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High-resolution superconducting quantum interference device isothermal magnetization measurements in
Al-doped Sm-based superconducting cuprates are presented, at the aim to analyze the properties of the under-
doped, pseudogapped phase in regards of the superconducting fluctuations (SF) above 7. In the optimally
doped compound, the SF are well described by the conventional Ginzburg-Landau (GL) free-energy functional
for three-dimensional anisotropic systems. On the contrary, in the underdoped compounds, obtained by Al for
in-chain Cu substitution at constant oxygen content, dramatic differences are detected. The isothermal curves
M gi, above T, show an upturn field H,,, where |Mg;,| starts to decrease on increasing field. H,, is found to
increase on increasing temperature. The experimental data on the field dependence of the diamagnetic mag-
netization above 7, can be justified by transforming the GL-Lawrence-Doniach functional into the one for a
layered system of vortices with frozen amplitude of the order parameter but with strong phase fluctuations. It
is argued that this behavior is characteristic of the underdoped phase of the cuprates, thus providing insights on

the pseudogapped phase as accompanied by fluctuations in the phase of order parameter.
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I. INTRODUCTION

On approaching the transition temperature 7, from above
superconducting fluctuations (SF) occur, with an average or-
der parameter [(|¢?|)]"? different from zero, as related to
local concentration of fluctuating Cooper pairs.! As a conse-
quence of SF, above T, one can detect a Langevin-type dia-
magnetic magnetization —M;,(H,T), existing side by side
with the paramagnetic contribution from fermionic carriers.”
This fluctuating diamagnetism (FD) is enhanced in cuprate
superconductors because of their small coherence length
&(T), reduced carrier density, strong anisotropy and high T..
Since the size of the fluctuating pairs, on the order of &(7),
grows when the transition temperature is approached,
|-M g, is expected to exhibit a progressive increase on
cooling from above. On the other hand, very high magnetic
field H, comparable to the critical field H,,(0) must evidently
suppress the SF’s. Therefore, when —M;, at a given tempera-
ture is reported as a function of the field, an upturn in the
field dependence is expected to occur. In the framework of
the Ginzburg-Landau (GL) scenario this upturn is quantita-
tively described by means of an elaborated microscopic
theory accounting for the short wavelength fluctuations and
nonlocality.!-

An introductory qualitative description of the field depen-
dence of —M 4;,(H, T=const) with an approximate estimate of
the upturn field H,,, where |M g;,| initiates to decrease, can
easily be obtained from the GL free-energy functional in the
assumption that the large part of the diamagnetic effects are
due to superconducting granules with size on the order of
&T) and then crudely applying the zero-dimensional condi-
tion. Then,*> at the first-order fluctuation correction (Gauss-
ian approximation), with the exclusion of the narrow critical
region very close to T, one can write
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with e=[T-T,]/T., so that the upturn in the field dependence
of Myg;, is estimated to occur around H,,~ 8@0/453
While in BCS superconductors the values of H,,

rather small,> typically around 50-100 Oe, in cuprate super-
conductors, because of the small coherence length, the up-
turn field is expected at very high values of H. Typically, for
g around 1072, H,;, could be in the range above 10 T. The fact
that quenching of the Cooper pairs is expected only at very
high field, explains why from the GL functional for layered

superconductors, in the Lawrence-Doniach (LD) form'?2¢
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(where ¢ is the order parameter of the /th plane and the
phenomenological constant J is related to the Josephson cou-
pling between adjacent planes) the isothermal magnetization
curves are rather well justified in optimally doped supercon-
ducting cuprate, as it is pointed out by measurements in
YBa,Cu;0, (YBCO).”?

On the other hand, it is well known that underdoped cu-
prates are characterized by the occurrence of a pseudogapped
phase (PG) below a doping-dependent temperature 7> T..
Although in general terms the PG opening is essentially a
transfer of spectral weight from the low-energy to the high-
energy range, the real nature of the underdoped phase in
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cuprates and the underlying physical mechanism are still elu-
sive, in spite of the large number of experimental and theo-
retical efforts.'®!" One of the main line of the speculative
analyses of the PG phase involves the possible occurrence of
fluctuations of various character.'”

