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We report on the resistive transition and fluctuation conductivity of an,@BggyZng o0, 5 Single crystal
and on the magnetic irreversibilities of this compound in two different oxygen states and another
YBa,Cu;0;_ 5 single crystal in whicH1 at. %9 of Cu was substituted by Mg. Our measurements show a very
drastic decrease of the superconducting transition temperature and the growth of granularity effects already in
this low dopand concentration. In the temperature region immediately abowir results of fluctuation
conductivity reveal the occurrence of critical and Gaussian regimes. The resistive transition of the
YBa,Cuw, 972Ny o7 5 Single crystal occurs in two steps. First superconductivity sets in within the grains and
at somewhat lower temperature long-range superconducting order takes place over the whole sample. Between
the zero resistance temperatlrg(H) and the pairing transition temperatufg(H) lays the magnetic irre-
versibility line T;,(H), which follows the power law predicted by the flux creep theories in most of the high
field range. However, in a low field region, dominated by Josephson flux dynamics, the irreversibility line
exhibits two different regimes dominated by disorder and frustration and characterized (o AImeida-
Thoules$ and GT(Gabay-Toulousepower law behaviors. This Josephson flux dynamics is squeezed into a
considerably smaller field region than in other granular XBa0,_ s systems. We attribute the origin of the
observed stepwise resistive transition and low field magnetic irreversibility regimes mainly to the granularity of
the superconducting state, which is induced by the impurities at the Cu sites and increased by shortage of
oxygen.
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[. INTRODUCTION substitution at the Ba sites or the even much more subtle
effects of rare earth impurities at the Y site. Moreover, the
The relation existing between the chemical structure ofeffects of Zn impurities on the electronic charge density
the high-temperature superconduct@d’SC’s) and the to-  redistribution'? muon spin relaxation rate;'*superconduct-
pology of the Ginzburg-Landa(GL) order parameter have ing coherence lengtl’, normal state Hall angl¥ specific
provided important insights about the nature of the supercorheat'’”*as well as on the correlation between magnetic and
ducting state of these materials. For instance, studies of theuperconducting properti¥splay an important role in un-
effects of impurities on known sites have been extensivelyeiling the superconducting morphology of these materials.
used during the last decade as a tool to study the origin ofhe dramatic depression df, (Refs. 20 and 2land the
superconductivity in these materials. large anisotropy of the normal resistivity, coherence leffgth
The techniques of the differential anomalous x-rayand penetration lengtfi?* of YBCO single crystals doped
scattering, the x-ray absorption near edgend the x-ray  with Zn or Mg were soon considered as strong evidences that
diffraction>~*°have been used to locate the impurities in thethe CuQ planes of the orthorhombic perovskite structure are
crystal lattice. Zinc impurities in the YB&u;O;_ 5 (YBCO)  the main responsible for the superconductivity in these ma-
host were found to substitute preferentially the Cu atoms oferials. This planar structure is now known to be a quite
the CuQ planes up to concentrations near 1}46"°>while  general characteristic of the HTSC and to govern a number
Mg ions substitute Cu in the Cy(planes as well as in the of its intrinsic properties. However, the exact reason why Zn
Cu-O chains up to about the same concentrétidiThe rea- and Mg impurities depress so drastically the critical tempera-
son why the Zn and Mg impurities prefer the Cu sites lies inture of YBCO is still unclear. Several doubts concerning the
their reduced ionic radiu@®.75 and 0.65 A respectivelyhat  specific effect of substitutional Zn and Mg at the Cu sites on
closely match that of the Cu ion.72 A). the coherence length??and pair breaking effect$® remain
On the other hand, more specific studies of the superto be cleared up. Zinc impurities, although not causing an
conducting properties of Zn and Mg doped YBCO samplespbservable overall charge carrier redistributid, cause
by resistivity and magnetoresistant®’® magnetization strong electron scattering originating local inhomogeneity in
and NMR!®M ac-magnetic susceptibility, and magneto- carrier concentration. The induction of small magnetic mo-
resistancégave account of drastic effects of Cu substitutionsments on neighboring Cu atoms is often considered as a
on the superconducting properties of this compound. Thisontribution to theT. depressiofi;'° but the main cause
contrasts with the relatively moderate effects of Sr or Cagprobably is an effect of nonmagnetic quasiparticle scattering
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crystal of the same batch having a lower oxygen content anc 5.0

of a YBaCu, g Mgg 0O, 5 Single crystal. The magnetic ir-

reversibilities of all samples corroborate the predictions of 25

the conventional flux creep model in fields above 2 kOe. L
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acteristics of the Josephson flux dynamics in a frustratec 10 20 30 40 50

granular superconduct6t.
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FIG. 1. X-ray diffraction spectra of a pure YBau;O,_ s single
crystal and our Zn and Mg doped single crystals, obtained for
monochromated G« radiation incident along the axis of the

