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Recently, experiments on high critical temperature superconductors have shown that the doping levels and
the superconducting gap are usually not uniform properties but strongly dependent on their positions inside a
given sample. Local superconducting regions may develop at the pseudogap tem@éramdeupon cooling,
grow continuously. As one of the consequences a large diamagnetic signal above the superconducting critical
temperaturel . has been measured by different groups. Here we construct a general theory to a disordered
superconductor using a critical-state model for the magnetic response to the local superconducting domains
betweenT* and T, and show that the resulting diamagnetic signal is in agreement with the experimental
results.
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[. INTRODUCTION phase separation into normal and superconducting regions
were also obtained by muon spin-relaxation ft€herefore
There is an increasing interest on the effects of the microthe inclusion of the intrinsic charge inhomogeneities or the
scopic intrinsic inhomogeneities in high critical temperaturetendency of the formation of charge domains in any calcula-
superconductoréHTSC). The fact that these materials have 1ons for the cuprate properties may be far more important
doping level and superconducting gap that, even in some ¢han Previously anticipated. The main difficulty to incorpo-
the best single crystals, vary locally inside a given samplerate such effec; in quantitative cal'cula'ltlo'ns is that the exact
~—form of the doping or hole distribution inside a given sample
has profound consequences and a number of unconventionglp, ot exactly known although it is a consensus that the local
re_Iated phenomena are ob_serJvepeCIa”y In the normal re- doping level becomes more uniformly distributed in the ma-
gion of the HTSC phase diagram. In particular, recent magterjals on crossing from the underdoped into the overdoped
netic imaging through a scanning superconducting quanturfegion of the phase diagraht® On the other hand, a consid-
interference devicgSQUID) microscopy has displayed a erable improvement in the understanding of the doping level
static local precursor of the Meissner state at temperatures aad local superconducting gap functional form has been
large as three times thE, of an underdoped LSCQantha-  made by scanning tunneling microscopy/spectros¢gam/
num strontium copper oxidefilm.? Following up SQUID ST experiments:*>-17
magnetization measurements on powder oriented YB@O Based on these findings, we have recently proposed a
trium barium copper oxideand LSCO single crystalé have  two-phase modefundoped and doped regimes present in a
shown a rather high magnetic response which, due to itgiven compoungdescribed by a bimodal distribution of the
large signal and structure, cannot be attributed solely to thboles inside a given compound in order to model the charge
Ginzburg-LandauGL) theory of fluctuating superconduct- distribution for a given compound belonging to a HTSC
ing magnetizatior:® This is an unconventional behavior be- family.!® This distribution resembles a typical distribution of
cause low-temperature superconductors exhibit only a much spinodal decomposition of a binary alfsyA two-phase
smaller diamagnetic signal aboife which is believed to be model which arises from the fluctuation phase of the super-
a consequence of the thermal fluctuatibrEherefore such conducting order parameter was considered previously by
strong magnetic response was interpreted as due to the fluEmery et al?° The basic ideas of our approach are the fol-
tuating diamagnetism produced by superconducting islandewing: The undoped or hole-poor part of the distribution
nucleated abov@,.>*8On the other hand, the existence of represents the AF domains and the hole-rich the metallic
superconducting islands aboVg is a consequence of a non- regions. The width of the metallic distribution decreases with
uniform or disordered intrinsic carrier density, as pointed outhe sample’s average doping since, as mentioned above, the
by Ovchinnikovet al® hole distribution inside the compounds of a given family
The tendency towards the formation of magnetic domairbecome more homogeneous as the average doping level or
lines or stripes was predicted long aJand verified experi- average charge-density increas&Bue to the spatially vary-
mentally by different groupst!? The stripes are formed by ing local charge density, it is also expected a distribution of
an instability towards charge phase separation which mearibe local T.'s, instead of a single and unique value as in
hole-poor regions of antiferromagnéF) insulating sepa- usual metallic superconductors. Therefore a given HTSC
rated by hole-rich metallic domains. Recently, the micro-compound with an average charge densitypossesses dis-
scopic intrinsic inhomogeneities in the charge distribution,tributions of the charge density(r), the zero-temperature
consistent with the presence of charge domains or chargeuperconducting gapyy(r), and the superconducting critical
stripes, has been revealed by neutron diffractibA. peak  temperatureT(r), where the symbolr) means a point or
broadening in the atomic pair distribution function was mea-small region inside the sample. In this scenario we identify
sured and explained by a local microscopic coexistence ohe largestT.(r) with the pseudogap temperatufé of a
doped and undoped materiafsEvidences for microscopic given compound! Doping regions withn(r)>0.05 have a
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metallic behavior with a decreasifig(r) following a mean- of magnitude. As a consequence of such distribution, at a
field patterr?® Upon cooling belowT* the superconducting given temperature abovig* there are insulating and metallic
regions develop at isolated regiorisnostly with n(r) regions belowT* there are insulating, metallic, and super-
<0.05] as droplets of rain in the air and eventually theyconducting regions which started to condensate in the metal-
percolate at the sample superconducting critical temperatulé regions afT*; and belowT . the long-range superconduct-
T, at which superconducting long-range order is establishedng order is achieved by a percolation transition while there
This superconducting percolation scenario for HTSC hastill are some metallic and insulating regions present in the
also been discussed previously, but with somewhat differergample. As in Ref. 18, we model these insulator and metallic
approaches, by several auth6t$? Therefore, only at or be- regions by a bimodaly type distribution with parameters
low the percolation temperatui@, a dissipationless macro- which are based on the STM/STS anal{&s&nd which was
scopic electrical or hole current may flow through theused to derive the HTSC phase diagrams.
sample. Based on these ideas, we have used a bimodal Now we want to use the above ideas to discuss the mag-
charge distribution in connection with a mean-field calcula-netic responsé (B) of such inhomogeneous superconduct-
tion to reproduce the phase diagramTdf andT, as a func-  ors to an external magnetic field, betweéknandT*. In this
tion of the average doping level for the ,Bir,CaCyOg, 4 range of temperature, it is clear that only the superconduct-
and La_,Sr,Cu0, families®?®In these chemical formulas ing regions or droplets with theil.(r)’s bigger thanT,
x is the doping level which is similar to the average chargecontribute to the diamagnetic sample’s magnetization. These
density, i.e.x=n,, for the last(La serie$ and x=2n,, for ~ superconducting regions contribute to the sample’s magneti-
the former(Bi) family of compounds zation with a diamagnetic signal which depend<Boand the

