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A low-frequency resistance noise study in highly underdoped thick films of Las_;Sr,CuO4 (z =
0.07 and 0.08) reveals slow, correlated dynamics and breaking of ergodicity near the superconducting
transition of the Berezinskii-Kosterlitz-Thouless type. The observed correlated behavior is strongly

suppressed by disorder.

PACS numbers: 74.40.-n, 74.72.Gh, 74.25.F-

I. INTRODUCTION

The dynamics of topological defects has been of great
interest in condensed matter physics [1] and beyond
[2]. Physical realizations include various two-dimensional
(2D) systems, such as superfluid helium films [3], liquid
crystals [4], superconducting (SC) films and Josephson-
junction arrays [5], magnetic films [6], and ultracold
atoms [7]. Such 2D systems exhibit a phase transi-
tion at a critical temperature Tpxr # 0, driven by
the Berezinskii-Kosterlitz-Thouless (BKT) mechanism
[8-10]. In this picture, logarithmically interacting topo-
logical defects are bound in vortex-antivortex (V-AV)
pairs in the low-T phase, while in the high-T" phase
defects unbind and single-vortex excitations proliferate.
Despite several decades of intensive research on this class
of topological phase transitions [11], experiments on the
dynamics near the BKT transition remain scarce, even
for the 2D SC transition, likely the most studied exam-
ple of the BKT physics. Meanwhile, theoretical studies
have revealed the ergodicity breaking [12] and the onset
of out-of-equilibrium dynamics near T 1 [13]. However,
except for a recent study of thin films of NbN [14], there
have been no attempts, to the best of our knowledge, to
probe the correlations in the BKT critical regime and the
low-T phase. Furthermore, studies of the BKT physics in
thin films of conventional superconductors, such as NbN,
are complicated by the still not-well-understood relation-
ship between film thickness, disorder, and superconduc-
tivity [15]. Hence, alternative approaches are needed to
explore correlations near the BKT transition.

Layered superconductors with weak interlayer Joseph-
son coupling, such as underdoped cuprates, present an
alternative route for the exploration of the BKT behav-
ior [16-20]. We report a novel study of the dynamics
near the SC, BKT-like transition, in which a) measure-
ments are performed on highly underdoped, atomically
smooth thick films of Las_,Sr,CuO4 (LSCO), a proto-
typical cuprate, and b) resistance (R) noise spectroscopy,
a relatively uncommon technique, is used to probe the
dynamics on orders-of-magnitude longer time scales than
those explored previously in other systems near the BKT
transition. In addition to the critical slowing down con-

sistent with the BKT physics, we find evidence for the
onset of correlated dynamics and breaking of ergodic-
ity. Furthermore, the correlated behavior is strongly sup-
pressed by disorder.

While 2D systems cannot have a true long-range or-
der, the BKT theory [8-10] shows that they may develop
a quasi-long-range order at low 7', such that the spatial
correlations decay in a power-law fashion. Therefore, the
entire low-T (T < Trxr) phase appears to be scale in-
variant or critical. The system is characterized by a fi-
nite superfluid stiffness Js, as topological excitations are
bound in V-AV pairs. At T'= Tk, thermal unbinding
of V-AV pairs leads to a discontinuous drop of J, the key
signature of the BKT physics. On the other hand, in the
disordered (T > TpiT) phase, the spatial correlations
decay exponentially with distance. As T — Tg K the
correlation length ¢ diverges exponentially, and so does
the corresponding time scale 7¢ ~ £* (z = 2 is the dynam-
ical exponent), signifying critical slowing down in analogy
with other phase transitions. £ corresponds to the aver-
age separation between free vortices [€2(T) ~ 1/np; ng is
the inverse density of free vortices above Ts k7], leading
to R ~ £72. However, in addition to free vortices, bound
V-AV pairs with sizes smaller than £ still remain, and
the system retains a superfluid stiffness on short length
scales. Therefore, at T > Tgxi7T, the correlations that
persist on short enough length and time (¢) scales can be
probed using finite-frequency (f) measurements.