The doped YBaCu, g M 0d0,_ s (M=Zn or Mg) single  crystals. No relevant strange phases are visible in the samples.
crystals were grown by the CuO flux method. The highly
pure Y,O5, BaCQ;, CuO, and ZnO or MgO powders were a final step the samples were slowly cooled to room tempera-
heavily ground in a agate mortar in the proportionsture.
1:4:9.9:0.1 of Y, Ba, Cu, ani, respectively. Subsequently ~ Our main experimental techniques were magnetoresistiv-
the mixture was piled up on the higher side of a Zritay ity and dc magnetization. However, other techniques were
tilted 15° and slowly heated in air from room temperature toalso used to analyze the samples. X-ray diffraction showed
1020 °C during 10 h. The temperature was held at 1020 °®@nly the pure orthorhombic phagsee x-ray spectra in Fig.
for 1 h and then slowly lowered to 900 °C in 48 h. Subse-1) and lattice parameters in agreement with those in the lit-
quently the furnace was cooled slowly past 700 °C and thegrature for 1 at. % of the Cu atoms replaced by Zn orMg.
down to room temperature. During this temperature processFhe superconducting transition temperatufgsvere deter-
ing the saturated flux flows out from the mixture down to themined from the first inflection of low field dc magnetization
lower side of the tray. The doped YBaCuO single crystalscurves as shown in Fig. 2, and are in agreement with those
grow out from the slowly evaporating flux in the lower side reported in the literaturéTo perform the magnetoresistivity
of the tray incorporating the Zn or Mg impurities at Cu sites.and dc magnetization measurements we selected single crys-
The solubility of Zn(Ref. 2 and 2Dand/or Mg(Ref. 6 and 9  tals of very clean appearance having a nearly rectangular
is rather good within the range of low concentratiois shape of about 1 mfrin area, and 0.1 mm in thickness. The
at. %9 of our samples. The crystals can be easily removed aab plane of the crystals could be aligned along the field
they normally stick free upon the surface of the flux attachedrientation to within 1° of precision.
to it only along the border. In a second round, the single The magnetoresistivity measurements were made with a
crystals were encapsulated between two polycrystallinéour contact techniqgue employing a low current-low fre-
YBCO-123 mini-dishes and oxygenated in pure flowing oxy-quency ac experimental setup in which a lock in amplifier is
gen at 450°C. One YB&U, /ZNgodO;_s Single crystal used as a null detector. The temperature was measured with a
[YBCO(Zn)S1], treated during seven days, was underdopedPt resistor, corrected for magnetoresistance effects, within a
with oxygen. Another single crystal of the same bdteB- resolution of 2x 10~ K. During the measurements, the tem-
CO(Zn)S2] and a Mg doped single crystal were treated dur-perature was swept very slow(®.05 K/min so that a high
ing ten days and achieved a maximum of oxygen content. Imumber of data points could be recorded in the temperature

Il. SAMPLE PREPARATION AND EXPERIMENTAL
PROCEDURES
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FIG. 2. Low field zero-field-cooled dc magnetization curves of
the pure YBCO-123 single crystal(Ref. 55, of the 30+
YBa,Cu, 72Ny 007 s Single crystals treated under pure oxygen at
450°C during 7 dayg§YBCO(Zn)S1] and during 10 day$YB-
CQO(Zn)S2] and the YBaCu, gMgg od0;_ s Single crystal[YB- -~
CO(Mg)]. The onset of diamagnetism is approximately the pairing X
temperature T, .

[ 4
"
1251 :

100+

20
Q
range near the transition and the temperature derivative o%
the resistivity @p/dT) could be numerically determined. —
The magnetic irreversibilities were obtained from dc mag- '-5 104
netization measurements using a SQUKuperconducting
quantum interference deviceMPMS-XL magnetometer
from Quantum Design. The method consisted in first cooling
down the sample to temperatures well beldwin zero mag-
netic field (ZFC), then measuring the magnetizatiav £-¢)
while slowly warming(0.2 K/min or less up toT>T, in a
stable field, and subsequently measurivigc while slowly
cooling back(FC) in the same field. In order to improve the £ 3. The characteristic resistive transitiohsper panels
evaluation of the magnetic irreversibility limit, we subtracted ang temperature derivativéwer panels of the pure YBCO-123
M zec from Mgc for a given field value, generating the array single crystal(left) and of the YBC@Zn)S2 single crystalright).
AM=M¢gc-Mzec. The irreversibility limit (T;,), for a given  Remark that even low fields smooth down the characteristic feature
applied field, is given by the temperature point where theof the coherence transition.
AM data abandon the zero base line, defined by the data in

the reversible upper temperature region. While in high fieldgg develop an analytical method for further corrections. We

(H>10 kOe) T; could be determined to within 0.5 K or gjso used a zero suppress technique to prevent the magnetic
better, in the lowest fields this precision improves to 0.2 K orsignal from crossing zero.