In YBCO-type cuprates the underdoped phase is usually
obtained by controlling the oxygen content. However, the
investigation of this region is rather difficult because of the
structural changes accompanying the increase in o. In fact,
oxidation triggers a progressive short-range ordering of
Cul-0O4 ions along the crystallographic b direction, which in
turn promotes a variety of long-range oxygen orderings and
phase transitions.!> Recent diffuse scattering studies have
probed the nature and the spatial (nanodistributions) distri-
butions of oxygen superstructures in pure!>!* and
Ca-doped'* YBCO as a function of 8. Moreover, it is quite
difficult to control the chain length for the intermediate oxy-
gen concentrations, since, for each & value, the oxygen dis-
tribution within the xy, z=0 plane is a function of the anneal-
ing conditions (T and pO,) and can also vary as a
consequence of ageing.!?

In this paper, the underdoped phase has been obtained by
doping with Al the YBCO-parent-compound SmBa,Cu;0-,
thus obtaining the underdoped system SmBa,Cu, gsAlj 1505
where the oxygen concentration in the chains’ plane is not
touched to a good extent.'’ To this purpose, aluminum can be
considered a suitable dopant since: (i) it is a nonmagnetic
ion; (ii) it substitutes for copper only on one of the two
crystallographic nonequivalent positions, Cul (0,0,0);'® (iii)
throughout suitable annealing routes'”!8 it is possible to con-
trol the aluminum distribution and, as a consequence, the
mean length of the Cu-O chain fragments in fully oxidized
samples (see Fig. 10 of Ref. 17). For what concern this last
point, in a previous paper we have shown that the increase in
the main length of the chain fragments in
SmBa,Cu, ¢sAlj s0¢.5'° at fixed Al and oxygen concentra-
tion, induced a pronounced enhancement of the supercon-
ducting properties (i.e., of T, and Meissner fraction ).'8

Here we report high-resolution superconducting quantum
interference device (SQUID) isothermal magnetization mea-
surements in that family of Sm-based superconducting cu-
prates, for both optimally doped and underdoped systems.
The primary aim of our work is to analyze the properties of
the underdoped, pseudogapped phase in regards of the SF
above T..

It will be shown that for the optimally doped compound
having T,(H=0)=94.5 K, the SF are well described by the
conventional GL free-energy functional for three-
dimensional anisotropic systems.!” For that compound, in
fact, the diamagnetic magnetization curves M 4;, as a function
of temperature for various H cross each other at T,(H=0)
when the data are scaled by the square root of the magnetic
field H, while the isothermal magnetization curves
M 4i,(T=const, H) do not exhibit any upturn field up to 7 T.

At variance in the underdoped compound, relevant differ-
ences are detected and the SF exhibit unconventional GL
character: the isothermal curves Mg, above T, show an up-
turn field H,,, where |M;,| starts to decrease on increasing
field and M 4, measured as a function of temperature at dif-
ferent fields H do not scale at T,(0) as the square root of the
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magnetic field. Very interestingly, H,, is found to increase on
increasing temperature. This behavior, obtained here with
neat clarity in underdoped high-temperature superconduct-
ors, rules out the possibility of ascribing this phenomenon to
local inhomogeneities yielding a diffuse transition.

II. EXPERIMENTALS

Polycrystalline samples of SmBa,Cu;_,Al,Og, s were syn-
thesized by solid-state reaction starting from BaO, (Aldrich
95%), Sm,03, CuO, and Al,O3 (all Aldrich 99.99%). Pow-
ders were mixed, pressed into pellets, and allowed to react in
pure oxygen at 960 °C for a total time of 96 h with one
intermediate cooling, grinding, and repelletization step.
Samples were subsequently annealed for 96 h at T=400 °C
and P(O,)=1 atm to induce oxidation. Following the an-
nealing procedure suggested by Ref. 22, an aliquot of y
=0.15 sample was annealed at 7=800°C and
P(0,)=10"* atm for 96 h and then at 7=400 °C and
P(0,)=1 atm for the same time to reoxidize the sample. The
annealing time have been chosen in order to avoid gradients
of oxygen activity within the sample (see Ref. 15 for a dis-
cussion of the oxygen diffusion coefficient as a function of 7
and pO,). This procedure induces “clustering,” i.e., a non-
statistical distribution of Al ions within the xy, z=0 plane. In
this way longer Cul-O4 chains (~20 A long'®) in respect to
a nonclustered sample, taking fixed Al and O4 concentra-
tions, have been obtained.

