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Structural and 7, inhomogeneities inherent to doping in La,_ Sr,CuQO, superconductors
and their effects on the precursor diamagnetism
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The inhomogeneities inherent to the random distribution of Sr dopants in La,_,Sr,CuO, superconductors are
probed by measuring the x-ray diffraction linewidths and the Meissner transition widths, and then consistently
explained on the grounds of a simple model in which the local Sr content is calculated by averaging over
distances close to the in-plane electronic mean free path. By taking into account these intrinsic bulk inhomo-
geneities with long characteristic lengths (much larger than the superconducting coherence length amplitudes),
the precursor diamagnetism measured above T, a fingerprint of the superconducting transition own nature, is
then explained for all doping levels in terms of the conventional Gaussian-Ginzburg-Landau approach for
layered superconductors. These results also suggest that the electronic inhomogeneities observed in the normal
state by using surface probes overestimate the ones in the bulk.
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I. INTRODUCTION

It is now well established that the presence of dopants in
high-T, cuprate superconductors (HTSC), which so deeply
affect the behavior of these materials by changing their car-
rier densities, may also cause structural, electronic, and criti-
cal temperature inhomogeneities, with different spatial distri-
butions and characteristic lengths.! How these intrinsic
inhomogeneities inherent to doping affect the HTSC has now
become a central open question of their physics,!> whose
interest is also enhanced by the existence of a wide variety of
doped materials, which may be also deeply affected by inho-
mogeneities associated with doping.> However, in spite of
their relevance, aspects as important as the spatial distribu-
tion of these inhomogeneities or their characteristic lengths
are still not well settled. This last is crucial, in particular to
understand how they affect the superconducting transition, at
present another open and much debated issue also related to
the controversy about the nature of the pseudogap in under-
doped cuprates:>* These lengths could be of the order of the
in-plane superconducting coherence length amplitude, &,,(0)
(typically 2-4 nm in La,_,Sr,CuQy), as is the case of the
nanoscale electronic disorder observed on the surface of dif-
ferent HTSC by using scanning tunneling microscopy and
spectroscopy (STM/S).1>>0 In this case, these intrinsic inho-
mogeneities would deeply affect the own nature of their su-
perconducting transition. In contrast, if they have in the bulk
long characteristic lengths, much larger than &,,(0), they will
just round the critical behavior of any observable measured
around 7.

The present debate involving the entanglement between
intrinsic inhomogeneities at different lengths scales, the
pseudogap in the normal state and the superconducting fluc-
tuations, is particularly well illustrated by the diamagnetism
observed above the superconducting transition: earlier mag-
netization measurements in an underdoped cuprate
(La; ¢Sty ;CuQy) already suggested that the precursor dia-
magnetism measured in the bulk is conventional, i.e., that not
too close to the transition, it could be described in terms of
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the conventional Gaussian-Ginzburg-Landau (GGL) ap-
proach for layered compounds.®® The anomalies observed in
some cases, in particular under low magnetic fields, could be
easily explained in terms of 7, inhomogeneities with long
characteristic lengths [much larger than £,,(0)], which do not
directly affect the superconducting transition own nature.”'%
Measurements of the in-plane paraconductivity'! and of the
heat capacity around 7, (Ref. 12) in these underdoped cu-
prates, together with analyses of the effects of T, inhomoge-
neities with long characteristic lengths and of the back-
ground choice,”'3!# fully agree with these conclusions. In
particular, they confirm that above a reduced temperature of
the order of £.=0.5 the superconducting fluctuation effects
vanish, as predicted by taking into account the limits im-
posed by the uncertainty principle to the shrinkage of the
superconducting wave function.'?