The existence of the superconducting regions with differ-overall sample’s magnetization will be the sum of all these
entT.'s in the material must manifest itself through a num- contributions.
ber of observable properties: we can number a few such as In order to estimatévl(B) we follow the ideas and the
the pseudogap phenomena, the resistivity, and Hall coeffiprocedures of the CSM to each superconducting droplet.
cient temperature dependence, and so on. Here we want tdpon applying an external magnetic field, a critical current
discuss the normal-state magnetization, whose study is th is established which opposes the field dag(B)
purpose of this paper. Thus, we develop a general theory of a(T)/B according to Ohmeretal® «(T) is a
the magnetization of an inhomogeneous superconductdemperature-dependent local constant which we have taken
which can be applied to the HTSC, in order to explain theto be proportional td T.(n(r))—T]. Hereafter we call the
recent anomalous magnetization measurenmhis.a simi-  hole local densityi(r) of a given domain ofi and the whole
lar fashion, Romarfointroduced a theory for the magnetic sample’s average density of,. For simplicity we take these
response based on the fluctuations in the local order paramsuperconducting droplets as cylinders of radRjswhich is
eter which leads to a Kosterlitz-Thouless transition and thesufficiently small, in order to have a constant charge density
fluctuation-induced diamagnetiénof superconducting is- nand consequently the critical temperattigg€n) is the same
lands abovel; which reproduced well the details of the ex- within such cylinder region(As the temperature decreases,
perimental data. Assuming that the superconducting islandsiore droplets appear and the superconducting regions in-
started to be formed &t*, for measurements &i<T* and crease by aggregation of droplets of different The CSM
T close to but abov@ ., some of these islands must be in a approach leads to the magnetic-field dependence of the mag-
superconducting state and therefore they must yield a localetization in each small cylinder &s
superconducting diamagnetic response. We show below that