The & values for each sample has been determined by
means of thermogravimetric analysis using the method
described in Ref. 15: §=0.98(1) for the Al-free sample and
6=0.96(1) for the y=0.15 “clustered” one.

The structure of the samples has been determined by
means of x-ray powder diffraction patterns, collected at the
high-resolution powder x-ray diffractometer at beam line
ID31 at ESRF, Grenoble, France?® using a wavelength of

A=0.33483(1) A. Diffracted intensities were detected
through nine Si(111) analyzer crystals. Rietveld refinements
have been performed using the GSAS software suite?! and its
graphical interface EXPGUI??

The SmBa,Cu;0_; sample was single-phase orthorhom-
bic [Pmmm space group, a=3.83819(1) A,
b=3.90042(1) A, and c=11.70636(4) A at 80 K] while the
clustered SmBa,Cu, g5Alj 150 -, one showed both a tetrago-
nal phase [space group P4/mmm, a=3.89098(3) A and
c=11.6416(1) A at 80 K] and a (slightly) orthorhombic
distorted  [space group Pmmm, a=3.86676(6) A,
b=3.90145(4) A, and ¢=11.6742(1) A at 80 K] one, as a
consequence of clustering.'® No diffraction peaks relative to
impurity phases have been detected within any sample.

In order to study the diamagnetic contribution to the mag-
netization of the sample, we performed magnetization mea-
surements with a MPMS-XL7 Quantum Design SQUID
magnetometer, by using the RSO highly sensitive technique.
The measurements have been performed in the temperature
range 2-300 K at small constant magnetic field in zero-field-
cooling (ZFC) and field-cooling (FC) conditions, and at dif-
ferent constant temperatures slightly above 7, by varying the
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FIG. 1. (Color online) Diamagnetic susceptibility in

SmBa,Cu;0; measured in powdered sample in magnetic field of 10
Oe. The solid line in the main figure gives an idea of the sharpness
of the transition. In the inset the blow up of the data around the
transition is reported, from which T,(H~=0)=94.5+0.1 K.

applied magnetic field after a ZFC process from room tem-

perature.

III. EXPERIMENTAL RESULTS

Some experimental findings in optimally doped
SmBa,Cu30. are collected in Figs. 1-3. To extract the dia-
magnetic contribution to the magnetization, the measure-
ments as a function of the field at 102 K, where the fluctua-
tion contribution is no longer present, have been subtracted
from the raw data. The sample is in powders while Eq. (2) in
the text refers to the geometry of field along the ¢ axis. On
the other hand it has been shown® that for strong anisotropy
factor y the powder distribution is approximately equivalent
to reduce the effective magnetization by a factor 1/3. The
empty points correspond to magnetization measured after
cooling at the same temperature in a given magnetic field
(FC condition) and indicate that there are no history-
dependent effects, as expected.

The sharpness of the transition, occurring at T,
=94.5+0.1 K (a temperature slightly higher than in most of
the YBCO-like compounds), is evidenced in Fig. 1. The tran-
sition temperature has been estimated by extrapolating the
solid line of the main figure to the line of zero susceptibility,
as usual in susceptibility measurements. Despite the proce-
dure of measurements (field-cooling conditions, well known
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FIG. 2. (Color online) Isothermal magnetization curves Mg, vs
H in the optimally doped SmBa,Cu;O-; at three representative

temperatures. The empty squares and triangles are the results ob-

tained in FC condition (see text).
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FIG. 3. (Color online) Scaled magnetizations m=M g,/ T.H"? as
a function of temperature cross at about 7,(0), consistently with the
scaling arguments (Refs. 7 and 14) for anisotropic three-

dimensional superconductors.

to broaden the transition), the transition is significantly
sharp. Figure 2 shows how relatively far from 7, and for H
<H., Mg, is linear in H, while for T=T_, one has Mg;,
o« H'? (Prange regime'?). By increasing the field, saturation
of SF-induced M, (Ref. 19) (provided that the contribution
from short-wavelength fluctuations is still negligible) is
somewhat displayed. The data for My,/H'"? (Fig. 3) as a
function of temperature cross at T,(0), in agreement to scal-
ing arguments,”?* as already discussed for optimally doped
YBCO.%7-24-26 The reduced magnetization m=M ;,/ T.H"? at
T.(0) takes the value 2.3 X 107® emu/cm?® Oe'? K, consis-
tent with the universal value mspy (Refs. 7, 23, and 25) for
an anisotropy parameter y around 6, close to the one in op-
timally doped YBCO.