better. On the other hand, the applied field could be read to

within a fraction of an Oersted after correcting for the rem-

anent field of the superconducting coil. Although the IIl. EXPERIMENTAL RESULTS AND DISCUSSION
M c-M zec magnetization method is the most precise one, it
can be significantly affected by temperature gradients be-
cause of its intrinsic temperature cycling. In the case of su- In order to examine the topology of the superconducting
perconductors, these temperature gradients are modulated btate (granularity and the nature of the superconducting
the variable thermal conductivity of the materials ndar  transition in the studied systems, we made detailed magne-
On the other hand, the automatic sample centering facility, storesistivity measurements on one of our samples. These
useful in magnetometers with pick up coils, may fail whenmeasurements also yielded useful information on the fluctua-
the longitudinal moment of the sample becomes too smallion conductivity abovel; as well as on the occurrence of a
near the crossover from diamagnetism to paramagnetism, reoherence transition below,. These measurements were
sulting in data distortions in the zero-moment crossing reperformed as a function of temperature within the configu-
gion. All these effects are very misleading if not adequatelyrations H|jab or H|c and measuring current along tfao
by-passed. We have first minimized the temperature gradiplane (|ab) for several values of the applied field in the
ents(to less than 0.1 Kby using appropriated experimental range 0 to 1 kOe. The upper left-hand panel of Fig. 3 dis-
procedures, then carefully studied the residual terms in ordgylays the resistive transition at several fields oriented along

~=
(=8
o

A. Resistive transition
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the ¢ axis for the nearly perfect YBCO-123 single crystal =
from Ref. 26, while the upper right-hand panel shows similar 204a) W
results for the YBC@Zn)S2 single crystal. There it can be $

observed that the resistive transition of the YBCO-123 single § 40
crystal is a single step process, while that of the doped
sample occurs in two steps. In order to make a closer exami-
nation of these resistive transitions, we show in the lower
panels of Fig. 3 the respective temperature derivatives
dp/dT. The transition of the pure single crystal appears as a
single sharp peak irdp/dT. Instead the YBC(Xn)S2 M o
sample displays, besides a main peak, a satellite or hump at 0o 5100125 150

PHYSICAL REVIEW B66, 224506 (2002

10+

p(nQcm)

the lower-temperature side. The main peak is barely affected 870 e oFA

critical temperaturd .. The secondary hump is strongly af-
fected by the field and is the usual signature of granular
superconductor®?’ These features show that the pure
single crystal behaves as a single grain and has no junctions
at all. The doped crystal is, however, formed by several su-
perconducting grains that are connected by weak links of
nearly the same strength. We suggest that granularity in this
case results from a random distribution of oxygen rich super-
conducting regions that are embedded in a weaker supercon-
ducting or nonsuperconducting background material.

by an applied field and marks the position of the pairing b) s

B. Fluctuation conductivity

The superconducting fluctuations induce detectable con-
tributions to the electric conductivityy of the HTSC. In a
significant temperature range abovg, the normal conduc-
tivity, o of our samples is dominated by fluctuations and
behaves afsee inset in pandb) of Fig. 3]

on(T)=(aT+b) !

wherea andb are sample dependent phenomenological con- 0
stants. Assuming that E¢l) describes the regular contribu-

100+

50+

dp /dT (u Q cm/K)

3004 C)

2004 A =0.18 £0.07
X

& 100+ T
‘c S =3.07+0.05 g

MM/

87.2 87.4

tion to the conductivity of our samples, we extrapolate this T (K)
behavior to the transition region in order to estimate the ex-

cess electric conductivityh o caused by thermal fluctuations

Ao=o0—0ay,

whereos = p~landoy = pgl Assuming thatA o diverges

according to a simple power law

Aoc=A(T-Ty) %,

whereA is a critical amplitude and is a critical exponent
when the temperature approacfigsfrom above, we calcu-
late the temperature derivative of f),

d
XU‘(T):__I

a7 n(Ao)

and plot

= 1T T
Xo (M==+(T=To).

The existence of asymptotically critical fluctuation regimes
becomes evident in th)a,jl(T) plots if a linear behavior of

FIG. 4. The resistive transition, the temperature derivative and
the x, *(T) plot of the YBCQZn)S2 single crystal under zero ap-
plied field. The straight line through thg, }(T) data labeledk
=0.18+0.07 is a fitting to Eq.5) and the one labele&=3.07
+0.05 is a fitting to Eq(6).

found. In general several fluctuation regimes, characterized
by well defined values of the exponentcan be identified®

The panelqa), (b), and(c) in Fig. 4 display the resistive
transition of our Zn doped single crystal, represented respec-
tively asp, dp/dT, andX;1(T) curves in a narrow tempera-
ture range encompassirig. in zero applied field. The two
steps character of the resistive transition in this sample is
rendered evident in these representations. The straight line
through they,, *(T) data at the right hand side in par(e},
labeled by the exponent~0.18+0.07, is a fitting to Eq.
(5). This is the asymptotic critical fluctuation regime found
in this sample. Extrapolation of this fitting to the temperature
axis yields the best evaluation of the pairing critical tempera-
ture (T.,=87.31 K).

An applied magnetic field affects considerably the super-
conducting transition and the fluctuation regimes in the im-

the data over considerable temperature intervals can beediate vicinity above . In Fig. 5 we showy, !(T) data
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FIG. 6. The same as in Fig. 5, but for a temperature region
farther away fronil'; and for the indicated applied field. 2D and 1D
Gausssian fluctuation regimes, characterized by the critical expo-
T (K) nentshg?P=1 and\ P = 1.5, are identified foH|c andH||ab.

