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Measurements of the I/f noise have been performed on YBa2Cu307 —s single crystals for currents in

the a bpla-ne and along the c axis. In the normal state, the normalized noise spectral density S,,/V' in

the a-b plane is comparable with that along the c axis. In the superconducting transition region, a
large enhancement of S,./V-' is observed along the c axis while no such enhancement is observed in the
a-b plane. Our experimental data suggest that while the I/f noise in the normal state may be due to
structural defects, a completely diAerent noise source exists in the superconducting transition region.
We discuss the I/f noise behavior in the superconducting transition region in terms of the anisotropic
nature of YBa2Cuq07 —b and the motion of magnetic vortices.

The behavior of I/f noise in high-temperature super-
conductor materials can be studied in three different re-
gions: (I) the normal state (T, «T~ room tempera-
ture), (2) the superconducting transition region (T= T, ),
and (3) the superconducting state (T«T, ). Here . T, is.
the superconducting transition temperature where the
electrical resistance vanishes. At present, our knowledge
is fragmented. In the normal state, experimental data on
bulk and thin-film samples indicates that the magnitude of
the normalized I/f noise spectral density S,,/V is very
large when compared with metals. ' Large I/f noise is
found even in the a-b plane of YBa2Cu307 ~ single crys-
tals. In the superconducting transition region, an anoma-
lously enhanced peak of the I/f noise power is observed in

various bulk and thin-film samples. ' " In the super-
conducting state of thin-film samples, the magnitude of
I/f noise, attributed to magnetic flux motion, increases
with increasing temperature and depends strongly on the
microstructure of the samples. '

The work described in this paper is based on I /f noise
measurements in YBa2Cu307 —b single crystals where the
probing current was in the a-b plane for one set of crystals
and parallel to the c axis for another set. The observed
anisotropy in the I/f noise power provides an explanation
of the earlier observations of enhanced noise peaks in the
superconducting transition region in bulk and film sam-
ples and also allows for a new interpretation of the I/f
noise that unifies the present results with those in the su-
perconducting state and our earlier results in the normal
saba iV.

Our study was motivated by several important ques-
tions. Does the I/f noise observed in the normal state de-
pend on the orientation of the probing current? Why is
there an enhanced peak of the I/f noise in the supercon-
ducting transition region of many copper oxide materials?
Why does the magnitude of the Aux noise depend strongly
on the microstructure of samples? To address these ques-
tions, we studied the temperature dependence of the I/f
noise on carefully prepared YBa2Cu307 b single crystals
in both the normal state and the superconducting transi-
tion region, making the first measurements of the I/f
noise both in the a-b plane and along the c axis of the
crystals. We find that in the normal state S,, /V'- mea-

sured in the a-b plane is comparable with that along the c
axis. In the superconducting transition region, however, a
very large enhancement of S,,/V-' is observed along the c
axis while no such enhancement is observed in the a-b
plane. These experimental results are interpreted in terms
of the anisotropic nature of YBa2Cu307 —~ and the motion
of magnetic vortices.

The YBa2Cu307 —b single crystals were prepared by a
flux-growth technique. The starting powder (nominal
stoichiometry YBa9Cu230, ) was prepared by thoroughly
mixing precursor BaCu02, prereacted YBaqCu307 —~, and
excess CuO. This powder was loaded into a gold crucible,
heated in air to 980'C for 24 h, cooled (3'C/h) to
870'C, and cooled to room temperature (50'C/h). The
crystals were oxygen annealed at 600'C for 12 h and sub-
sequently at 450'C for 6 days. The attachment of electri-
cal leads has been described elsewhere. Since it is ex-
tremely diNcult to attach many electrical leads with low
contact resistance to the same crystal, the a-b plane and
the c-axis measurements were done on two different sets
of samples, each set containing four crystals, respectively.
The dc electrical resistivities in the a-b plane (p„s) and
along the c axis (p, .), measured by the four-probe tech-
nique, are shown in Figs. 1(a) and I (b). The magnitudes
and the temperature dependence of p„&, for all the crystals
that we have studied, are consistent and very similar to
those reported by others in the literature. "' On the other
hand, we observe small variations in the temperature
dependence of p, The metallic behavior (indicated by the