Finite-f probes, which have generally involved mea-
surements of the complex impedance and magnetic flux
noise, have provided evidence for critical slowing down
near Tprr (e.g. Refs. [21] and [22], respectively), but
not for correlations. Also, in complex impedance stud-
ies, disorder-induced inhomogeneity may lead to spuri-
ous effects at low f [23], and magnetic flux noise is more
susceptible to surface [24] and geometrical [25] effects.
In contrast, R noise has been a powerful probe of corre-
lated dynamics in many systems [26-30], including lightly
doped, insulating LSCO [31, 32]. Being a bulk probe, it
is less sensitive to surface and geometrical effects, and it
measures R directly. Near the BKT transition, however,
it has been used to study correlations only in disordered
thin (~ 3-6 nm) films of NbN [14], in which classical



percolation or disorder was found to be also important.
Therefore, a careful study of R noise on a drastically dif-
ferent system is crucially needed to reveal the intrinsic,
material-independent dynamics of the BKT transition.

In contrast to conventional isotropic superconductors,
such as NbN [33] and TiN [34], in which BKT physics can
be observed only in ultrathin films, in bulk layered sys-
tems the relevant natural scale for 2D physics is the inter-
layer distance d., not the film thickness d [16]. For weak
interlayer Josephson coupling, as in underdoped cuprates
[17], the SC transition is still driven by the unbinding of
V-AV pairs in each plane, in analogy with the purely
2D case [19, 35-39]. When the vortex-core energy p is
large, the BKT transition is moved to a T higher than
the one expected for each isolated layer, resulting in an
effective sample thickness larger than d. [19]. Indeed,
a recent study of highly underdoped, 150 CuO5 layers
thick (d. = 6.6 A; d ~ 100 nm) films of LSCO found [20]
the BKT-like transition controlled by Js of 2-3 layers,
and a large p/uxy =~ 1.4 (uxy is the value expected in
the standard 2D XY model [5, 10]), in contrast to BCS
superconductors in which pu/pxy ~ 0.2 [33, 40]. While
the BKT physics is relevant below the mean-field critical
temperature T, an extended regime of 2D Aslamazov-
Larkin-type [41-43] Gaussian SC (amplitude and phase)
fluctuations was observed above T [20].

II. EXPERIMENT

We report the in-plane R noise measurements on sam-
ples with an eight-contact bridge geometry (Fig. 1 in-
set) that were patterned on the same molecular-beam-
epitaxy-grown LSCO films with x = 0.07 and 0.08 used
in the dec transport study [20]. The samples become SC
below Tpxr = (3.5+£0.3) K and (9.1 £ 0.5) K, respec-
tively (Fig. 1), where Tryr is identified as the temper-
ature at which R = 0, consistent with the analysis in
Ref. 20. Indeed, these values are, within error, the same
as those obtained on the adjacent Hall-bar samples stud-
ied in Ref. 20. Therefore, the values of T, are also ex-
pected to be comparable, i.e. T, ~ 6.5 K and ~ 11.3 K
for x = 0.07 and 0.08, respectively.

The time-averaged resistance R and the resistance fluc-
tuations AR(t) = R(t) — R were measured simultane-
ously [45, 46] using a standard ac (~ 13 Hz) technique
(Fig. 1 inset). Resistance fluctuations in the sample
throw the bridge out of balance, resulting in voltage fluc-
tuations V(t) measured across the bridge. The sample
bridge geometry minimizes the effects of T' fluctuations,
contact noise, and excitation source fluctuations [47-50],
as confirmed by the negligible correlations between the
measured I and V fluctuations. Likewise, great care
was taken to ensure the measured noise was free from
T fluctuations (< 1 mK) even for measurements as long
as 10 hours. Most of the data were obtained in the
f=(10"*—10"') Hz bandwidth, much lower than that
in the magnetic flux noise studies [e.g. (107! — 10%) Hz
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FIG. 1. Resistivity p vs T" for z = 0.07 and 0.08 LSCO sam-
ples (Ro/iayer is R per square per CuOz layer). Arrows point
at Texr = Tr=o and T¢; T. was obtained from the dc trans-
port study of the adjacent Hall bar samples on the same films
[20]. Inset: A schematic of the sample bridge geometry and
the measurement circuit. Each sample has four arms (green)
and eight Au (yellow) contact pads. The dimensions of each
arm of the bridge are 200x20 pm?. A constant ac excitation
current I.z. &~ 10 pA is obtained by connecting Ry, = 100 k2
in series with the ac (~13 Hz) voltage output of a SR 7265
lock-in amplifier (L2). The voltage along the sample, used to
measure the average R, and the voltage fluctuations across
the bridge, V(t), are measured simultaneously with lock-in
amplifiers L1 and L2, respectively. I(t) is measured with an
Ithaco 1211 current preamplifier and another lock-in amplifier
(L3). The variable resistor R, balances the bridge.

in Refs. 22 and 44] or (107! —10) Hz in the R noise study
in NbN [14]. The ability to obtain high-quality data at
extremely low frequencies (long time scales) not only al-
lows probing of the critical regime very close to Tpx7r,
where 7¢ diverges, but also enables the extraction of re-
liable higher-order statistics, which provides information
about correlations.