The straight lines are fittings with E¢5).

FIG. 5. Plots of they, }(T) data forH| c for the YBCQZn)S2
single crystal under several applied fields, showing the evolution o
the asymptotic critical regime in the immediate vicinity abdve

pents and amplitudes characterizing the 2D-G and 1D-G re-
gimes are robust against the field magnitude, for both field

with increasing applied field until the 3R regime. The straight orientations, up to the highest field value, investigated in this

lines through the data, labeled=0.18\=0.21 and\.,=0.34 are work (0.6 kOg and bey(.)nd' to be published.
fittings to Eq.(5). As the temperature is decreased beldwthe GL order

parameter rapidly reaches its full amplitude within the
closely abovel . under several fields between 0 and 0.6 kOegrains, but phase fluctuations may still persist in granular
applied along thec axis. As shown by the straight lines superconductors. By further lowering the temperature the Jo-
through the data, at the lowest fields and up to 0.05 kOe, thsephson coupling energy between the grains eventually over-
asymptotic critical regime corresponds to the exponent comes the entropy, leading to a long-range phase ordered
=0.18+0.05 (averaged over the three lowest figldéthen ~ State. Trzns is the cqherence transition, as reported in previous
the field is further increased, the value of this exponentorks™?’ to describe the approach to the zero resistance
crosses over ta=0.21+0.02. Finally, nH=0.6 kOe, the State m_polycrystall_m_e I—_|TSC. In this temperature region, the
exponent corresponding to the asymptotic critical regimé‘luctuatlon conductivity is shown to diverge according to the
reaches the expected three-dimensiot#l (3D-XY) value, ~ Power law
(ANe;=0.34+0.03). In fact, when the(;l(T) data are care-
fully analyzed, the 3DXY regime may be discerned imme-
diately above the asymptotic scaling in lower applied fields.
The behavior depicted in Fig. 5 is reproduced when the mag-
netic field is applied parallel to theb plane but for some- WhereA, is a constant and_is a field dependent critical
what higher fields. Farther from, thex;l(T) data may be temperature which denotes the establishment of the zero re-
fitted to Eg. (5) with a field independent exponem(GZD) sistance state arfslis a critical exponent related to the vortex
=1.0, which is expected when o is dominated by two- glass physicd’ The line through the(;l(T) data at the left
dimensional Gaussiai2D-G) fluctuations. Increasing further hand side of panel)cin Fig. 4, indicated byS=3.07
the temperature abovE., another extended power law re- =0.05, is a fitting to Eq(6). Extrapolation of this line to the
gime in Ao may be discerned ia;l(T) plots, as exempli- temperature axis yields a precise valueTag(H). In Fig. 7
fied in the representative results of Fig. 6. The value for theve display the9(;1(T) data near the zero resistance state for
corresponding exponeng)= 1.5, suggests the occurrence our Zn doped single crystal in the indicated field values ap-
of one-dimensional GaussiahD-G) fluctuations. The expo- plied along thec axis (upper panel or parallel to theab

-S

T-Te,
: (6)

Te

A(T:AO

0
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FIG. 7. They, *(T) data of YBCQZn)S2 single crystal in the
approximation to zero resistancé’cg). The straight lines are fit-
tings to the power law, Eq6) for the indicated fields applied par-
allel to thec axis (upper panelor parallel to theab planes(lower
pane) and theS(H||ab)=2.8 andS(H|/c)=2.9 are the respective
exponents averaged over the different field values.

planes(lower pane). In the immediate vicinity of zero resis-

87.2
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usually converge t&~4.2>2731-33)/e believe that the larger
strength of the junctions in our single crystal as compared to
that of ceramics extends the low-field regime of the coher-
ence transition up to fields about 1 kOe, as indicated in Fig.
7.

C. Critical exponents

The contribution of the superconducting fluctuations to
the electric conductivity may be described using Drude’s for-
mula combined with the GL theor§.Then,

Ao=(2€*/m)ngT, (7)

where e and m are, respectively, the electron charge and
mass. According to this interpretation, the divergencd of

is governed byng and r, the density of Cooper pairs and the
lifetime of the evanescent superconducting fluctuations, re-
spectively. One thus deduces that the exponent for the fluc-
tuation conductivity close to the superconducting transition
may be written &

N=p(2+2—d—p), ®)

wherev is the critical exponent for the coherence lengtls
the dynamical exponend,is the dimensionality, ang is the
exponent for the order-parameter correlation function.

It is noticeable that the various fluctuation regimes ob-
served above the pairing transition in our YB@D)S2
single crystal evolve with the applied magnetic field quite
similarly as observed in a pure YBCO-123 single crystal.

