is cooled in a small magnetic field 8 parallel
to the c axis. The inset to Fig. 1 shows the results for
BSCCO at two temperatures; YBCO films show similar
behavior. '' Although not apparent in the figure, the
noise at a given temperature flattens oA to a constant
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FIG. 3. Density of zero-temperature activation energies
D(Up) vs energy Up for (a) YBCO(1), (b) YBCO(2), and (c)
BSCCO. Arbitrary units on vertical scale are the same for all

three samples. Shapes of the peaks depend slightly on the in-

terpolation scheme chosen in Fig. 1.

value as the applied field is reduced below 0.1 mT. We
note that at the highest applied field, 2.5 mT, the aver-

age vortex spacing, —(&p/8) ', of roughly 1 pm is

greater than the vortex diameter of about one penetra-
tion depth (-0.3 and 0.4 pm at the two tempera-
tures). ' Thus, the average interaction between vortices
is relatively small. Since we expect the number of vor-

tices to be proportional to 8, the fact that fS~(f) is

linear in 8 supports the idea that the noise arises from
the uncorrelated motion of individual vortices.

In summary, we have shown that the flux noise ob-
served in YBCO and BSCCO is consistent with a model
based on thermal activation of single flux vortices. Fur-
ther support for our analysis of 1/f noise into indepen-
dent Lorentzian processes is provided by the occasional
observation of random telegraph noise from a single
switching process, which we will discuss in detail else-
where. One such process may have an unusually large
hopping distance under certain circumstances, making it
stand out from the ensemble of similar processes that
produces 1/f noise. The linear dependence of the noise

power on the magnetic field in which the samples were
cooled supports our assumption that the motion of the
vortices is uncorrelated. Observation of 1/f noise in

these materials over a wide temperature range implies
that the pinning energies must have a distribution rather
than a single value. We caution, however, that these
noise measurements are insensitive to the presence of
pinning sites of higher energy than those shown in Fig. 3,
since flux pinned at these sites would be very unlikely to
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move during the time of the measurement. The low-

energy peak observed in the YBCO films [Figs. 3(a) and
3(b)] is quite similar to that derived by Hagen and
Griessen, although their BSCCO data peak at a much
lower energy (0.04 eV) than ours, perhaps reflecting a
diA'erence in the microstructure of the samples. Recent
zero-field critical-current measurements by Tahara et
al. ' on YBCO yielded pinning energies of roughly 0.1

eV. Evidently, at least some experiments in which vor-
tices are driven sample the same pinning barriers as ours,
in which vortices are near thermal equilibrium. The
presence of the peak in YBCO(1) near 0.35 eV presum-

ably represents a second pinning mechanism. Finally,
the origin of the very large peak in the 1/f noise at T,
remains an open question. Calculation of D(Uo) in this
region is extraordinarily sensitive to the exact functional
form of P(T). The peak may possibly arise from mecha-
nisms outside the scope of our model, such as the
creation of vortex-antivortex pairs when their energy ap-
proaches kgT, fluctuations which drive large regions of
the sample normal, or the onset of cooperative vortex
motion as A, (T) diverges.
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