III. RESULTS AND DISCUSSION
A. Resistance noise

Figure 2(a) shows the typical time traces of the rela-
tive changes in resistance AR(t)/R, or noise, at various
T for the z = 0.08 film. As T approaches T, the
noise increases, and the system exhibits random fluctua-
tions on many time scales, from rapid switching to slow
changes over several hours. Indeed, the corresponding
power spectra (i.e. the Fourier transforms of a temporal
autocorrelation function [51-53]) Sg(f)/R? [Fig. 2(b)]
obey the well-known empirical law Sg(f)/R? oc 1/f2,
reflecting a wide distribution of relaxation times. In or-
der to compare the noise magnitudes under different con-
ditions, Sg(f = 10 mHz)/R? is taken as the measure of
noise, and its dependence on T is shown in Fig. 2(c). It is
striking that, as T" decreases from ~ 15 K by only a few
K, the noise increases by six orders of magnitude. At the
same time, a begins rising from ~ 1.0 before saturating
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FIG. 2. z = 0.08 LSCO film. (a) AR(t)/R at several T'. All
traces are shifted for clarity. (b) The octave-averaged, nor-
malized power spectra Sr/R? vs f for several T. Solid lines
are linear fits to Sg/R* o< 1/f*. (c) Sr(f = 10 mHz)/R?,
determined from the fits in (a), vs 7. (d) @ vs T'. In (c) and
(d), solid lines show R(T'), and the arrows mark Texr and Te.
The dashed lines guide the eye. (e) PDF of the fluctuations at
9.8 < T(K)< 14.9 for 10-hour measurement times at each 7.
For each time series, AR is normalized by the corresponding
OR = ([AR(t)]*)"/?, where (- --) denotes averaging over time,
in order to make the change in the character of the PDF as a
function of 1" more apparent.

at ~ 1.4 at T < 12 K [Fig. 2(d)]. This shift of the spec-
tral weight towards lower f indicates a dramatic slowing
down of the dynamics as T — Tg KT

The large values of o at low T also reflect the non-
Gaussianity of the noise, which is apparent already from
the raw data [Fig. 2(a)]. Indeed, the analysis of the his-
tograms or the probability density function (PDF) of
the fluctuations reveals that the noise is Gaussian at
T 2 12 K, but at lower T, the PDF acquires a non-
Gaussian, complex, multipeaked structure [Fig. 2(e)].
Most of the peaks result from the switching events ob-
served in AR(t)/R [Fig. 2(a)], and the precise shape
of the PDF obviously depends on the observation time.
These results indicate that very few states contribute to
R even for measurements as long as 10 hours [Fig. 2(e)]
and that different states contribute to R as a function of
time. Therefore, the system is nonergodic on experimen-
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FIG. 3. =z = 0.08 LSCO film. (a) The normalized second
spectra Sa(f2, f), with the Gaussian background subtracted,
for two T'; fr, = 8 mHz. Solid lines are fits to S% 1/f2(175).
(b) (1—pB) vs T for fr, = 8 mHz. The same result was obtained
for other fr. The solid line shows R(T"). (c) Sz for several
= (fr,2fc) vs fo/f at T = 9.93 K. Solid lines are linear
fits. Qualitatively the same behavior is seen for S2 vs fa.

tal time scales [54]. Similar out-of-equilibrium behavior
was found in spin [26] and Coulomb glasses [28-32], sys-
tems that wander collectively, with time, between many
metastable states. We note that here the observed change
in the dynamics occurs near T, i.e. as the system crosses
over from the high-T" regime of AL Gaussian SC fluctua-
tions to the BKT regime at lower T [20].

B. Higher-order statistics

The second spectrum Sa(fo, f) [53], a fourth-order
statistic, is used to distinguish between a small number
of independent single-rate processes with a distribution
of rates, which may also give rise to high values of «
[62, 53], and correlated dynamics. Sa(f2, f), which is the
power spectrum of the fluctuations of Sg(f)/R? with ¢,
is white (independent of f5) for independent fluctuators
(Gaussian noise), and Sa(fa, f) o 1/f3 7 for interacting
ones [26, 52, 53, 55-57].