The asymptotic region with exponeit=0.18+0.05 found

in zero and low applied fields is identifiable as a regime
beyond 3DXY, which has been interpreted as precursory to

a weakly first order transitioft. Estimating that the static
exponents are still those of the 30¥ universality class?

one deduces that the dynamical exponent has the anomalous

tance we identify systematically the occurrence of a powe{,5; .6 7~1.3 in this temperature region. The amplitude

law regime corresponding to the averaged expor&-ﬂtz 8

+0.1, for H||c and S=2.9+0.12 for H||ab. This exponent
has been observed in several ceramic samples ditheC

Ap.1g=2.70 m) cm [Eq. (3)], obtained for the excess con-
ductivity in this regime, is independent of the field orienta-
tion and reproduces quite closely the value found for the

materials in the limit of zero or very low applied pure compoundsee values oA~ ! in Table | of Ref. 31.
field 2°-2"2%30For most of the field intensities reported in The amplitudeAp.xy=1.18 ) cm for the 3DXY-E re-
Fig. 7, the exponents observed in polycrystalline systemgime characterized byx,=0.32 (¥=0.67z=1.5, and

TABLE I. The parameters from fittings of the flux-cre€is), de Almeida—Thoules§AT), and Gabay-
Toulouse(GT) power laws to the magnetic irreversibility line.

Hilc Hl|ab

Samples fit a Ho (kOe) T, (0)(K) o Ho(kOe) T (0)(K)

YBCO(Zn)-S1 fc 1.48-0.06 701.84 86.3 1.520.12 3613.91 86
GT 0.52+0.02 13.33 85.94 0.480.13 20.87 85.64
AT  1.49+0.14 616.89 86.20 1.520.49 410.59 86.02
YBCO(Zn)-S2 fc 1.40:0.13 522.27 87.32 1.400.16  2088.16 87.10
GT 0.60+0.09 23.13 86.88 0.540.14 23.92 86.64

AT  1.60+0.12 934.11 87.35 1.6900.22 1269.54 87
YBCO(Mg) fc 1.40+0.10 501.02 85 1.460.27 1979.82 84.88
GT 0.55-0.08 12.84 84.59 0.550.23 15.34 84.14
AT  1.55+0.49 297.17 85 1.550.49 139.71 84.88
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w=0.03***is also independent of the field orientation and = 77e?£(0)/164.4, whereA is the cross sectional area of the
is only slightly smaller than that found in pure YBC®The 1D filament. From the measured amplitudes and, assuming
fact that the critical amplitudes are unaffected by the dopingan average valug~1 nnt* and considering the C factor
indicates that the correlation length for the inhomogeneougqual to 3.7, as deduced from the analysis of the 2D-G re-
structure,{p in our sample is smaller than the temperaturegime, we obtain4*?=2.9 nm. This value is one order of
dependent superconducting coherence lengfth)=£(0) magnitude smaller than that estimated for the in-plane coher-
X[(T=T.)/T:]™ ", in the critical fluctuation regime. From ence lengthé)(T) at the upper temperature limit of validity
the temperature width of the critical region, which amountsfor the 1D-G regime. An important point concerns the struc-
to about 0.2 K, and calculating the anisotropic coherenceural background underlying the one-dimensional fluctua-
length in this temperature range, we may estimate an uppeions in YBCO. A possibility is that these fluctuations de-
limit for the disorder correlation lengttroughly, the grain  velop in 1D segments that are reminiscent of the charge-
size). We obtain{p(/)=<90 nm in orientations parallel to the textured state typical of the stripe phases reported to occur in
ab planes and/p(L)=<6 nm along thec axis. some cuprate superconductdtsAnother interesting possi-