In the last years, however, different authors proposed that
the anomalies observed in the precursor diamagnetism,
mainly in measurements under low magnetic field ampli-
tudes, provide compelling evidence that the superconducting
transition of underdoped cuprates is unconventional, i.e.,
nondescribable in terms of the GGL approach for homoge-
neous layered superconductors.*!9-26 Nevertheless, these au-
thors propose very different origins for such anomalous pre-
cursor diamagnetism, including the presence of
superconducting phase fluctuations up to the pseudogap tem-
perature or the existence in the bulk of intrinsic inhomoge-
neities with short characteristic lengths, as those observed by
using surface probes.!>>% These different proposals enhance
the interest of a thorough study of the inhomogeneities asso-
ciated with doping and of their effects on the precursor
diamagnetism.

In this paper, the T, inhomogeneities inherent to the ran-
dom distribution of Sr dopants in La,_ Sr,CuO, supercon-
ductors are determined as a function of the doping level by
applying to samples with high chemical quality two tech-
niques that probe the bulk: powder x-ray diffraction (XRD)
and low-field magnetization.”” The observed XRD linewidths
and T, dispersion are then explained on the grounds of a
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simple model in which the local Sr composition within the
CuO, planes results from the average over distances of the
order of the in-plane electronic mean free path, on the order
of 30 nm. This length is one order of magnitude larger than
both £,,(0) and the characteristic length of the electronic
disorder observed on the surface of different HTSC by using
STM/S.!23 The long characteristic length of the 7. inhomo-
geneities inherent to doping is then fully confirmed by mea-
surements of the precursor diamagnetism: the effects of these
T. inhomogeneities may be quenched by just applying a
magnetic field of moderate amplitude (on the order of 10%
the upper critical field amplitude), which shifts the average
T.(H). Then, the remaining rounding effects on the magneti-
zation above T,(H) may be explained at a quantitative level
in terms of the conventional GGL approach for layered su-
perconductors.

II. EXPERIMENTAL

A. Preparation of the samples and characterization
of their structural disorder

For our study, we have chosen the La,_.Sr,CuO, system
because it allows to cover the entire range of doping by
varying the Sr content. Another central experimental aspect
of our work here is to separate the chemical inhomogeneities
inherent to doping from those extrinsic associated with a
deficient growth process. So, to minimize these last, we have
decided to use powder samples because the Sr distribution
may be very efficiently improved by successive processes of
reaction and subsequent grinding. In addition, their small
grain size (4*=2 wum) minimizes the presence of extrinsic
structural inhomogeneities as compared to the typical mm-
sized single crystals needed to perform the magnetization
experiments. Finally, the difficulties associated with the ran-
dom orientation of the individual grains and finite-size ef-
fects may be easily overcome.

The polycrystalline La,_,Sr,CuO, samples with 0.06=x
=0.275 were prepared by reacting in air at 930 °C for 20 h
stoichiometric proportions of thoroughly mixed powders of
La,03, SrCO;, and CuO (99.99% purity). The resulting poly-
crystalline samples were ground and reacted again up to ten
times. A small amount of each composition was taken after
every two grind-react (G-R) steps in order to monitor the
sample homogeneity. XRD measurements, performed with a
Philips diffractometer equipped with a Cu anode and a
Cu-K, graphite monocromator, already excluded the pres-
ence of impurity phases after the second G-R step. An ex-
ample of XRD pattern (corresponding to x=0.15) is pre-
sented in Fig. 1(a). The resulting dependence of the lattice
parameters on the average x value (X) is shown in Fig. 1(b),
where the tetragonal-orthorhombic transition at Xx=0.10 is
clearly seen. When analyzed in detail, the diffraction peaks
present a width significantly larger than the instrumental one.
As an example, in Fig. 1(c) we present a comparison be-
tween the full-width at half-maximum (FWHM) of some dif-
fraction peaks for the x=0.15 sample after 10 G-R steps,
with the instrumental FWHM. These FWHM values were
obtained by fitting to the experimental peak profiles a
pseudo-Voigt function [Fig. 2(a)]. It is worth mentioning that
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FIG. 1. (a) Example of x-ray diffraction pattern, corresponding
to the sample with x=0.15 after 10 G-R steps. (b) Resulting x
dependence of the lattice parameters. (c) Example of the XRD line-
widths, corresponding to the x=0.15 sample after 10 G-R steps,
compared with the instrumental linewidths as determined from
measurements in a reference LaBg powder sample (the line is a fit
of a Caglioti function).