the measured diamagnetic signal can be understood within B

this picture of a superconductor formed by static domains My(B)=— e for B<B., (N
with spatially varyingT.(r)’s. Since the local'.(r)’s can be

much higher than the sample’s superconducling we ap- B 482 8B5

ply the well-known critical-state moddICSM) (Ref. 7) to My(B)=— —+ _ . By <B<B*,
the magnetization response under an applied field. This ap- Mo 5upoB*?  15u,B**

proach is valid with the hypothesis of the measured tempera- (2
ture to be below that of the irreversibility line of the local

superconducting regions. Some kink of hysteretic behavior B 4B* BS B3

was observed in YBCO and in LSCO sampléidicating M3(B)=— PREETT 28*5 _58*3

that the irreversible temperature is abovg. We demon-
strate here that this simple procedure is able to explain and
reproduce the main features of the precursor diamagnetism _92
measured behavior.

5/2
—11 ) for B,<B=<B.. (3)

In the last expressiorB* is the value of the applied ex-
ternal field which produce full penetration inside a cylindri-

From the above discussion, since the hole distribution ial superconducting droplet, and it depends on its size as
not uniform, we can think of a HTSC sample as formed byB* = 2a(T) uoR. g is the vacuum permissivity. The de-
different metallic and insulating regions of a few nanometergpendence of the local critical temperatufiegn) is taken to

Il. THE MODEL
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be that of the pseudogap temperature of a given compoungrs have theiB.,(T,n) lower than the applied field bl is
with its average charge density, namely;(nm). Thus,  aiso lower tharB* (n,T). This group is partially penetrated
T.(n) is a function which has |Fs maximum at=0.05 and by the field and they contribute thl(B) according to Eq.
decreases monotonously, that is, we take the local superco) These domains have their carrier concentration in the
ducting critical temperatures as a linear function mf nterval N+ To/b—(T/b)/[1—B/B(0)]<n<n.+Ty/b
Te(n)=To—b(n—nc). Ty is the highest pseudogap tem- _ (1/p)/[1—B/B*(0)]. Finally, there are some supercon-
perature near the onset of superconductivity, ne=0.05,  gycting granules for which the applied field is higher than
andb is chosen in order to wavé;(0.3)=0. Notice that, g« (T n) but also lower tham.,(T,n). These domains con-
sinceT.(n) is a linear decreasing function af the droplets  tripute to the magnetization according to E8). Therefore,

with lower values ofn (just aboven;) are more robust to an for a sufficient by low applied field, the general expression
applied field in the sense that its superconducting state is ngg; M (B) is given by

easily destroyed by the external field.

SinceT.(n) is constant inside a superconducting cylindri- NmaxBer)
cal droplet, the critical fieldsB,; andB,) inside the drop- M(T,B)= P(n)M(B,T,n)dn
lets will have their temperature dependence given by the GL nm
theory, e.g., B¢1(T)=B¢1(0)[1—-T/T.(n)] and B.y(T) NadBY)
=B¢»(0)[1—T/T(n)]. Taking into account the dependence + f P(n)My(B,T,n)dn
of T¢,(n) on n, we arrive at the expressions for the critical MmaxBe)
fields B.1(T,n) andB.,(T,n). A similar functional form is Nmax(Be2)
supposed foB* due to thea(T) temperature dependence. J; ) P(n)M3(B,T,n)dn. (8
ThUS, ma

Upon increasing the applied field the number of droplets
, (4)  that are not penetrated by the field decreases and for fields
higher thanB,(n.,,T) there are not any granules contribut-
ing with perfect diamagnetism. Notice thB¢;(n,,,T) is the
(5) maximum first critical field that a superconducting region
can achieve. FdB=B_;(n,,T), all the droplets are partially
or totally penetrated by the field and they contribute to the

Bcl(T-“):Bcl(O){l—m

Bcz(T,n):Bcz(O)[l_ To—b(n—ny)

N _p _ sample’s magnetization according E¢B.—(3):
B*(T,n)=B*(0)| 1 To=b(n=ng) | (6)
_ [ "max(B%) d
When a given sample is submitted to an applied external M(T.B)= am P(n)M2(B,T,n)dn
magnetic fieldB, the superconducting droplets with carrier
concentrationn for which the applied field is higher than Nmax(Bc2)
their second critical field Beo(T,n)=B(0)(1—T/[ T, ey TWMs(BTmdn. - (9)

—b(n—n,)), do not contribute to the sample magnetization.