In temperatures above the range of genuine critical fluchility is that these 1D fluctuations are related to the
tuation, we identify Gaussian fluctuation regimes. In thesgpseudogap phenomenon. Indeed, several experimental and
temperature domains, the fluctuation conductivity is detheoretical investigations support the idea that the pseudogap
scribed in terms of the Aslamazov-LarkiAL) mean field observed in spectroscopic and thermodynamic properties of
theory®® In our analysis we do not consider contributions most HTSC superconductors in an extended temperature re-
from the Maki-ThompsonMT) term3’ There is in fact a gion aboveT, is due to some precursory superconductiffty.
wide consensus about the absence of relevant MT contribuAle note that in a recent scanning tunnelling microscopy
tions to the fluctuation conductivity of the HTSC near study in some BiSL,CaCuyOg. s crystals*® authors ob-
T..%®*~*For the AL type of divergence of the conductivity, served a pseudogap phase which appears as filamentary in-
the mean field exponenis=1/2,z=2 andu=0 should be clusions of similar size than the 1D fluctuations inferred
substituted in Eq(8) so that\g=(2—d/2). Thus, the re- from our conductivity studies.
gime characterized by the exponex?®=1.0 may be at- We could not clearly discern the three-dimensional Gauss-
tributed to two-dimensionald=2) Gaussian fluctuations. A ian fluctuation regime in the conductivity of our Zn-doped
further support for this interpretation comes from the posi-YBCO sample. The identification of this regime was also
tion of the lower-temperature limit of validity of this scaling, difficult in measurements performed in a pure YBCO crystal
as seen in Fig. 7. Indeed, assuming that0)=0.1 nm3%°  (see Ref. 31 since its temperature interval of validity is
we estimate that the coherence length perpendicular to thether narrow.
ab planes¢, (T) at this temperature becomes smaller than The results in Fig. 7 deserve a final comment in this sec-
the separation between the double Gu&yers in the YBCO tion. The observation that fluctuation magnetoconductivity
unit cell. However, when the measured critical amplitude fordiverges with exponen~3 in the regime describing the
this regime is compared with the theoretical expectatfon, approach to the zero resistance state is compatible with pre-
one obtains that the relevant layer thickness for the 2D flucdictions of Monte Carlo simulations by Wengel and Yothg
tuation system amounts effectively to 3.7 nm, approximatelybased on the phase-glass Hamiltorfan
This is significantly larger than the value found in pure
YBCO, which is 1.0 nn?! We attribute this difference to an
effective decrease in the geometrical factor related to the
fluctuation conductance of our doped sample due to its
granular character. This is the “C factor” often observed to
depress the amplitude of the fluctuation conductivity in some ) ) o
of the earliest HTSC single crystdfsOur assumption im- WhereJ;; is the Josephson coupling energy between griains
plies that in the Gaussian fluctuation regimes, the supercor@nd ], ¢ and ¢; are the phases of the order parameter in
ducting coherence length should be smaller tign We  grainsi andj, respectively. Th@\ij=(27-r/¢o)ffA-dI, where
remark, however, that the inhomogeneous structure that unp, is the flux quantum, are phase factors in which the line
derlies the granular character of the superconducting state integral for the vector potential is evaluated between the cen-
our Zn-doped YBCO sample does not necessarily affect theers of graing andj. For both the gauge-glasield-induced
normal transport since the absolute value of its resistivityfrustration and chiral-glas$frustration due to randomness in
well aboveT, is not significantly modified with respect to theJ;;) versions of the model in E9), the simulations lead
that of the pure system. to the exponentg=1.3 (as in the percolation problenand

Although large uncertainties are inherent to our method ok=3.1. Supposing that is small in this case, these values
analysis in temperatures much abolg, where the effects substituted in Eq(8) reproduce the conductivity exponent
of fluctuations are quite small, the systematic observation obbtained from the measurements of Fig. 7. These results are
the extended 1D-G regime with exponer!®=1.5+0.1 indicative that the coherence transition belongs to thexaD-
make us confident on its physical relevance. We tentativelyiniversality class with relevant disorder. In turn, the obser-
attribute this regime to one dimensional Gaussian fluctuavation of the coherence transition in our Zn-doped YBCO
tions. According to the Aslamasov-Larkin thedfyin this  single crystal evidences the granular character of its super-
case the amplitude of the excess conductivity Asp  conducting state.

H:_Z JijCOS(lQi_ej_Aij), (9)
1)
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D. Magnetic irreversibility—Experimental results indicate the irreversibility limits and the insets show the cor-

The longitudinal magnetic moment of the pure and doped®SPoNdingVzec andMgc data. _
YBaCuO single crystals for fields applied parallel to tie Plotting the irreversibility limits Tj,) of a given sample
plane is typically one order of magnitude smaller than thaf© @ large number of applied fields int&-T diagram gen-
obtained when the field is applied along thexis, but still ~ €rates an irreversibility lingT;,(H)] that separates the-T

within the range of very good resolution of our SQUID mag- Plane in two regions: a low temperature one, in which the
netometer, even for low fields. We have measured thdlux dynamics is dissipative and thus irreversible, and a high
M,eo(T) (zero-field-coolel and theM (T) (field-cooled temperature one, where the_ flux mot_ion is free a_nql the mag-
dc magnetization curves for several fields within 0.003—50€tization reversible. The high density and precision of our
kOe. These curves, although distinct for most of the superT€versibility data allowed us to put in evidence fine details
conducting domain, are coincident né&r where the mag- of the irreversibility !lne. The exact form of this I_|ne is very
netization becomes reversible. In general these curves coffiPortant because it reflects much of the physics that gov-
verge only asymptotically so that the location of the limit €S the flux-dynamics in type Il superconductors. Figure 9
between the irreversible and reversible regimes is liable télisplays the Ti(H) results for the YBC@n)S1 (T,
considerable systematic error. This limit can nevertheless be 86.2 K) and the YBC@n)S2 (T.=87.3 K) single crys-
established much more sharply in plots of the differencdals, which are of the same batch but oxygenated at 450 °C
AM=Mpc—Mzec. The irreversibility limit is the tempera- for, respectively, seven and ten days. Analogously, Fig. 10
ture point where theAM data abandon the zero base line displays theT;,(H) data for the YBaCu, oM 0O7- s
defined by the data in the upper reversible temperature resingle crystal treated in pure oxygen at 450 °C for 10 days.
gion. An overview of our data analysis is given in Fig. 8, The insets in Figs. 9 and 10 highlight the low field detalils.
where several examples afM in the indicated field values The magnetic irreversibility of all the samples show a
and directions are plotted. The vertical arrows in this figureconsiderable anisotropy fdt|c andH|lab that comes from
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501 the de Almeida—Thoules#\T) like power law?® which was
originally deduced from mean-field calculations for frus-
40 trated Ising like spin glasses. The AT line has the same form
as Eq.(10) but with different fitting parameters. We label
< 301 these parameters &g’ and T4 (0) in Table | in order to
o clearly distinguish them from the corresponding ones in the
x 20 fc formula. For field values about 0.1 kOe thg,(H) data
~ suddenly change slope and bend in the opposite sense for
T 104 increasing fields. The continuous lines through these data up
to about 1.5 kOe are fittings with the Gabay-Toulo(uGd-)
. like power law*
_ g GT, GT\« _l
T (K) H=Hgy (1-t*") (a—E). (11

