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We present a detailed doping dependent study of the Josephson vortex state in La2−xSrxCuO4 using infrared
spectroscopy. A magnetic field as high as 17 tesla, applied along the CuO2 planes, is found to suppress the
Josephson plasmon in all measured samples. We find the strongest suppression in samples with dopings close
to x = 1 / 8 and attribute this effect to the spontaneous formation of in-plane charge inhomogenities at this
doping level. Several theoretical models of the Josephson vortex state are applied to explain the observed
effects.
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I. INTRODUCTION

The vortex state is one of the most generic and enigmatic
states of matter.1,2 Discovery of high-Tc cuprates opened another chapter in study of vortices in superconductors. Very
high critical temperatures Tc and upper critical fields Hc2
have allowed one to investigate parts of the T-H phase diagram that were previously unattainable. On the other hand
these studies have had positive feedback on our understanding of many aspects of high-Tc superconductivity. Specifically, the electromagnetic response of vortices in cuprates
has revealed a wealth of important information about the
unusual superconducting state in these materials.3
In this paper we report on an infrared 共IR兲 spectroscopy
study of the interlayer 共E 储 c兲 response of several wellcharacterized La2−xSrxCuO4 共LSCO兲 single crystals:4 three
underdoped with x = 0.10, 0.12, and 0.125 共Ref. 5兲, an optimally doped with x = 0.15, and two overdoped with x = 0.17
共Ref. 5兲 and 0.20. These six samples map out the entire phase
diagram, from underdoped to overdoped regimes, and provide a complete experimental picture of the Josephson vortex
state in LSCO. All samples reveal a suppression of the c-axis
superfluid density in the magnetic field. Field-induced modifications of the superfluid response in both under- and overdoped samples are generally in accord with the theories of
the Josephson vortex dynamics. However, crystals with a
doping level near x = 1 / 8 reveal remarkably strong depression of the condensate inconsistent with the existing theoretical descriptions. We analyze other anomalies of the superconducting response in the vicinity of this doping level and
conclude that weakening of superconductivity at x = 1 / 8 may
be triggered by quasistatic stripe order.
II. MAGNETO-OPTICAL EXPERIMENTS

The single crystals of LSCO studied in this work were
grown using the TSFZ technique.4,6 The crystallographic
1098-0121/2005/71共5兲/054503共9兲/$23.00

axes were determined by Laue analysis and then the samples
were shaped into cylinders with the ac planes parallel to the
basal plane. The samples were typically 5 mm in diameter
and 2 – 3 mm thick. They have all been previously carefully
characterized using magnetization, dc resisitivity and Hall
measurements.4,7
The magneto-optical measurement consisted of two parts.
First zero-field absolute reflectance R共兲 was collected over
a broad frequency range, 10– 48,000 cm−1, from 6 – 7 K to
room temperature. Second, field-induced changes were measured as R共 , H , 6 K兲 / R共 , 0 T , 6 K兲, under zero field cooling conditions. The magnetic field was applied in Faraday
geometry with H 储 CuO2. In this geometry vortices penetrate
in between the CuO2 planes.8 Figure 1共a兲 schematically displays a Josephson vortex sandwiched between two CuO2
planes. The vortex is in the form of a cylinder whose base is
a very elongated ellipse. The size of the vortex is determined
by the in-plane ab and out-of-plane c penetration depths
关Fig. 1共a兲兴.
The optical conductivity 共兲 = 1共兲 + i2共兲 and the dielectric function ⑀共兲 = ⑀1共兲 + i⑀2共兲 were calculated from
R共兲 using Kramers-Kronig analysis. In the superconducting
state, the strength of the delta function in 1共兲, a so-called
superfluid density s, is quantified with the plasma frequency
s2 = s = c2 / 2c = 4e2ns / m* where ns is the density of superconducting carriers and m*, their effective mass. In order to
accurately extract s, a technique proposed by Dordevic
et al.9 was employed. The latter technique is capable of distinguishing screening due to the superconducting condensate
from that of regular contribution associated with the response of unpaired carriers at T ⬍ Tc. Separation of those two
components is essential when searching for small changes in
the superfluid density as, for example, those induced by an
external magnetic field. As expected, corrections were more
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FIG. 1. 共a兲 Josephson vortex sandwiched between two CuO2
planes. 共b兲 Josephson vortex between two CuO2 planes with inplane charge inhomogeneities. Note that the figure is not drawn to
scale as the size of the patches s is typically 100–1000 times
smaller than the vortex size c 共Table I兲.