Sy was calculated for a few octaves f = (fr,2fL) at
each T [e.g. Fig. 3(a)]. The results [Fig. 3(b)] show
clearly an increase of (1 — ) from =~ 0 at T 2 12 K to
nonwhite values at lower T, and a saturation at ~ 0.5 for
T <11.6 K (~ T¢). The onset of correlated dynamics as
T is reduced suggests that the probed time scales become
shorter than 7¢, i.e. probed length scales shorter than &.
Thus, the system appears to be critical.

In order to explore the dynamics in the critical regime
further, we compare Sa(f2, f) for different f. In Fig. 3(c),
Sa(fa, f) are plotted vs fo/ f, since spectra taken over a
fixed time interval average the high-frequency data more
than the low-frequency data. In the studies of glasses,
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FIG. 4. = = 0.07 LSCO film. (a) a vs T. (b) (1 — ) vs T
for fr = 8 mHz. Solid lines show R(T). Texr and Tc are
marked by arrows.

it was argued [26, 55], albeit not calculated theoretically,
that such Sa(f2, f) should be scale invariant, or inde-
pendent of f, in models in which the system wanders
collectively between many metastable states related by
a kinetic hierarchy. Such scale-free behavior was indeed
observed in metallic spin glasses [26, 55] and Coulomb
glasses [27-30], both systems with long-range interac-
tions. In contrast, a decrease of Sa(f2, f) with f at con-
stant fo/f, similar to that in Fig. 3(c), was found in in-
sulating LSCO [31, 32], in the presence of an additional,
effective short-range interaction. In the study of glasses,
such a decrease was proposed [26, 55] to be a feature of
interacting droplet models [58, 59]. However, it is not ob-
vious that any such considerations would be applicable
to the BKT critical regime, for which further theoreti-
cal work is clearly needed. Nevertheless, an interesting
question is whether the behavior found in Fig. 3(¢) might
reflect the presence of some other characteristic length
scale, perhaps related to the inhomogeneity.

C. Effects of disorder

The previous study showed that these films are fairly
clean, with a small degree of inhomogeneity leading to a
larger smearing of the universal jump of J for x = 0.07
than for z = 0.08 [20]. In particular, by performing a
quantitative comparison of the data with theory, it was
established that the width of the distribution of local J;
values with respect to the most probable value, i.e., a
measure of inhomogeneity, was ten times larger for z =
0.07 than for the z = 0.08 film (0.1 and 0.01, respectively)
[20]. In addition, a larger normal-state resistivity or high-
T RO iayer of the z = 0.07 film (Fig. 1) indicates that it is
more disordered than the x = 0.08 sample. For x = 0.07,
which is on the verge of a transition to an insulating state
at lower z [60], RO tayer S h/e? or krl 2 1 (kp, Fermi
wave vector; [, mean-free path).

The R noise study reveals, however, that the onset of
non-Gaussian noise is suppressed in the more disordered
x = 0.07 sample. Indeed, « rises from ~ 1.0 to ~ 1.5 as
T — T4 er also for z = 0.07 [Fig. 4(a)], but in contrast
to the z = 0.08 film, the rise in « is observed only be-
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FIG. 5. (a) Sr(f = 10 mHz)/R? vs R/Rx for = 0.07 (blue
dots) and z = 0.08 (red squares) samples, respectively. Ry
is chosen near the maximum of R(7T'), where SC fluctuations
are negligible [20]: Ry = R(T = 22 K) and Ry = R(T =
28 K) for = 0.07 and 0.08, respectively. Dashed lines are
fits to Sg/R* o« R™° in the correlated regime, with slopes
s =(1.9+0.3) and s = (2.1 £ 0.2) for x = 0.07 and 0.08,
respectively. A power-law fit (dotted line) for x = 0.07 above
the correlated regime, but at T < T, yields s = (1.31£0.09),
and s = (5.2 £0.5) for x = 0.08 at T" > Tc. (b) Sr(f =
10 mHz) vs T for the two samples, as shown. Dashed lines
guide the eye. In (a) and (b), solid arrows mark the onset of
the low-T" saturation of (1 — 3).

low T' ~ 4.5 K <« T, with no visible saturation in the
experimental T' range. Furthermore, the analysis of the
second spectrum reveals that (1 — 8) becomes non-zero
also below T' ~ 4.5 K < T,, with an apparent saturation
at T < 4 K [Fig. 4(b)]. Therefore, for = 0.07, corre-
lated dynamics is observed only at T' < T, in contrast to
T < T, for x = 0.08. The observed trend is precisely the
opposite of what would be expected if the non-Gaussian
noise was caused by disorder, and indicates that another
mechanism, related to phase fluctuations, is responsible
for the correlated behavior of the noise.