FIG. 9. The irreversibility datdl,(H) of our single crystals  p;q nower law is known from mean-field calculations for
YBCO(Zn)S1 (open and closed squajeand YBCAZN)S2 (0pen g syrated XY or Heisenberg spin-glass systems. He?&
and closed circlgsfor H||c andH||lab. The continuous lines, indi- —TST(H)/TCT(0) is the reduced temperature aH(g;T and
cated by fc are fittings to the flux-creep power law Et0). The " ir 4 - . P
inset highlights theT,,(H) data in the low field range showing the 1ir (0) are fitting parameters listed in Table .
characteristic marks of a frustrated superconducting grain aggre- AS observed in YBa ,Sr,CuO;_ 5 (Ref. 53 here also
gate. The continuous lines through the data in the insets are fitting&€ planar anisotropy of the magnetic irreversibility in the
to the de Almeida—Thoules@T) and the Gabay-ToulousgsT) low field region(AT and GT rang}eis reversed with respect
power laws. Remark the effect of the different oxygen contents. to that in high fieldsfc range. However, besides the planar

anisotropy we observe that the slope of the irreversibility line
the intrinsic planar structure of these materials. The continualso depends on the oxygen content as well as on the chemi-
ous lines labeled fc through the data in the high field regiorcal property of the dopand atoms. While in the high field
are fittings with the power law range this slope is steeper in the oxygen poor YROOS1
and the YBaCu, ;Mg cO;_ s Single crystals, it does the
opposite in the low field range, see also Refs. 26 and 56.

: (10

3
Hin(T)=HE(1-t°)® (a= >

) . T . E. Magnetic irreversibility—Discussion
whereH;,(T) is the irreversibility field as a function of the
temperaturet=T/¢(H)/T(0) is the reduced temperature,
andHS as well asTi®(0) are fitting parametersee Table)l
This power law arises within the conventional flux-cretp
theories!*?>However, theT,,(H) data of our single crystals

doped with Zn or Mg fit to Eq(10) only in fields above 2

kOe. . . ; i .
The continuous lines through the data in the lowest ﬁelog'vfn f:)y Eq.(loa] in the Wh0|.e field _rg?géz Qu't? dlffedr- d
part of the insets in Figs. 9 and 10, labeled AT, are fittings tosgt y, however, the magn_etlc Irreversioi Ity data of our dope
a,Cu, g Mg 007_ s (M=2Zn or Mg) single crystals can be
fitted to Eq.(10) only in fields above 2 kOe, regardless its
orientation with respect to the crystal axes. Below this field
value theT,;,(H) data fall systematically off this power law
and conform to the AT and GT power law regimes, charac-
teristic of frustrated systems. The occurrence of these power
law regimes together with the observation of a coherence
transition in the resistive transition indicates that our doped
crystals behave as disordered and frustrated granular super-
conductors. We remind that the superconducting-gfessd
the vortex-glas® models predict the existence of such frus-
trated systems.
D 84"5 = We explain the more conventional behavior of the mag-
= —————————— netic irreversibility above 2 kOe by assuming that in this
68 72 76 80 84 field range the flux-dynamics is dominated by the intragrain
T (K) Abrikosov vortices, and that within the g_rains thi_s flux sees
an almost homogeneous superconducting medium. In low
FIG. 10. The same as in Fig. 9 but for the fields, however, the flux dynamics is dominated by the inter-
YBa,Cl, g Mg 0d07— 5 Single crystal. granular Josephson flux that is related to the very inhomoge-

In homogeneous superconductors the magnetic-flux dy-
namics is expected to follow the prospects of the conven-
tional flux-creep theorie¥:>2 A very pure and untwinned
YBa,Cu;0;_ 5 single crystal behaves approximately as such
a homogeneous superconductor. In conformity with this its
magnetic irreversibility line is well fitted by the power law

50

40

304,

204,

H (kOe)

104,
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neous superconducting medium formed by the multiconthat the magnetic flux properties in fields higher than a few
nected array of weakly coupled superconducting grains. thousand of Oe goes over into the conventional description
In the superconducting glass modélthe aggregate of of the Abrikosov-flux lattice in a homogeneous supercon-
superconducting grains is usually described by the effectivelucting medium. This is totally inconceivable if the size of
Hamiltonian of Eqg.(9) to which a charge energy term is the superconducting grains are within the nanometer scale

addedP®°960 because there can hardly be place for more than one fluxon
within each grain. Several hypotheses to conciliate these
H=—2¢? n.Colo 3 A, fmdmgs are po;s!ble. For mstance,_as_sugggsted by our fluc-