the linewidths decrease with the successive G-R steps: in the
example of Fig. 2(a), after 2 G-R steps the Cu-K, and K,,
components of the (008) and (400) lines overlap, but after 10
steps, their width is reduced and both components are re-
solved. However, as clearly shown in Fig. 2(b), no further
reduction is observed above 8 G-R steps. The line broaden-
ing in excess of the instrumental one (A#) may be then con-
sidered as intrinsic and may be attributed to spatial variations
in the lattice parameters (Aa, Ab, and Ac) around their av-

erage values (@, b, and ¢), caused by the random distribution
of Sr dopants. Let us note that the observation of the peak
broadening already suggests that the characteristic length of
these lattice distortions should not be significantly smaller
than any x-ray correlation length.

For a general orthorhombic structure, the linewidth A6,
(corresponding to a diffraction line with indexes £, k, and /)
is related to Aa, Ab, and Ac through

_ _ 2 2 k2 2
sin ﬁhkl COoS thlA 0h/(l = I EAG + EAb + EAC . (1)

where A is the x-rays wavelength. Taking into account the
dependence of the lattice parameters on the average x value,
Eq. (1) may be rewritten as
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FIG. 2. (Color online) (a) Examples (for x=0.20) of the XRD
linewidths reduction with the successive G-R steps (different data
sets are vertically displaced for clarity). The peaks’ FWHM were
obtained by fitting a pseudo-Voigt function (solid lines) taking into
account the presence of both Cu-K, and K, wavelengths. As
shown in (b), these FWHM saturate to a value significantly larger
than the instrumental one after 8 G-R steps. (c) X dependence of the
corresponding intrinsic Ax. The line corresponds to Eq. (5) evalu-
ated with L=75dc, (the shaded area represents the uncertainty in
this value).
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which allows to obtain the x variation about X from each
linewidth. In Fig. 2(c), we present the X dependence of Ax, as
results from the analysis of lines within 60° =26=90°, in
the samples after G-R steps. We discarded lower-26 lines
because of the overlapping of the K, and K, components
(see Fig. 3, left panel), and higher-26 lines because of their
lower intensity. We also excluded samples with x<<0.10 be-
cause the tetragonal-orthorhombic transition splits the lines
with nonzero & and k indexes, introducing a large uncertainty
in the A6 determination (see Fig. 3, right panel). In the range
studied Ax~0.01, in agreement with previous estimations,?’
and it slightly increases with Xx.
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FIG. 3. (Color online) Left panel: example of the overlapping of
the Cu-K, and K,_diffraction lines at low diffraction angles (note
that different data sets are vertically displaced). Right panel: ex-
ample of how the tetragonal-orthorhombic transition for x<<0.10
splits diffraction lines with nonzero & and k indexes, making diffi-
cult the linewidths determination.

B. T, inhomogeneities associated with the random distribution
of dopants, as probed by low-field magnetic susceptibility

Due to the strong T, dependence on X in these materials,?®
the intrinsic compositional inhomogeneities measured above
could lead to the existence of T, variations (characterized by

a width AT,) around the average T,. Here we probe these
intrinsic 7. inhomogeneities through the temperature depen-
dence of the low-field magnetic susceptibility measured un-
der field-cooled (FC) conditions, x"“(T), by using a commer-
cial dc magnetometer (Quantum Design, model PPMS). An
example corresponding to x=0.08 is shown in Fig. 4. The
magnetic field used in these measurements was always be-
low 1 mT, which, as shown in Fig. 4(a), ensures that the
contribution to AT, associated with the transit through the
mixed state is negligible. AT, was obtained as twice the
high-temperature half-width at half-maximum of the
d )(F €/dT versus T curve. In this way, we elude the extrinsic
rounding associated with the competition between the grains
size and the magnetic penetration length (which is appre-
ciable mainly below T,). Also, as in this region |[y/¢|<1,
demagnetization effects were neglected. As may be clearly
seen in Fig. 4(b), AT, saturates after 8 G-R steps. This result,
common to all compounds studied, is in agreement with the
above XRD results, confirming the presence of an intrinsi-
cally inhomogeneous charge distribution in the CuO, planes
associated to the random distribution of dopants. The X de-