important for samples with higher dopings because the regular contribution was greater there.
Figure 2 displays reflectance data for x = 0.125 LSCO
sample over an extended frequency interval. In the normal
state, above Tc, the low-frequency reflectance is featureless,
with absolute values near 50%. At  → 0, there is a slight
upturn toward R ⬃ 1. At higher frequencies 共100ⱗ 
ⱗ 700 cm−1兲, the spectrum is dominated by optically active
phonons. Above 700 cm−1, the reflectance is again featureless with low absolute values 共R ⬃ 15% 兲. In the superconducting state the reflectance acquires a characteristic shape of
a plasma edge,10 which is usually described by a so called
two-fluid model, commonly used in the microwave and IR
frequency ranges:11–13

⑀共兲 = ⑀⬁ −

s2
2n
−
,
2 2 + i␥sr

共1兲

where ⑀⬁ is the high-frequency dielectric function and n
and ␥sr are the regular component plasma frequency and

FIG. 2. Temperature dependence of infrared reflectance
R共 , T , H = 0 T兲 for the x = 0.125 LSCO sample. Note that the frequency scale changes from linear to logarithmic above 100 cm−1.

scattering rate. A plasma edge develops approximately at the
frequency s / 冑⑀⬁. As temperature decreases the plasma edge
sharpens and moves to higher frequencies, which indicates
an increase in s.
Figure 3 presents the temperature dependence of reflectance R共 , T , H = 0 T兲 for all six samples used in this
magneto-optical study. In addition the reflectance of x
= 0.08 and another 0.125 sample, for which no high field data
have been obtained, are also shown. Only the reflectance
below the phonon region is displayed for clarity. For all
samples, horizontal axes are shown in both the absolute 
and relative units  / 0, where 0 is the frequency of the
plasma edge. Note that in the x = 0.08 sample the plasma
edge can be observed only at the lowest temperatures; at
higher temperatures the edge moves outside the low energy
cutoff of our measurements:  ⱗ 10 cm−1.
Figure 4 presents the relative suppression of the superfluid
plasma frequency s共T兲 / s共6 K兲, extracted using a procedure described in Ref. 9, as a function of reduced temperature T / Tc. The values of critical temperatures Tc and the
superfluid plasma frequencies at the lowest temperature
s共6 K兲 are summarized in Table I. As mentioned above, for
the 8% sample a plasma edge can be observed only at the
lowest measured temperature. The values of s共T兲 at intermediate temperatures 共gray points兲 are only rough estimates
based on the fits of reflectance at higher frequencies 共
ⲏ 10 cm−1兲. In all other samples, the superfluid plasma frequency is suppressed rapidly as temperature increases, behavior characteristic of systems with d-wave symmetry of
the order parameter.12,14
Figure 5 displays magnetic field dependence of reflectance R共 , H , T = 6 K兲 in the Josephson plasmon region. We
do not observe any additional modes in the presence of the
field in any of the samples. This is in contrast to the behavior
of double-layered systems, where new resonances are observed both in the case of pancake vortices15 and Josephson
vortices.16 In all LSCO samples, as the field increases the
plasma minimum broadens and the plasma edge shifts to
lower frequencies. This latter effect indicates a reduction of
s consistent with the notion of destruction of the superfluid
by the magnetic field. However, in no samples is the 17 T
field sufficient to completely destroy superconductivity, and
the characteristic reflectance edges are still observed in all
R共 , H = 17 T , T = 6 K兲 curves. This is not unexpected, as the
upper critical field Hc2 for fields oriented parallel to the
CuO2 planes is beyond what can be achieved in laboratories
today.17 Figure 6 presents the relative change of the superfluid plasma frequency s共H兲 / s共0 T兲 with magnetic field
H. The smallest relative suppression of only 15% at 17 T is
observed in overdoped samples x = 0.17 and 0.20. The suppression becomes somewhat stronger at optimal doping: 25%
in 0.15 sample. The magnitude of s共17 T兲 / s共0 T兲 is approaching 40% in 0.125 sample exceeding that of x = 0.1 and
0.12 materials where s共17 T兲 / s共0 T兲 ⯝ 30%. Apart from
difference in the overall strength of the superfluid density
depression, the functional form of s共H兲 / s共0 T兲 traces is
also different. Indeed, we find the downward curvature in x
= 0.125 and, to a lesser extent, 0.12 sample. All other
samples show an upward curvature.
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FIG. 3. Temperature dependence of infrared
reflectance R共 , T , H = 0 T兲 for all LSCO
samples. Only spectra taken at temperatures below Tc are shown for clarity. Both absolute  and
relative frequency units  / 0 are shown; 0 is
the frequency of the plasma minimum at 6 – 7 K
共Table I兲.