Now we are going to illustrate how the scenario valid in
optimally doped Sm-based cuprate has to be drastically
modified in underdoped compounds. The susceptibility in the
compound at y=0.15 (namely, SmBa,Cu, gsAl, 50-) (Fig. 4)
indicates that the transition is less sharp than the one in the
sample at y=0, this being the obvious consequence of the Al
for Cu substitution. The transition temperature for H— 0 can
be estimated 7.=56.5* 0.5 K, where the susceptibility turns
out around 6.7 X 107 emu/cm?, about a factor 30 larger
than for y=0. The magnetization vs temperature data at dif-
ferent magnetic fields H, at T,(0) do not scale as My;,/ T .H"?
vs T (data not reported), thus giving a clear difference from
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FIG. 4. (Color online) Diamagnetic susceptibility measured in
the underdoped Sm-based superconductor at y=0.15 in a field of 10
Oe. The sample is a reoxidized one (Ref. 12).
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FIG. 5. (Color online) Representative isothermal magnetization
curves My, vs H in the underdoped Sm-based superconductor at
y=0.15 at T,(0) = 56.5 K. The solid lines are the best fits according
to the numerical integration of Eq. (4) in the text, in correspondence
to the parameters reported in Table I.

optimally doped compound behavior. An even more striking
difference with respect to the optimally doped compound
appears in the magnetization curves (Fig. 5).

Compared to the curves in Fig. 2, in the data of Fig. 5 one
notices the occurrence of an extra diamagnetism, with the
peculiar characteristic of an upturn field in the range 500-
2000 Oe. Evidently these magnetization curves cannot be
justified on the basis of the conventional functional of the
form in Eq. (2), which at variance leads to M;, vs H consis-
tent with the data in Fig. 2 for the optimally doped com-
pound, as previously emphasized.

One might be tempted to justify the enhanced diamagne-
tism above T, in underdoped cuprates as related to the oc-
currence of a diffuse transition. Because of chemical-type
inhomogeneities (in a way a natural consequence of the Al
for Cu substitution and of the annealing procedure) local
transition temperatures 7:°°(r) above the bulk 7, might be
suspected. Then for 7> Tt’”lk an enhanced diamagnetism
would be detected, somewhat precursor of the Meissner ef-
fect for the bulk sample. In this case the upturn field would
mimic H,;, as due to the parts of the sample already in (non-
percolating) superconducting state. This hypothetical expla-
nation does not apply to underdoped cuprates. In fact, if H,,
in Fig. 5 should be the equivalent of H., then it should
decrease on increasing temperature. At variance, as displayed
in Fig. 6 (main part), the upturn field increases on increasing
temperature; as a contrast, in the inset the sketchy behavior
of H,, in the case it is led by diffuse transition due to chemi-
cal inhomogeneities, is reported. Consequently, we can con-
clude that the diamagnetic effects above T are not controlled
by the chemical inhomogeneities. An increase in H,, with
increasing temperature was already noticed in underdoped
La,_,Sr,CuO, (LSCO).?” However in that case the evidence
about the temperature dependence of H,, was not so neat and
Cabo et al.?® could argue that it could still be compatible
with a diffuse transition due to the inhomogeneities.