pendence of AT,/T, for the samples after 10 G-R steps is
presented in Fig. 5. As expected from the characteristic 7,.(X)
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FIG. 4. (a) Example (for the x=0.08 sample after 10 G-R steps)
of the as-measured x"€(7) under different applied magnetic fields.
As shown in the inset, when pugH <1 mT the transition width is
almost unaffected by the use of a finite magnetic field. (b) Example
(for x=0.08) of the dependence of the low-field ¥*“(T) on the num-
ber of G-R steps. The procedure used to obtain 7, and AT, from
dxF€/dT (solid lines) is also indicated. Inset: AT, dependence on
the number of G-R steps.

dependence (inset of Fig. 5) AT./T, is larger in the most
underdoped and overdoped compounds.

III. MODEL FOR THE INHOMOGENEITIES ASSOCIATED
TO THE RANDOM DISTRIBUTION OF DOPANTS:
LENGTH SCALE FOR THE
HOLE CONCENTRATION
INHOMOGENEITIES

Our results on AT,.(X) may be accounted for by just as-
suming that the random distribution of Sr ions induces spa-
tial variations in the hole concentration within a CuO, plane,
with a characteristic length L. The local hole concentration
p(holes/Cu0O,) (or, equivalently, the local x value) may be
calculated by averaging over a “control” circle of radius L
within the CuO, plane, centered on that site,
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FIG. 5. X dependence of AT,/T. and of T, (inset), as obtained
from the low-field ¥*"“(T) measurements. The dashed line is a poly-
nomial fit to data in the literature. The solid line corresponds to Eq.
(5) evaluated with L=75d, (the shaded area represents the uncer-
tainty in this value).
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p=x=Ng (3)
Here, Ng, is the number of Sr ions within that circle, and
dc,=0.38 nm is the Cu-Cu shortest distance. The smaller
the L value, the larger will be the statistical differences be-
tween the local and the average hole concentrations.?® In the
upper row of Fig. 6 we present the p (or x) distribution in a
10° X 10°d2,, area within a CuO, plane, as calculated on the
basis of this model for several X values representative of the
over-, optimal- and under-doped regimes. These maps were
calculated by taking into account that there are two (La/Sr)O
layers associated with each CuO, plane, and that the prob-
ability for a La ion to be substituted by a Sr ion is x/2. Also,
we used L=75dc,~?28 nm, which is the value leading to the
best agreement with the above experimental results (see be-
low). As expected, p varies over lengths of the order of L,
and the spread Ap around the corresponding average value p
increases with doping. As L is much larger than the in-plane
superconducting coherence length amplitude [&,,(0)
~2-4 nm, see also below], and by virtue of the 7,.(X) rela-
tion, this p (or x) spatial distribution leads to the T, spatial
distribution shown in the lower row of Fig. 6. As may be
clearly seen, T, also varies on the scale of L, but now the

spread in T, values is larger in compounds where dT,/dx is
larger, i.e., highly underdoped or overdoped.