III. THEORETICAL MODELS

Several theoretical models have been proposed to describe the electrodynamic response of a layered superconductor in the presence of external magnetic field parallel to
the planes.8,18–27 Some of these theories permit explicit comparison with the experimental results presented in this work
because they deliver expressions for the frequency dependence of optical constants in magnetic field and/or prescribe
a specific form for the field dependence of the superfluid
density. In the latter group we find models proposed by Bulaevskii et al.,19,20 Coffey and Clam;21–23 Tachiki, Koyama,
and Takahashi,8 and Won, Jang, and Maki.24,25 These models

have been frequently applied to the analysis of experimental
data, typically for H ⬍ 7 T 共Refs. 28–31兲. For convenience
we briefly overview these models before comparing predictions with experimental data.

A. Field-induced phase difference and superfluid density

The model by Bulaevskii et al.19 allows one to access the
impact of the applied magnetic field on the phase difference
between the CuO2 planes. The model delivers a simple formula for the field dependence of the superconducting plasma
frequency with no adjustable parameters,

FIG. 4. Temperature dependence of the superfluid plasma frequency in zero field
s共T兲 / s共6 K兲. s共6 K兲 values are reported in
Table I.
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TABLE I. Parameters of La2−xSrxCuO4 共LSCO兲 samples discussed in this work: superconducting critical temperature Tc, DC conductivity
at Tc DC, superconducting plasma frequency at 6 K s, c-axis penetration depth c, in-plane penetration depth ab from both IR39–41 and
SR measurements,51 anisotropy ratio ␥ = c / ab and the Josephson length J = ␥d 共d = 6.61 Å兲. The table also includes the values of
characteristic field H0 关Eq. 共2兲兴, viscosity coefficient  关Eq. 共5兲兴, vortex mass M 关Eq. 共6兲兴, and the best fits of the pinning constant  p 关Eq.
共7兲兴 with M = 0 and M ⫽ 0. The last three rows are the frequency of the plasma edge 0, and the fitting parameters n and sfit from Eq. 共1兲
共Ref. 43兲.
0.08