This condition is verified for droplets with>n,,.,, where  Finally for fields higher thanB*(0)(1—T/[TO—b(n,
Nmax(Be2) =N+ TOb—(T/b)/[1—B/B¢,(0)] is obtained —n.)]), all the superconducting granules of the sample are
inverting Eq.(5). SinceT¢(n) is a decreasing function af,  totally penetrated by the field and their contribution to the
only the droplets witn bigger tham,,,,, do not contribute to magnetization is

the sample’s magnetization because their superconductivity

is destroyed by the fiel®. Thus we expect that Nmax(Bc2)

I\/I(T,B)=J’ P(n)M3(B,T,n)dn. (10

M(T,B J'nmax(B‘:z)P M(B,T,n)d 7 )

(T:8) ne (MM(B.T.nydn. @) These last three equations express the thtéB) for any
value of the applied field.

WhereP(n) is the distribution function for the local hole In order to obtain a reliable value & (B) and to com-
doping level at the many clusters inside a given HTSC in-pare with the experimental results, we have incorporated the
ferred in Ref. 18. However, in the context of the CSM, de-fluctuation magnetizations induced by the superconducting
pending on the intensity of the applied field, there are differ-order parameter, an effect which should be always present,
ent possibilities in which each domain contributesvi¢B). regardless of whether the superconductor is more or less in-
In the low-field regime the superconducting clusters willhomogeneous. As noted in Ref. 27, for superconducting
contribute to the magnetization of the sample in three formsdroplets with a homogeneous order parameter and with di-
there are some clusters, which are not penetrated by the fieldensionsd approximately equal to the coherent lengff),

B, that isB=B.,(T,n) and they contribute to the magneti- the Ginzburg-Landau model provides an exact solution for
zation with perfect diamagnetisiitq. (1)]. These clusters My,,(B). Here we use a simplified “zero dimensional” for
have their carrier concentration in the interval<nc  superconducting clusters of radidssmaller or near the co-
+T0/b—(T/b)/[1—B/B¢(0)]. The second group of clus- herence lengtt(T), namely?
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0.005 T T y T y T T T y ] III. RESULTS AND DISCUSSION
0.000

The above theory was developed to model the measured
magnetization curves of the La,Sr,CuQ, family of com-

-0.005 [

| Y L e J
o = . . .

0.010 o° _ T=288K 1 pounds. The major difficulty is that the measurements of the
~ 0S| P f’ 0.0000 8 pseudogap temperature curve for any family seems to vary
E 0.020 L ] AP | ] depending on the technique usédn fact there are differ-

2 okl /’ ‘ A ] ences even in th&. measured values for the same HTSC
% voso ks f compound when reported by different groups, but such dif-
B! ./ P . ferences are small compared with those for THemeasure-

0.035 |- —e—27.0 K |03 —0—27.8K T

[ / —0—27.2K —a—28.0K ments. .
0040 I# | 4 276K |ooom ] In the calculations we used values taken from the local
.04 | > 20K | osmes et i e e | precursor diamagnetic sigiand Nernst effec? measure-
0.000 0.001 0.002 0.003 0.004 0.005 ments which display some local precursor order n&ar
B(T) ~100 K. This value is considerably lower than the values of

T* from transport measuremerffsA possible explanation
FIG. 1. Magnetization for parameters appropriated to the overfor this discrepancy is that the transport measurements detect
doped LSCO as calculated from E¢#)—(11). The inset shows the {he onset of pair formation while for the magnetic response a
change in the magnetization behavior as the anomalous contrlbutharge density of pairs must be present in order to display a
vanishes When the temperature is increased. This result is to hr?leasurable local response. Thus, we have taken80 K,
compared with the measurements from Ref. 4. b=320 K for the carrier concentration linear dependence of
the droplet’s critical temperaturg.(n). In fact T.(n) is not