We may now obtain expressions for Ap and AT,, by not-
ing that the probability that Ng, out of the N, sites for the Sr
ions within the control circle are occupied is given by the
binomial distribution

~ N, E NSr( )_C—)NL—NSr
L 1 N (S R

Here, N; may be approximated by the integer closest to
2mL?/ déu, the factor 2 accounting for the two (La,Sr)O lay-
ers associated with each CuO, layer. In the limit of large N;
(more precisely, if N x/2>5, which for L/dq,=75 is well
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satisfied), Eq. (4) may be approximated by a normal distri-
bution centered in IVSr:)?'n'Lz/déu and with FWHM ANg,
~1.66\N x(1-X/2). By combining this with Eq. (3), the
corresponding hole density distribution is also normal, cen-
tered in p=x and with FWHM

dey _( f)
Ap = Ax ~ 1.33- 1-=. 5
p=Ax . V¥ 5 (5)

In turn, as for the L value used in the simulations Ax <X, the
corresponding A7, may be approximated by

T,

AT.(F) = Ax(%)

. (6)

X

The solid line in Fig. 5 is the best fit of Eq. (6) to the ex-
perimental data. The agreement is good, taking into account
the experimental uncertainties, and it leads to L
=(75%25)dc,=28+9 nm. It is remarkable that Eq. (5)
evaluated with the same L value is in excellent agreement
with the Ax(X) dependence deduced from x-ray diffraction
[Fig. 2(c)], which suggests a strong correlation between the
structural and electronic disorders. Also, this L value is in
reasonable agreement with a universal length scale recently
proposed for the charge density inhomogeneity in these com-
pounds for temperatures around 7, (~30 nm, see Fig. 2 in
Ref. 30). It is, however, larger than the length scale for the
spatial variations in the local density of states as determined
by STM (5-10 nm at 4 K).!3!

IV. FLUCTUATION-DIAMAGNETISM ABOVE T.: A
CHECK OF CONSISTENCY FOR THE LENGTH SCALE
OF THE INHOMOGENEITIES INHERENT
TO DOPING

One may also probe the characteristic length of the 7.
inhomogeneities associated with doping through measure-
ments of the fluctuation-induced magnetization, M 115 above

T.. This observable is very sensitive to the domain size rela-
tive to the in-plane superconducting coherence length, &,

PHYSICAL REVIEW B 80, 214527 (2009)

(Ref. 7): for reduced temperatures e=In(7/T,) such that
&x(g)>L, My would have a zero-dimensional (0D) charac-
ter, otherwise it would be two-dimensional (2D). By using
the mean-field relation &,,(g)=¢£,,(0)e~"2, the 2D-0D cross-
over would happen for &=~ ¢,(0)/L% In the case that L
~&,,(0) (as suggested by STM), all the accessible & range
would be in the 0D regime.

Some examples of the M(T) curves above T, for different
doping levels (as measured with a Quantum Design SQUID
magnetometer) are presented in Fig. 7. From these measure-
ments, M;(T) was obtained by subtracting to M(T) the nor-
mal state contribution, which in turn was determined by fit-
ting a Curie-like function [My,,(T)=A+BT+C/T, being A,
B, and C fitting constants] in a temperature interval well
above T, where fluctuation effects are expected to be negli-
gible. Note that whereas the background uncertainties may
have a dramatic effect on the extracted M ; at high reduced
temperatures (g >107"), their influence is small for e < 107!,
the relevant region for our present analyses. Some examples
of the resulting My (&) (for convenience over HT) for differ-
ent doping levels are presented in Fig. 8. As may be clearly
seen, under a 0.1 T magnetic field [much smaller than
Héz(O), the upper critical field for H L ab extrapolated to T
=0 K], |[M ﬂ| presents an upturn as € — 0. This behavior may
be easily explained as a consequence of the T, distribution,

and should occur below g, ~ 2AT,/T,."° From the AT, data
in Fig. 5, the resulting &;,;, (dashed bars in Fig. 8) are in good
agreement with the onset of the observed enhanced |M ﬂ|. In
the presence of a finite magnetic field, the region affected by

inhomogeneities, i.e., around T,.(H), is shifted to lower tem-
peratures. This allows to compare the theoretical results for
homogeneous materials with the experimental data in a
wider temperature region above 7,(0). Quantitatively, it may
be approximated &, (H) ~2AT,/T,~H/H(0).!0  As
toHE(0)~20-80 T in these materials,’> a 5 T magnetic
field will allow to study M free from the effect of 7, inho-
mogeneities down to e ~0 for 0.1=x=<0.2.