IV. ANALYSIS OF THE DATA IN THE UNDERDOPED
COMPOUND

Now we are going to emphasize the unconventional char-
acter of the FD in the underdoped phases of cuprates by
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FIG. 6. (Color online) Upturn field H,, and characteristic field
H™ (see text) as a function of temperature in SmBa,Cu, gsAly 1507
(T;=56.5 K). The dotted line for H,, corresponds to the values
obtained by setting y(H)=0 in Eq. (4) in the text and resorting to
the interpolation of the best-fit parameters reported in Table 1. The
values of H* (M), derived from the best fits of the magnetization
curves, follow the almost linear relationship to H,,, according to
Egs. (4) and (5), for T=75 K. The dashed line for H* tracks the
function H*(T)=[3520+3.5X 1073 exp(7/6.2 K)] Oe, heuristi-
cally found to describe rather well the data. The solid line in the
inset represents a sketchy behavior of the upturn field in the case of
diffuse transition. In the case of diffuse transition H,, mimics H.,
thus decreasing with 7, contrary to what found by us in our under-
doped compound.

recalling the main lines of a theoretical description of the
phenomenon. This theory helps in appreciating the data pre-
sented in the present report for Sm-based cuprates, meantime
allowing one to emphasize relevant insights that can be
achieved.?’

The basic ingredient for unconventional FD in the under-
doped, pseudogapped phases of superconductors is the
marked dependence of the transition temperature on the car-
rier concentration. Then, above the transition temperature in-
dicated by resistivity, one can argue that there are mesos-
copic “islands” (corresponding to channels for the
paraconductivity) with nonzero order parameter at frozen
amplitude. The occurrence of long-range superconductivity
is being prevented by the lack of coherence due to marked
phase fluctuations. Experimental evidence of the existence of
these islands at least in LSCO and in Bi-based cuprates, is
provided by scanning SQUID microscopy®’ and by the de-
tection of a large Nernst signal above T,.3!

Thus, by starting from Eq. (2), we keep |¢?| constant and
consider only the dependence on the phase, thus writing a
Lawrence-Doniach-type (GLLD) functional of the form

s (o
FLD[a]—sElfd

. 2
><{J||<V‘9— %A) +J[1~cos(f - 91)]},
ch
(3)

where Jj and J | are the order-parameter phase coupling con-
stants onto the plane and between planes, respectively.
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TABLE 1. Values of parameters used for Mg, vs H curves at
different temperature T(>T,), from the fits by Eq. (4). H" is the
critical field reported in Eq. (4), L is the diameter of the mesoscopic
islands above T, F the fraction of material at nonzero frozen order
parameter, and J; is the phase coupling constant in the plane.

Number of
T H* L islands
(K) (Oe) (nm) F (em™2) Jy/ kT
59 3550 76.9 0.20 1.7%X 102 8.8
65 3700 75.3 0.16 1.5%10"? 3.9
75 4100 71.6 0.10 1.0x10'? 2.5
80 5050 64.5 0.06 8.7x 10" 0.8
84 6320 57.6 0.01 2.1x 101 0.1

In this way one assumes the presence above the bulk 7, of
superconducting “droplets” where the order-parameter phase
can fluctuate producing thermal excitations (vortex and anti-
vortex in two dimensions and vortex loops in the anisotropic
model). The potential vector A in Eq. (3) describes both the
magnetic field applied parallel to the ¢ axis and the one in-
duced by thermal fluctuations.

The second derivative of the free energy with respect to H
(see Ref. 29 for more details) resulting from Eq. (3) yields
the field-dependent susceptibility y(H),

T
s@% (1+2n)

M NENR +n>n[1 + (2)25]

’1VOT Ii

i 27 ? H ’
+0.27L -] 5 4)
S (DO H

X=-

with 8=J,/ kT, while H*=(®y/L?) is a characteristic field,
related to the size L of the islands (for all details about pa-
rameters and numerical factors we refer to Ref. 29). In Eq.
(4) n is the number of planes at the interlayer distance s
along which the vortex lines are correlated while 7y is the
anisotropy factor. The vortex density n,,, includes the vorti-
ces induced by the external field ny=(H/®,) as well as the
thermally activated ones, whose density 7, is affected by the
applied field, also depending from the number n of correlated
layers,

Ey(1 +2n)
ny, = ng €XpJ — 2 R emis (5)
|72

The prefactor in this equation can be set
ny=6.6X10'"" cm™ according to the relation ny=~10*/a?,
for the lattice parameter a=3.9 A. The third term in Eq. (4),
being positive, is responsible of the inversion in the sign of
the susceptibility and thus of the upturn in the magnetization
curves.
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FIG. 7. (Color online) (a) Comparison of the magnetization data
obtained in underdoped SmBa,Cu,gsAlj 507 in the usual zero-
field-cooling condition with the values (triangles) of the magnetiza-
tion measured after cooling the sample at the same temperature in
presence of an applied magnetic field (field-cooling condition). (b)
Comparison of ZFC and FC magnetization measurements carried
out at a temperature expected well above an average local irrevers-
ibility temperature. At variance with the data in (a), FC and ZFC
M g, coincide and the region of positive y(H) is practically absent.