2/%g(wETd)?B necessarily linear but this is an approximation which fits rea-
MuelT,B) == — >—, (1)  sonably well with the experimental data but which may be
Oo(T/Te— 1)+ (7EBA)/S improved in the future as new experimental data becomes

available. The antiferromagnetic cutoff for the carrier con-

wherekg is the Boltzmann constan®, is the quantum flux, centration isn,=0.05 and the superconducting cutoffrig,

andd~ &x(T—T,)/T.. This last expression yields a linear :fo.f'fThf probability?(fn) isda]lcso noé_l\{vlall known but S(?{me g
M uc(B) dependence for low fields and it has been incor-0' ''S '€atures were inferred irom measurements an

: : L the phase diagram, as discussed in Ref. 18.
porated in our calculations. The specific resultsNby,; are ; ’ , i
shown in the insets of Figs. 1 and 2. In Fig. 1 we plot the results of our model with the param

. eter which corresponds to m,=0.2. According to our
Therefore Eqs(7)—(11) furnish the completeM(B,T) ) . m
curve for a HTSC at temperatur@ >T>T, . Our numeri- model this concentration corresponds to a LSCO overdoped

: : : . sample with a critical temperature di,=26.86 K. In the

;:r?; rfitﬁgllt\znvglllsgfﬂg(r)]mpared with the experimental results IN__lculations we have useB;(0)=0.01 T, B,,(0)=20 T,
' andB*(0)=0.025 T. The value 0B, is derived from ex-

perimental value&® The values oB_;(0) andB* (0) are not

0T 1 found in the literature, however, one can make a fair estima-

tion of the ratioB.,/B.; through the GL parameter which

is about 100 for some YBCO and LSCO compouffti§he

] inset shows that fof =27.8 K there is a low contribution at

N low fields from the superconducting island in the sample

while at high fields only a linear contribution comes from the

0.00

-0.05

Rl 1 diamagnetic fluctuation signal. At=28 K there is no more
S 020 '\ s i contribution from the superconducting droplets and all the
5 SR T & : diamagnetic signals are only due to the magnetization fluc-
Sosp s \\\ ] tuations. Note thaf =28 K is the most weak diamagnetic
030 | \, o | \ i signal which appears in Fig. 1. The inset demonstrates that,
\.\ .c' e sk 1 at these temperatures or above, only the fluctuating magne-
s o™ o] | oK i tization is important.
. The qualitative features of the measurements are entirely

-0.40 |- 0000 0001 0002 0.005 0.00¢ 0005 -]

P reproduced and are simply explained by our model; at low
0.000 0.001 0.002 0.003 0.004 0.005 0.006 . . . .
B(T fields the perfect diamagnetism is expected for droplets for
M which the fields are lower than thdi.;. We expectB; to

FIG. 2. Magnetization for parameters appropriated to the underP€ Weak because the superconducting regions formed above
doped LSCO as calculated from E¢#)—(11). The inset shows the T are small and isolated. By the same token, the droplets
change in the magnetization behavior as the anomalous contributiggenetrating fieldB* should not be very strong which de-
vanishes when the temperature is increased. This result is to ereases rapidly the overall diamagnetic signal for field much
compared with the measurements from Ref. 4. weaker tharB.,. As the applied field increases, the magnetic
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response dies off and is reduced to the fluctuations. This isible interpretation for a pure fluctuating diamagnetism sig-
the reason whyM(B) has a minimum at very low applied nal, according to our theory, is that these samples must have
fields. In Fig. 1 we show this upturn field ned,, a very good degree of charge homogeneity. This interpreta-
=0.0001 T which agrees with the experimental valtitss  tion can be experimentally tested because these compounds
worthwhile to mention that previous estimation for the up-must haveT* almost equal or equal td., as may be the
turn field considering only the Lawrence-Doniach caseé®

fluctuations in a layered superconducfoyields expected Another point which hinders a good quantitative agree-
values neaB,,=10 T. These figures bring out the impor- ment with the experimental results is that the technique used
tance of the CSM applied to the superconducting islandseems also to be very important in probing the details of the
aboveT, to explain the experimental results. magnetization abové; while the scanning microscopy re-