In presence of a finite magnetic field perpendicular to the
CuO, planes, Mﬁ in the framework of the 2D Gaussian
Ginzburg-Landau approach is given by3?

x=0.06 x=0.10 x=0.15 x=0.20 x=0.25
- - ST O § — p+0.03
‘ Tt M
c . ' . 3 ‘~ e
o . %
5 Y 1 b7 % B
i i - 4 P
@ . # i
© = & W -
o % g Z by Wi
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TC distribution

—

= .
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FIG. 6. (Color online) Upper row: x (or p) distributions in a 10> X 103a%u area within a CuO, plane for some representative X values, as
calculated in terms of the model described in the text with L=75dc,. The corresponding T distributions are shown in the lower row.
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FIG. 7. Some examples of the as-measured M(7T) in the normal
state. The effect of superconducting fluctuations is clearly seen as a
rounding close to the corresponding 7. (indicated by arrows). The
normal-state background (solid lines) was determined by fitting a
Curie-like function above 60 K.
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Here, I' and ¢ are the gamma and digamma functions, h
=H/ Héz(O) the reduced magnetic field, s=6.6 A the peri-
odicity length of the superconducting layers, f the effective
superconducting fraction,> k; the Boltzmann constant, ¢,
the flux quantum, and e.~0.5 the total-energy cutoff
constant.'” In the low magnetic field limit (h<<e) Eq. (7)
may be approximated by

keT (1 1
My =—f—" h(———), (8)
’ 6dys \e e,

which in absence of a cut-off (g,— ) reduces to the well-
known Schmid result for 2D materials.?® As in these materi-
als, the anisotropy factor, v, is in the range 10-25,% the
fluctuation magnetization when Hllab (on the order of
~Mﬁ/)fz, see, e.g., Ref. 37) is negligible. Then, M, in a
powder sample with the grains randomly oriented may be
approximated by the angular average’

+1In I‘(

1 w
(M) = Ef M;;(H cos )cos 6 sin 6d0, )
0

where 6 is the angle between the ¢ axis and H. As may be
clearly seen in Fig. 8, the comparison of the 2D-GGL theory
(solid lines) with the 5 T data is excellent down to the lowest
accessible reduced temperature (&~ 1072), the resulting
E(0)=[ o/ 2 poH 5 (0)]"? being about 2—4 nm (inset in
Fig. 8) in agreement with recent estimates.>” The 2D nature
of My is consistent with a length scale for the in-plane
modulation of the hole concentration well above the nano-
meter scale, suggesting that the STM results'~ could not be
representative of the bulk.
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FIG. 8. Reduced-temperature dependence of My, (over HT) for
different doping levels. The dramatic effects of 7. inhomogeneities
inherent to doping manifested at low fields are quenched by the
application of a 5 T magnetic field, allowing a direct comparison
with the 2D-GGL theory (lines). Dashed bars are the expected onset
of the |[M | upturn due to these 7, inhomogeneities at low fields.
Inset: the resulting &,,(0) values are presented against 7;1.

V. CONCLUSIONS

The results we have obtained in the prototypical
La,_,Sr,CuQ, system provide unambiguous answers to some
of the questions we have stressed in the introduction: (i) the
unavoidable inhomogeneities when doping the cuprate super-
conductors has long characteristic lengths [much larger than
£,,(0)] and they are uniformly distributed in the bulk. (ii)
These intrinsic inhomogeneities may deeply affect the bulk
magnetization measurements around 7., but once they are
taken into account the diamagnetic transition may be de-
scribed for all doping regions in terms of the Ginzburg-
Landau approach for layered superconductors, i.e., from a
phenomenological point of view the intrinsic diamagnetic
transition in the HTSC is conventional. Additionally, our re-
sults do not support the presence of fluctuating vortices well
above the superconducting transition, even in the pseudogap
regime, and they also suggest that the different inhomogene-
ities observed by using surface probes overestimates the ones
in the bulk.
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