0.10

0.12

0.125

0.125

0.15

0.17

0.20

Tc 关K兴
DC 关⍀−1 cm−1兴
s 关cm−1兴
c 关m兴
ab 关m兴-IR
␥-IR
J 关m兴-IR

28
0.35
64
24.2
0.6
40
265

32
1
110
14

32
2.8
160
9.7

32
6.5
159
9.7

32
4
153
10.1
0.63
16
106

38
12.8
344
4.5

36
32
360
4.3
0.346
12.4
82

32
95
515
3

c 关m兴-SR
ab 关m兴-SR
␥-SR
J 关m兴-SR

9.2
0.38
24.2
160

6
0.29
20.7
137

3.9
0.25
15.6
103

3.1
0.22
14.1
93

2.3
0.19
12.1
80

H0关T兴
C1 关Pa/T兴
 关Pa cm兴
M 关Pa cm2兴
 p M = 0 关Pa兴
 p 共M ⫽ 0兲 关Pa兴

18.6
2.8
0.09
2.43

24.5
8.4
0.34
3.18
140
140

39.3
17.4
1.5
5.12
280
280

40.5
17.4
3.6
5.27
180
185

38.8
16
2.1
5.05

66
81
11.6
8.58
1800
1850

60.7
89
26.8
7.93
5500
5700

75
182
98.3
9.78
8000
8100

0 关cm−1兴
sfit 关cm−1兴
n 关cm−1兴

12.5
65
390

22
115
550

31
155
500

30.5
160
800

28
150
800

61
320
800

81
418
1150

99
550
2200

冉

0.33

冊

H
H0
ln
.
共2兲
8 H0
H
As can be seen from Eq. 共2兲, the suppression of superfluid
density by magnetic field depends only on the characteristic
field H0 = ⌽0 / ␥s2. In this expression, ⌽0 is the flux quantum,
␥ = c / ab is the anisotropy factor, and s ⯝ 0.66 nm is the
CuO2 interlayer distance in LSCO.32 The characteristic field
H0 is therefore inversely proportional to the anisotropy factor
␥, which also quantifies the strength of the coupling between
the CuO2 layers. The values of H0, c, ab, and ␥ for all the
samples are given in Table I. As can be seen from Fig. 7, the
model provides a satisfactory account of the data for H / H0
ⱗ 0.3 for 0.10, 0.15, 0.17, and 0.20 doping levels. However,
the model is not appropriate for either x = 0.12 or 0.125
samples because the curvature of the model dependence is
opposite to the one observed experimentally.
After Eq. 共2兲 had been published,19 it was realized by the
authors themselves20 that one of the assumptions of their
model, s2 ⬀ 具cos 典, 共valid for long Josephson junctions兲 cannot directly be applied to layered superconductors. In the
latter expression,  is the phase difference between neighbors共H兲 = s共0T兲 1 −

ing CuO2 planes and 具…典 denotes a spatial average. A correct
theory for layered superconductors was developed,20 however, no new analytical expression has been given. Based on
our results it appears that the assumption s2 ⬀ 具cos 典 might
also be valid in layered superconductors in the limit H / H0
→ 0, for doping levels different from x ⯝ 1 / 8.
B. Dynamics of Josephson vortices and superfluid density

The CC and TKT models approach the problem of Josephson vortex state from a different prospective than Bulaevskii et al.19 Both TKT and CC theories are based on a
simple
phenomenological
description
of
vortex
dynamics.33,34 The equation of vortex motion under the influence of Lorentz force caused by current ជJ is
⌽0 ជ
J ⫻ ជn ,
共3兲
Mü + u̇ +  pu =
c
where M is the vortex inertial mass,  is the viscous force
coefficient,  p is the vortex pinning force 共Labusch兲 constant, ⌽0 is the flux quantum, ជn is the unit vector in the
direction of the vortex, and u共t兲 is the vortex displacement
from its equilibrium 共pinned兲 position.
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FIG. 5. Magnetic field dependence of infrared
reflectance R共 , T = 6 K , H兲. For each sample
only a few in-field spectra are shown for clarity.

The CC model delivers an expression for the complex
penetration depth ˜
共 , T , H兲 in terms of the normal skin
depth ␦nf = 冑2nf / 0 共nf = 1 / nf is the normal fluid resistivity兲 and the complex skin depth arising from both the
vortex motion and flux creep ␦vc 关Eq. 共4兲 from Ref. 23兴,

˜共,H,T兲 =

冑

i
2共H,T兲 − ˜␦2vc共,H,T兲
2
.
2i2共H,T兲
1+ 2
␦nf 共H,T, 兲

共4兲

creep can be neglected and the skin depth reduces to ␦vc
= 冑20H / 0, where ˜
 = 共1 − i p / 兲−1−1 is the complex
dynamical vortex mobility. It can be easily shown that in this
case Eq. 共4兲 reduces to the TKT expression 关see Eq. 共7兲
below兴.
Starting with Eq. 共3兲, the CC model allows one to estimate several important parameters of vortex dynamics, such
as the viscosity coefficient  and vortex mass M. The viscosity coefficient  is given by the following formula 关Eq.
共5.7兲 from Ref. 21兴:

 = 0.354 3

This is a general equation that applies to all Type-II superconductors, and we assume that it also holds for high-Tc
cuprates, in particular, for the c-axis penetration depth. At
sufficiently low temperatures, the effects associated with flux

1 DC20
,
␥ s 2c 2

共5兲

where dc is the dc conductivity and c is the speed of light.
The vortex mass M within the CC model is given by the
formula 关Eq. 共16兲 from Ref. 22兴,

FIG. 6. Magnetic field dependence of the superfluid plasma frequency at 6 K s共H兲 / s共0T兲.
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FIG. 7. The model of Bulaevskii et al.19 applied to our s共H兲 / s共6 K兲 data. Apart from x
⬃ 1 / 8 doping the model provides a satisfactory
account of the data below H / H0 ⬍ 0.3; the model
breaks down at higher fields.

M⯝

⌽20 1 1
,
4 ␥ c̄2dis

共6兲

where di is the thickness of insulating layers and c̄ is the
speed of light in the insulating layers. The values of both the
mass and viscosity calculated using CC formulas are given in
Table I and are used when fitting the experimental data with
Eq. 共4兲, or equivalently with the TKT expression Eq. 共7兲.
Similar to CC, the TKT model addresses the issue of the
Josephson plasmon in the mixed state. An expression for the
dielectric function ⑀共兲 applicable at low temperatures and
for frequencies  Ⰶ s has been derived,

s2
2n
+
2 2 + i␥sr
⑀共兲 = ⑀⬁ −
,
0
H
1+
42c  p − i − M 2

共7兲

For H = 0, Eq. 共7兲 reduces to the well-known “two-fluid” formula 关Eq. 共1兲兴. As mentioned above, the CC expression for
the complex penetration depth ˜
 关Eq. 共4兲兴, i.e., dielectric
2
2˜ 2
constant ⑀共兲 = ⑀⬁ − c / 共  兲, reduces to the TKT expression at low temperatures.
In order to compare predictions of the TKT model with
the data, we have first fitted the zero field reflectance with a
two-fluid model 关Eq. 共1兲兴. This procedure yielded sfit and n
共␥sr was assumed to be 5000 cm−1 for all samples兲, as reported in Table I. The values of  and M were estimated
from CC formulas, Eqs. 共5兲 and 共6兲, respectively. The only
unknown parameter remaining in Eq. 共7兲 is the pinning constant  p. We have numerically solved Eq. 共7兲 for s共H兲, in
the limit  → 0. The values of  that produced the best fits
are given in Table I. As can be seen from Fig. 8, very good
fits can be obtained for all samples except for x = 0.12 and
0.125 crystals. Particularly poor is the fit for the x = 0.125
sample. The failure of both Bulaevskii and TKT/CC models

to account for the experimental data in magnetic field at x
= 1 / 8 crystal indicates that the properties of superconducting
condensate in this doping regime are fundamentally different
from other samples on either under- or overdoped sides of
the phase diagram.
C. Zeeman effect

Interplay of the Zeeman effect with superconductivity has
been discussed is several publications in the early 1960s35,36
and, more recently, in the context of high-field behavior of
cuprates.24–27 Intuitively, the Zeeman effect is expected to be
more pronounced in d-wave superconductors, including cuprates. In conventional s-wave layered superconductors,
when the field is applied along the planes, the pair-breaking
effect is negligible for fields smaller than the gap 共see Fig. 9,
left panel兲. However, in cuprates d-wave symmetry of the
order parameter implies points on the Fermi surface where
the gap goes to zero, in which case any magnetic field can
cause pair breaking. When the maximum gap is large compared to the applied field 共Fig. 9, middle panel兲, relatively
small pockets of the Fermi surface around the nodal points
are affected and the pair-breaking effect is almost negligible.
If that is the case, then the suppression of the superfluid is
primarily due to vortex motion. However, if the magnitude of
the gap is comparable to the applied magnetic field 共Fig. 9,
right panel兲, then larger portions of the Fermi surface become affected. In this case direct pair-breaking effects and
vortex-dynamics effects have to be treated on equal footing
when field-induced modification of the superfluid density is
considered.
Won, Jang, and Maki24,25 derived an expression for the
suppression of the superfluid density in parallel field due to
the Zeeman effect,