The above conclusion is further supported by compar-
ing the noise magnitudes vs R/Ry for the two samples
(Ry is the normal state resistance) [Fig. 5(a)]. For both
samples, Sr(f)/R? < R™* for T < T, [Fig. 5(a)], such
that s = 2 in the regime of correlated dynamics. On the
other hand, s ~ 1.31 for x = 0.07 at T' < T, but above
the correlated regime. A power-law dependence of the
noise magnitude on R above the SC transition was found
also in films of other cuprates [61], but at a much higher
doping and in the absence of the BKT regime. The ex-
ponent s = 1.54 was attributed to percolation [61, 62],
and so was s ~ 1 found in NbN films above the BKT
transition [14]. Hence, the very different value of s found
in the regime of correlated noise in Fig. 5(a) is consistent
with the conclusion that it is not caused by disorder. In
fact, since the power spectrum Sg(f) of resistance fluc-
tuations AR(t) does not depend on T in the correlated
regime [Fig. 5(b)], then Sr(f)/R?> o« R72, i.e. s = 2.
Furthermore, the huge increase of the noise magnitude
Sr(f)/R? as T — Tprr [Fig. 2(c)] is then due to the
exponential decrease of R(T) [20], i.e. the exponential
divergence of &(T).



We note that also the T" dependence of the correlated
noise, shown in Figs. 5(b) and 2(c), is different from that
in ultrathin NbN films above the BKT transition [14].
In fact, even the exponent o < 1.5 [Figs. 2(d) and 4(a)]
is quite different from the uncommonly large [26, 52, 53]
a ~ 2 —4 in NbN [14], consistent with our conclusion
that the correlated noise in LSCO reflects the intrinsic
BKT dynamics. For completeness, we also note that T'
dependence of the correlated noise in x = 0.08 and =z =
0.07 LSCO [Figs. 5(b) and 2(c)] is different from that
above the insulating ground state in lightly doped (z =
0.03) LSCO [31, 32].

Outside of the correlated regime, Sg(f) does depend
on T in both films [Fig. 5(b)]. In particular, for T >
T., Sr(f) decreases with increasing T in both samples,
but understanding of this regime is beyond the scope of
this work. Likewise, for x = 0.07 at T' < T, above the
correlated regime, the T' dependence of Sr(f) and the
rather different value of s could be related to disorder, but
a detailed investigation of the effects of disorder on the
BKT regime will be needed to understand this behavior.

IV. CONCLUSIONS

We have combined low-frequency resistance noise spec-
troscopy, an uncommon but powerful technique, with
unconventional superconductors to probe the correlated
dynamics near a BKT transition. Several different noise
statistics have been analyzed, starting from the full prob-
ability distribution of the fluctuations, to the first spec-
trum (a second-order statistic), and second spectrum (a
fourth-order statistic). The results, which were obtained
in highly underdoped thick films of Lag_,Sr,CuQy,
demonstrate slowing down of the dynamics resulting from

the exponential divergence of £ near a BKT transition.
In the same regime, where phase fluctuations dominate,
we find that the dynamics is correlated and nonergodic,
strongly suggesting that the experiment probes the low-T'
critical phase. Furthermore, we have established detailed
properties of the noise [e.g. Figs. 2(d) and 3(c)], which
are important for developing proper theoretical under-
standing of the dynamics near the BKT transition. Fi-
nally, we have determined that the correlated dynamics
in LSCO is suppressed by disorder. Indeed, several noise
characteristics exhibit qualitatively different behavior in
LSCO than in NbN, in which disorder was found to have
a key effect on the noise properties even in the correlated
regime [14].

It is interesting to speculate whether the correlated dy-
namics observed in LSCO reflects the ergodicity-breaking
character of the BKT transition [12], or it might be re-
lated to the falling out of equilibrium upon cooling to
near Tprr [13]. Our work offers new insights into the dy-
namics of topological defects across thermal phase tran-
sitions, but further experimental and theoretical studies
are needed to determine whether the observed features
are common to other layered superconductors and to en-
able a more direct comparison to theory.
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