~ ~ JYyvsitYveccivi'yxAFtuK Kiciit"c've~&l'oi '&vaBCYitly) 'ircR uir; "—

room temperature, as shown in Fig. 1(b), exists in some
samples but not in others. Several explanations have been
proposed for this variation: (I) an oxygen deficient interi-
or of the sample; (2) electrical shorting by the p„b com-
ponent due to imperfect crystallinity;" and (3) a small
misalignment of electrical leads. '

The noise spectral density (S,, ) was measured by the
"cross-correlation" technique and details of such mea-
surements have been described elsewhere . In Fig. 2 we

plot the typical results of the normalized spectral density

S,,/V as a function of temperature. Here V is the mean
dc voltage across the sample. At each temperature the
noise spectrum was measured from 0. 1 to 100 Hz in incre-
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FIG. 1. The electrical resistivity of YBa2Cu307 —& single crys-
tals as a function of temperature. Inset: the configuration of
electrical leads. The shaded areas are gold pads deposited on

the crystal to reduce the contact resistance. (a) p„i, measured in

the a-b plane of sample A. The superconducting transition
starts at 9I K und zero resistance is reached at 90 K (T, ). (b)
p, measured along the c axis of sample B. The superconducting
transition starts at 91 K and T, is 87 K.
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FIG. 2. Normalized I/f noise spectral density S,,/V' as a
function of temperature for sample A (measured in the a-b
plane) and sample B (measuring along the c axis). The data are
selected from 3 diAerent frequencies: 0.7 Hz (triangles), 7 Hz
(circles), and 70 Hz (squares).

ments of 0.125 Hz. All noise spectra have characteristic
l/f behavior. Two features can be seen clearly from the
data: (I) in the normal state, the magnitude of S,,/V
measured in the a bplan-e [Fig. 2(a)] is comparable with

that along the c axis [Fig. 2(b)]; and (2) there is no
enhanced 1/f noise peak in the superconducting transition
region in the a-b plane while the enhancement is very
prominent along the c axis.

In the normal state, the temperature dependence of
S,,/V- is similar for both orientations of the probing
current. Theories, such as Voss-Clarke's temperature
fluctuatipn mpdel i I and Handel's quantum noise mpdel,
predict a noise spectral density that is several orders of
magnitude smaller than our experimental results. Previ-
ously we suggested that the noisy behavior is mainly due
to various structural defects in the copper oxide materials

(such as grain boundaries and twinning boundaries).
This point of view is supported by our recent l/f noise
measurements performed on high-quality T1~BazCaCu20~
thin films' in which we find that the magnitude of S,,/V
in the normal state is much lower than that previously ob-
served in other copper oxide materials (some T12Ba2-
CaCu20s thin films have an S, /V that is as small as in

conventional metals). The single crystals used in this
study are known to have internal twinning boundaries'"
and the magnitude of S,,/V measured in the a-b plane is
in agreement with previous results. The magnitude of
S,,/V-' measured along the c axis, as shown in Fig. 2(b), is
about five times smaller than that in the a-b plane. Since
the I/f noise in copper oxide materials is a volume effect
and the sample volumes are similar (volume of sample
3 =7.9X10 ' cm and volume of sample 8=7.6x 10
cm'), it appears that the magnitudes of S,, /V in the a-b
plane and along the c axis are comparable and both are
very large compared to metals. This behavior is observed
in all the crystals that we have studied except one crystal
measured in the c direction which has a large oxygen
deficiency (T, =32 K) and its S,, /V in the normal state is
about 3 orders of magnitude higher than other crystals.
This observation seems to suggest that oxygen deficiencies
may also act as a source of large l/f noise and it is con-
sistent with our proposal that the noisy behavior of the
copper oxides in their normal state is mainly due to vari-
ous structural defects.

In the superconducting transition region, we observe
very different results depending on the orientation of the
excitation current (I) with respect to the c axis. There is a
prominent enhancement of S,,/V-' (typically 3 to 5 orders
of magnitude) above the normal-state level when I is

parallel to the c axis and there is no enhancement of S,./V
when I is in the a-b plane (perpendicular to the c axis).
This behavior is consistently observed in all the crystals
that we have studied. Compared to the normal state, the
anisotropic behavior of the I/f noise in the superconduct-
ing transition region strongly suggests that a completely
different noise source exists in this region.