s2共H兲
s2共0兲

=

冑 冉冊
1−

H
⌬

2

,

共8兲

where ⌬ is the superconduting gap. Equation 共8兲 produces a
characteristic downward curvature of s共H兲 traces, opposite
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FIG. 8. The models of Coffey and Clam21–23
共CC兲 and Tachiki, Koyama, and Takahashi8
共TKT兲 applied to our s共H兲 / s共6 K兲 data. These
models reproduce the data for all samples,
except for x ⬃ 1 / 8 doping. Moreover, for dopings
different from 1 / 8 the model yields physically
realistic values of the parameters, such as the viscosity coefficient  and the pinning constant  p
共Table I兲.

to that of the models by Bulaevskii et al., TKT, and CC. In
Fig. 10, we display the data for the x = 0.125 sample along
with the fit using Eq. 共8兲 共gray line兲. The fit can, in principle,
reproduce the observed behavior.
A drawback of the formalism behind Eq. 共8兲 is that it
ignores suppression of the superfluid density because of the
vortex motion. In order to account for both vortex dynamics
and Zeeman pair breaking we have naively assumed that the
two processes are independent and additive. As an example
in Fig. 10 we also fit the data for the x = 0.125 sample by
assigning 50% of superfluid suppression to pair breaking
共Eq. 共8兲兲 and the other 50% to vortex dynamics 关Eq. 共7兲兴.
The result of the fit is shown in Fig. 10 with a thick line,
along with each of individual components 共dotted and
dashed lines兲. The fit is better compared to the one based on
Eq. 共8兲 alone. The best fit is obtained when the magnitude of
2⌬ ⯝ 35 cm−1. As we discuss below, this result is supported

FIG. 9. Field-induced pair-breaking effects in s-wave and
d-wave superconductors. Left panel: for s-wave gap 共shaded region兲, small magnetic field 共dashed line兲 is ineffective in pair breaking until its magnitude exceeds the gap value. Middle and right
panels: for superconductors with d-wave symmetry of the order
parameter, the gap value goes to zero at the so-called nodal points
and any finite field can cause pair breaking. However, when the
maximum gap 共at 关0 , 兴, 关 , 0兴, and symmetry related points兲 is
small, a larger portion of the Fermi surface is influenced by the field
共circled region兲 and the impact of the field is enhanced. The latter
situation is relevant to LSCO samples with dopings close to x
= 1 / 8.

by direct measurements of the ab-plane conductivity in the
same specimen. We stress that the downward curvature in the
field dependence of the superfluid density can be taken as an
indicator of the prominence of direct pair breaking in the
system. Since this effect is amplified if superconducting gap
is depressed, we conclude that x = 1 / 8 doping is characterized by strong depletion of the 2⌬ value.
IV. DISCUSSION

The bottom panel of Fig.
dependence of the relative
17 T : s共17 T兲 / s共0 T兲. The
= 1 / 8, and we will try here to

11 summarizes the doping
superfluid suppression at
curve displays a dip at x
elucidate possible origins of

FIG. 10. Won, Jang, and Maki’s model24,25 combined with the
TKT and applied to 0.125 data, as described in the text. Also shown
are individual components that are set to produce equal contribution
to a net suppression of superfluid plasma frequency. Gray line illustrates the Zeeman effect alone 关Eq. 共8兲兴.
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FIG. 11. Doping dependence of the superfluid plasma frequency
s 关panel 共a兲, left axis兴, DC conductivity at Tc dc 关panel 共a兲, right
axis兴, the ratio s2 / dc 关panel 共b兲兴, and of the suppression of the
superfluid plasma frequency at 17 T s共17 T兲 / s共0 T兲 关panel 共c兲兴.
Anomalous behavior near x = 1 / 8 is attributed to inhomogeneous
superconducting state, as described in the text.