In order to study the effect of the local charge inhomoge-sults on a LSCO film indicate the presence of a visible dia-
neities, we have also performed similar calculations with pamagnetic signal at temperatures as large as three times the
rameters appropriate to an underdoped compound. It is welample’sT.,? the SQUID magnetization measurements de-
known that, within the same family, overdoped samples havéected a diamagnetic signal on oriented powder only around
a more homogeneous charge distribution than the undef:0% aboveT,.3*
doped oned® Thus, we have chosen a compound with al- It is important to emphasize that, in our calculations of
most the same critical temperatufg than that of the over- M(B,T), the islands that contribute to the diamagnetic sig-
doped sampléshown in Fig. 1 to single out the effect of the nal are in the critical state, and the measured temperatisre
charge inhomogeneities. In this simulation we used a carrieloelow their localT.(r). On the other hand, the Romano’s
concentration of average concentration of 0.11 with its ap<alculations yield an upturn field which is almost indepen-
propriate distributiorP(n) and with a critical temperature of dent of the temperature while in Fig. 2 we can see clearly
29.9 K. We have chosen the same field parameters, e.ghat it decreases with the applied temperature. Future experi-
B:1(0)=0.01 T, B.»(0)=20 T, andB*(0)=0.025 T. The ments may distinguish which mechanism is more important
results from our simulations are shown in Fig. 2. In this caseor if some compounds exhibit one type and others exhibit the
the overall diamagnetic signal persists for measurement tenother.
peratures higher than those for the overdoped sample. The
Byp field is dislocated to higher values but it is still much IV. CONCLUSION
lower than the homogeneous Lawrence-Donidtirctuating
field. This is a consequence of the fact that an underdopeﬁiS
sample has a more inhomogeneous charge distribution tha&%’

We have constructed a general theory of the diamagne-
m applicable to a disordered superconductor with a distri-

tion of regions with different local superconductimgs.

e have shown that the procedure reproduces the qualitative
features of the unusual diamagnetic signal ab®yemea-

the overdoped compounds possessing regions which the fie
easily penetrate@with local n~0.25) and others where are

more robust to field penetratiofwith local n~0.1, for in- . .
. ; : . ... sured for several HTSC samples. This was done applying a
stancé. This fact is taken into account through the dIStrIbu-CSM and the well-known magnetic effects for fields between

tion parameters used in our simulation. The results for a : .
unde?doped compound are shown in Fig. 2 which can be alsr%‘:1 andBc; to the superconducting regions formed at tem-

noticed in the inset that as the temperature approaches 37 eratures belowr™ of an inhomogeneous HTSC compound.
; . M P bpro he quantitative results can be improved when experiments
the diamagnetic contribution of the superconducting droplets . .
. rovide better estimates @™ andB,;.
decreases and for measurements of temperature higher than
. . L Our results demonstrated that, as concluded also from
~37 K there is only the fluctuations contribution. ) Y
other different calculations? the measured normal-state

Itis Important to mention that, although our CaICUIa“on.Smagnetization curves, thg,, fields, and the STM magnetic
are very much in qualitative agreement with the magnetic P

imaging resulsand with the powder oriented SQUID mag- |maging results may be i_nterpreted through the formation of
netic measurementé. there are other experiments which statlcls,uperconductlng islands at temperatures above the
have not detected B, field® and have interpreted their sample’sTe.
results as solely due to the GL fluctuating diamagnetic

theory? However, an inspection of their curves indicates that

they have not looked in detail at the low-field region. The We want to thank Professor A. Rigamonti for discussions
absence of 8, field was also found on an optimally doped that led to this work and for providing us with the experi-
powder oriented YBCO compouhavhose curves followed mental results prior to their publications. Partial financial aid
the pure fluctuating magnetic response. In this case, the poflom CNPq and FAPERJ is gratefully acknowledged.
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