Vortices of magnetic flux are formed in the supercon-
ducting transition region and they move transverse to the
electric current density J because of the Lorentz force: '

f =J&&tm&t&/c where 4t& is the fiux quantum and c the speed
of light. The movement of the flux vortices induces an
electric field of magnitude E =B&&v/c which is parallel to
J (B is the magnetic field intensity and v is the velocity of
the fiux vortices). This electric field in turn generates a
fluctuating voltage because of fluctuations in v. Presently,
there are many models to describe the motion of flux vor-
tices in copper oxide superconductors. For instance, both
thermally assisted flux creep' and thermally assisted flux
flow' have been postulated. In the flux creep picture, I/f
noise is generated as individual vortices or sections of the
vortex lattice (known as "bundles" ) come free from pin-
ning centers and hop with characteristic time z(T) at a
given temperature T. Notice that the hopping motion of
these bundles along the c axis results from the electric
current in the a-b plane and the hopping in the a-b plane
results from the current along the e axis. Assuming that
the hopping is a Markov process leads to a Lorentz spec-
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tral density for a given activation energy U. A broad,
featureless distribution of activation energies D(U) has
been invoked to explain the origin of I/f noise in these in-

stances. '" The superposition of Lorentzian spectra can
be used to calculate the I /f noise spectrum if the distribu-
tions of U and the flux hopping time r(T) are known

[r = r p exp(U(T)/ktt T), with ktt being the Boltzmann
constant]. The noise spectrum is proportional to
fdU D(U) r/[I + (mr ) '-], where D(U) is the density of
activation energy '" and co is the angular frequency. The
enhancement in the superconducting transition region
suggests that the flux motion freezes out producing a peak
in the factor r/[I+(mr)-'] at mr =I. Although the tech-
nique we use for measurement cannot be extended into the
superconducting state, the measurements by Ferrari et al.
on thin films in the superconducting state seemingly sup-
port the idea that the flux motion freezes out as T passes
T,. leaving the vortices pinned in the superconducting
state.

In order to explain why the enhancement occurs prefer-
entially along the c axis, we need to consider the aniso-
tropic nature of the YBa&Cu307 —& system. It has been

proposed that due to the large anisotropy in YBa2Cu3-
07 —~ the flux line lattice is segmented in the c direction. '"

Similarly, Kes et al. '- suggested that for arbitrary
magnetic-field orientations, the field component parallel
to the c direction creates a lattice of two-dimensional
(2D) vortices which is virtually uncoupled to the field

component parallel to the a-b plane. Independent of
which description is more realistic, superconducting layers
coupled by 2D Josephson junctions or an anisotropic 3D
Ginzburg-Landau model, ' the remarkably anisotropic
nature of YBa2Cu~07 —q is well established. Experimen-
tally it has been shown that the activation energies are
much greater when the applied magnetic field is parallel
to the a-b plane than when the field is parallel to the c
axis. '" -'- If the activation energy was infinitely large, then
all the vortices woul~ be pinned and there would be no

flux creep or flow, and consequently there would be no flux

noise. Physically, the quasi-2D vortex lattice structure
tends to limit the motion of vortices to the a-b plane and

hopping between the planes is dilcult. Therefore, when

the probing current I is along the c axis, the motion of vor-

tices is not hampered and the associated flux noise can be
large. The opposite is true when I is perpendicular to the
c. axis and vortices are localized in the plane. As a result,
the enhancement of the noise does not occur. In terms of
the hopping motion, our data suggests that the activation
energy U is very anisotropic: U is finite for hopping in the
a-b planes and it is much larger for hopping parallel to the
c axis. "

In summary, we have found that the I/f noise in

YBa2Cu307 —j single crystals is very anisotropic in the su-

perconducting transition region even though in the normal
state the magnitude of the I/f noise measured in the a b-
plane is comparable with that along the c axis. The ob-
served large enhancement of the I/f noise in the supercon-
ducting transition region occurs when the probing current
is along the e axis but not in the a-b plane. Our experi-
mental data suggest that while the I/f noise in the normal
state may be due to various structural defects, a complete-

ly diA'erent noise source exists in the superconducting
transition region. These results are tentatively explained
based on the anisotropic nature of YBa2Cu307 ~ and the
motion of magnetic vortices. Our data suggest that the
magnetic flux lattice is highly anisotropic, if not complete-

ly two dimensional. Our experimental observations also

imply that highly oriented thin films are required for prac-
tical applications if the high level of I/f noise is to be
avoided.
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