this anomaly. In the top panel of Fig. 11, we present the
doping dependence of the superfluid plasma frequency
s共6 K兲 共at 0 T兲 and dc conductivity at Tc dc. These two
quantities reveal only minor anomalies at 1 / 8 doping 共see
also Table I兲. However the ratio s2 / dc, shown in the middle
panel displays a pronounced dip at x = 1 / 8. In the dirty limit
BCS theory, the latter quantity is given by,37

s2
= 42⌬,
dc

共9兲

where 2⌬ is the superconducting energy gap. This simple
relation is shown to be followed by layered superconductors,
including cuprates and also transition metal dicalchogenides
and organics.9,38 The middle panel of Fig. 11 will allow us to
examine more closely the relation 共9兲 in LSCO family. Apparently the magnitude of the energy scale relevant for superconductivity extracted from the scaling relation in Fig. 11
appears to be suppressed at x = 1 / 8. This result has been anticipated above based on Eq. 共8兲. IR measurements of the
in-plane response of the same x = 0.125 LSCO crystal39 have
shown that the superfluid density is collected from the frequency range below 70– 80 cm−1. This sets up the upper
bound for the magnitude of 2⌬, whereas the analysis of the
1 / 共兲 suggests that the gap value can be as small as
40 cm−1 共Ref. 39兲. Preliminary results on LSCO crystals
with both lower x = 0.08 共Ref. 40兲 and higher dopings x
= 0.17 共Ref. 41兲 indicate that the energy scales from which

the condensate is collected in these latter samples are broader
than at x = 0.125. These experimental findings are in accord
with the nonmonotonic doping dependence of s2 / dc, as displayed in the middle panel of Fig. 11.
When searching for the possible origins of anomalous
sensitivity of superfluid to magnetic field at x ⯝ 1 / 8 doping,
it is imperative to consider the effects of intrinsic in-plane
charge inhomogeneities. Theoretical models of lightly doped
Mott-Hubbard insulators have predicted spontaneous spin
and charge self-organization on diverse length scales.42 It has
recently been demonstrated that c-axis IR measurements can
be used to monitor the formation of in-plane inhomogeneities in the cuprates.43 The method is based on the effect
these inhomogeneities have on the line shape of the Josephson plasmon in the c-axis loss function. The study has established that the superconducting condensate is highly inhomogenious. In combination with SR and NMR results,44–46
IR analysis has revealed the existence of regions 共patches兲
within CuO2 planes within which the superconducitivity is
either weakened or completely destroyed.47 The effect of
phase segregation is observed to be strongest at x = 1 / 8 and
decreases at both higher and lower dopings.43 The size of the
patches can be estimated from neutron-scattering measurements, which have reported the correlation length s of static
spin correlations of at least 200 Å at x ⯝ 1 / 8 共Refs. 48 and
49兲. We argue that these in-plane charge inhomogeneities are
also responsible for anomalous sensitivity of the superconducting condensate to external magnetic field at 1 / 8 doping.
Figure 1共a兲 schematically displays a situation when inhomogeneities are absent. In this homogeneous case, circulating
supercurrents flow through fully superconducting CuO2
planes; between the planes the current is of the Josephson
type 共hence, the name “Josephson vortex”兲. In the presence
of in-plane charge inhomogeneities 关Fig. 1共b兲兴, vortex currents must close the loop through magnetically ordered
共probably nonsuperconducting兲50 regions. At x = 1 / 8 doping,
where the density and size of the patches is biggest, there is
a significant number of vortex filaments whose in-plane currents are affected. Moreover, the patches are intuitively expected to influence the vortex dynamics and, consequently,
the suppression of superfluid. Alternatively, one can envision
that the in-plane charge inhomogeneities weaken the average
Josephson coupling, making it more sensible to magnetic
field. All these effects require further theoretical consideration.
V. SUMMARY

Our magneto-optical results have revealed anomalous
sensitivity of superconducting state in LSCO to external
magnetic field around 1 / 8 doping. We have shown that the
origins of this effect are twofold. On the one hand, the value
of the superconducting gap is depleted at x = 1 / 8, which
makes the Zeeman effects 共direct pair breaking兲 more prominent. On the other hand, the presence of in-plane charge
inhomogeneities at 1 / 8 doping affects the vortex dynamics
and/or the average strength of Josephson coupling. Both of
these effects weaken the supercondutivity at around 1 / 8 doping, making it more vulnerable to the applied magnetic field.
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