© ; Miny&ij <.ED 1COL6 0= Ay tuation conductivity results, a possibility exists that the su-

(12 perconducting grains in our doped YBCO single crystals are
comparatively larger than those in the Bi-based supercon-
ductors. It is also possible that the electronic granularity evi-

; o . ; denced by the STM studies in Ref. 48 evolves with increas-
of electron pairs on grainsandj, respectively.

ing field and temperature into large homogeneous
The Coulomb charge energy term plays the role of a ran- : : o o
dom anisotropy that suppresses local degrees of freedom fsuperconductlng regions. A detailed irreversibility study of
vortex fluctuations within the range of the AT-like regime. I-based single crystals is thus clearly wanted.

We believe that the crossover from the AT-like to the GT-like A.nqt.her Important aspect arises vyhen comparing the irre
. : versibility data of the samples with different oxygen contents
regimes occurs when the magnetic energy brought by the A : . .
. e ; . or substitutions of Cu by different chemical elements. While
applied field is enough to collapse these local anisotropies

giving place to vortex fluctuations of higher dimensionality. ih high fields the slopes dfi;(H) lines forHjlc as well as

This is an analogy to the well-known phenomenology of spinfor Hllab of the oxygen poor YBCQZn)S1 sample are

glasse$! where a strong enough applied field collapses thesteeper than those of the well oxygenated YHD(S2

random local anisotropy fields causing an Isky-or an sample, in low fields the slopes of the AT and GT curves do

Ising-Heisenberg crossover that originates the observed &ge very opposite, see Fig. 9 and Table I The magnetic irre-

Almeida-Thouless to Gabay-Toulouse power law CrOSSOVe\r/ersmlhty limit is a measure of the pinning strength. While

. S o — an increase of the number of oxygen holes improves pinning
n t_he magnetic irreversibility qf these systefi©ur obser ?f the Abrikosov-flux within the grains, it drastically deterio-

vations suggest that on lowering the_ temperature the supe ates the grain junctions that pin the Josephson flux. On the
conducting grain aggregate freezes into a highly degenera{%‘her hand, while changing the Zn atoms for Mg has a subtle

ground state having many energy minima of nearly the SameﬁeCt on the intragrain flux dynamics, it is very drastic on

whereC;; in the Coulomb term is an element of the capaci-
tance matrix for the granular array ang, n; are the number

value. This is characteristic of disorder and frustration tha - . .
e intergranular flux dynamics. It in fact has the same pro-

underlies the behavior of the Josephson flux dynamics an le as an oxvaen deficiency. Apparently the Ma imourities
the magnetic irreversibilities of granular superconductors Y9 Y- APP y g 1mp

. Impede full oxygenation of the samples. All these effects are
such as our Zn or Mg-doped YBCO single crystals. o .
In the recent STI\/Igstugy prior referrégﬁl theydifferential clearly reflected by the fitting parameters in Table I, but see

conductance(gap was mapped out over the surface of also Figs. 9 and 10.

Bi.SHLCaCLO. - sinale crvstals at low temperatures. The In conclusion our magnetoresistivity studies put in evi-
22 %O 5 SING Y ' P : dence the relevance of the superconducting granularity in the
resulting gap maps show a well-defined granular structure on_ . . . 4
configuration of the superconducting properties of (Efg)
the whole surface of the crystals. In an underdoped sampl€ .
. . : . " doped YBCO single crystals. On the other hand, ThgH)
low-gap islands of about 3 nm in size are imbedded in & ; iy . : :
data, besides verifying the intragrain Abrikosov-flux-

background of high-gap material. In another sample, the ynamics in the major high field region, they also evidence

high-gap material meanders as filamentary inclusions abOlf e existence of a dominant intergranular Josephson-flux dy-
the low-gap domains. These maps provide a direct verifica- 9 P Y

tion of the intrinsic electronic inhomogeneity of these HTschamics In a IOW'f'.eld hlgh_-temperqture region, Wh'Ch_ bears
Ifhe frustrated grain coupling physics. They also verify the

and are believed to correlate to a random stoichiometry O ttects of oxvaen underdoning and the chemical proverties of
oxygen within the samples. Probably, the distribution of the Y9 ping prop

oxygen doping is related to that of impurities and Iatticeme |mpur|t|esdat th_e _Cu stl_tes on the pinning strength within
defects in general. The aggregate of low-gap islands have'© 9rains and grain junctions.
been suggested to represent a system of coupled supercon-
ducting grains. The high-gap domains are interpreted as a

pseudogap phase. This is in qualitative agreement with the

picture that emerges from our magnetoresistivity and mag- The authors are grateful to the Brazilian agency CNPq.
netic irreversibility studies at low applied fields in the This work was partially financed by the Brazilian Ministry of

present work as well as in previous orfés® However, we  Science and Technology under Contract No. PRONEX-
should also notice that these same works put into evidencENPq66.2187/1996-2.
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