By means of numerical integration of Eq. (4) the isother-
mal diamagnetic magnetization as a function of the field is
obtained. In Fig. 5 the solid lines Mg;, vs H derived in this
way are the best fits of the experimental data, in correspon-
dence to the parameters collected in Table 1.

The interlayer distance has been set s=11.7 A according
to the structural data from x-ray diffraction'® while the an-
isotropy factor was taken y=6, according to the experimental
findings (Fig. 3). According to our fitting the quantity
Ey(14+2n)=86k,T, turns out almost temperature indepen-
dent. This corresponds to the deduction that the number of
correlated layers does not change in a sizeable way in the
temperature range that has been explored. Furthermore, the
activation energy in Eq. (5) turns out Ey= 12kgT, (for n=3)
in accordance to the general estimate in YBCO of E, around
10k,T,.52°

From the characteristic field H* it is possible to estimate
an order of magnitude of the average size L of the islands
(Table I). As it could be expected, on increasing temperature,
the areas with nonzero order parameter are progressively re-
duced in size. A reduction factor F accounting for the frac-
tion of the whole volume of the sample which contributes to
the diamagnetic response can be derived. The values of the
fraction F (Table I), as it could be expected, indicate a pro-
gressive decrease in the volume occupied by the supercon-
ducting regions. It should be remarked that the reduction in
the effective volume may be due both to the decrease in the
average size of the islands and/or to the decrease in their
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number, that could be evaluated from the ratio VgF/L?,
Vs=3.9% 1073 cm?® being the volume of the sample.

Finally we remark that a significant phenomenon that
might be present involves history-dependent effects, i.e., ir-
reversibility. The islands where the amplitude of the order
parameter is frozen can be above or below their irreversibil-
ity temperature T;,. If a measure is carried out at 7< T, then
history-dependent effects should be present. In Fig. 7 the
comparison of the usual ZFC magnetization curve with the
values of M, measured at the same temperature after cool-
ing in the presence of a given applied field (field cooling,
FC), is reported.

In our interpretative model the irreversibility line has to
be attributed to vortex-loop unbinding and to the generation
of a liquid of vortices. Therefore T}, corresponds to the
Kosterlitz-Thouless transition temperature (Tx). The behav-
iors for temperatures above or below Tk is controlled by the
ratio Jy/ kT, which is larger than 2 at 7<<Ty while it drops to
zero above the irreversibility line, where a marked upturn in
the magnetization curves is not expected.

According to theory sketched above, the history-
dependent effects have to disappear when the measuring
temperature is brought above the local T,. Meantime the
upturn in the field dependence of M y,, namely, positive sus-
ceptibility [Eq. (4)] has to be modified, Mg;, becoming prac-
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tically flat in the high field range. This effect has been de-
tected as well [Fig. 7(b)].

V. SUMMARIZING REMARKS

By taking advantage of the excellent superconducting
properties of Sm-based cuprates, a detailed study of the fluc-
tuating diamagnetism above 7, has been carried out. In the
optimally doped compound the conventional GL scenario of
the superconducting fluctuations has been confirmed. At
variance, in the underdoped compound, where the
pseudogapped phase is known to be present, the experimen-
tal data show dramatic departure from that theoretical frame-
work, with strong enhancement of the susceptibility and iso-
thermal magnetization curves exhibiting an upturn in the
field dependence. The temperature dependence of the upturn
field rules out the hypothesis of a possible diffuse transition.
On the contrary, several experimental data support a theoret-
ical picture of unconventional fluctuating diamagnetism
based on the idea of precursor islands where the amplitude of
the order parameter is frozen, while the long-range coher-
ence granting a bulk superconducting state is prevented by
marked fluctuations in the phase of the order parameter. It is
argued that this phenomenon is characteristic of the
pseudogap phase of the superconducting cuprates.
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