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We propose that the critical currents of nearly stoichiometric YBa,Cu~O~-s single crystals 
(S < 0.1) are determined by fluxon pinning at ordered oxygen-vacancy domains. Since these 
domains are also superconducting, albeit with lower Tc and H, than the stoichiometric matrix, 
their pinning strength at a given temperature will increase as they are driven normal by an 
increasing applied field. Experimentally, the magnetization hysteresis curves display a secondary 
maximum, characteristic of pinning by a superconducting second phase. The ordered-vacancy 
domains are assumed to result from a spinodal decomposition. The density and size of the 
domains were calculated on this assumption. The bulk pinning force was computed by direct 
summation. In the limit of low temperatures, the calculated values of critical current density J, 
are in good agreement with measurements on high-quality single crystals. 

It has been recently shown that the flux pinning of 
almost stoichiometric high-quality YBa2CuR0,-s single 
crystals is directly controlled by the oxygen deficiency.’ 
Pinning by oxygen defects was found to be significant even 
when 6<0.05. The magnetization hysteresis at fields of sev- 
eral tesla decreased by factors of 3-5 as the equilibrium 
value of 6 approached zero.’ The magnetization curves also 
displayed an anomalous secondary peak at high-field (re- 
ferred to sometimes as a “fish-tail” or “bow-tie”). Thus 
any pinning model for single crystals must take into ac- 
count that (i) J, is of order lo6 A cm-z at low T, (ii) J, 
increases as S increases from zero to approximately 0.1, 
and (iii) at a given temperature, the hysteresis goes 
through a minimum and then increases as B increases, 
peaking at high field values. 

Pinning by atomic scale defects, particularly oxygen 
vacancies, was previously proposed.“*3 Recently, the ele- 
mentary pinning force of single oxygen vacancies randomly 
distributed in the CuOa planes was estimated in the limit of 
zero field and temperature.4 However, neutron diffraction 
data showed that the oxygen vacancies are not located in 
the CuOz but in the CuO (“chain”) layers5 and that sig- 
nificant vacancy ordering in oxygen-deficient material can 
occur even at room temperature.6,7 Ordered vacancy do- 
mains were detected in oxygen-deficient material by trans- 
mission electron microscopy (TEM).8V9 This result was re- 
cently confirmed by neutron diffraction.” The most 
commonly observed structure consists of ordered oxygen 
vacancies located at (0, l/2 b,, 0) every other unit cell. 
This arrangement generates a superlattice with a doubled 
unit cell parameter in the a direction and has the 
YBazCusOb., composition. This orthorhombic II (011) 
structure has been associated with the 50-60 K transition 
temperature (T,) plateau that has been observed for S 
around 0.5.8V9 Electron diffraction experiments demon- 
strated the three-dimensional coherence of the 011 
structure.8’1’ A spinodal transformation from a single non- 
stoichiometric phase into various ordered superlattices was 
also predicted in theoretical work on oxvaen-deficient 
YBa2Cu301 -& 12-14 

We propose that the anomalous magnetization hyster- 
esis hM results from the flux pinning provided by a micro- 
structure consisting of a dilute mixture of YBa#i,O,,s 
(011) in YBa,Cu307 (01) generated by a spinodal decom- 
position. The pinning centers are the ordered oxygen-defi- 
cient 011 regions. Here, for the sake of simplicity we re- 
strict the model to the 011 structure but other 
superstructure phases (e.g., 06.67) could also be consid- 
ered. Nevertheless, the important point is that these re- 
gions are also superconducting, but have lower H,, and T, 
than the matrix. As was shown earlier for low-temperature 
superconductors, superconducting pinning centers will 
generate peaks in AM when they are driven normal as B 
and T are increased. I5 This behavior fulfills requirement 
(iii) stated above. In order to verify whether the model 
also fits requirements (i) and (ii), we must calculate the 
domain size and density within the restriction of the small 
S values of nearly stoichiometric material. We calculated 
these quantities using the assumption that the average cen- 
ter-to-center spacing between randomly distributed do- 
mains (called the decomposition wavelength &j is con- 
stant in the early stages of the spinodal transformation.r6 
From published electron micrographs,1’*17 we get a very 
rough estimate of the average separation between domains, 
A,--25 nm. Thus, for a fixed &, the size of the domains is 
initially controlled by the oxygen-vacancy concentration S, 
which is in turn controlled by the equilibration tempera- 
ture (T,). 

The equilibrium density of vacancies n, is given by 
5.75~ lO*‘X8 [mw3] and the volume fraction voiI occu- 
pied by 011 domains is yoII = 2 n, V,,,, = 28, where the 
equilibrium CT values are taken from the literature’* and 
V r2s7 = 174 (A3) is the volume of the YBa,Cu307 unit 
cell. For the range of temperatures typically used (450- 
375 “C), 6 varies from 0.0371 to 0.0121 and voIr from 
7.4% to 2.4%. Standard quantitative stereology 
equations” are used to calculate the radius r = 3&voII/4 
[m] and the area density n = 3~~,,/2& [mm2], under the 
assumption of a random distribution of spherically shaped 
domains. The domain size 2r varies from 2.8 to 0.9 nm, and 
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TABLE I. Volume fraction and size of YBa&u,O,,, (011) regions as a 
function of the equilibration temperature in 1 atm 0, for a model micro- 
structure consisting of spherical domains of 011 randomly distributed in 
the YBa,Cu,O, (01) matrix. The average spacing is fixed at 25 nm. 

0, anneal 
T, (“(2 

Oxygen 
deficiency 6 

011 volume 
fraction 

vou (%) 
011 size 
2r (nm) 

450 0.0371% 7.4 2.8 
425 0.0265b 5.3 2.0 
400 0.0165= 3.3 1.2 
375 0.0121b 2.4 0.9 

‘Data from Ref. lg. 
bInterpolated values from data presented in Ref. lg. 

n from 1.4X 10”’ to 7.2~ 1016 [me2]. The predictions of 
the model are summarized in Table I. 

FIG. 1. Magnetization loops at several temperatures for a flux-grown 
single crystal annealed at 420 “C in 1-atm 0,. 

The small size of the 011 regions matches the fluxon 
diameter very well (2&m-3 nm in the low-temperature 
limit). The separation of the 011 regions ( -25 nm) cor- 
responds to the fluxon spacing at fields around 5 T. In this 
situation, fluxon core pinning is a likely pinning interac- 
tion. The fluxon core interaction with the ordered 011 do- 
mains yields interaction energy SE given by 

shaped single crystal measuring 253 PmX 225 PmX 150 
,um thick. Our model predictions of J, as a function of 
temperature are presented in Fig. 2 together with experi- 
mental values. 

The prominent feature of these curves is a peak (HP) 
present at high fields. These peak-shaped magnetization 
curves are now well established and have been observed by 
several groups for a wide variety of flux grown single 
crystals.23924 The peaks are definitely not associated with 
matching of fluxon and defect spacing, since the peaks 
move to lower fields, as the temperature is increased. These 
peaks are a consequence of the fact that the pinning centers 
are also superconducting.“” Since the pins have a lower T, 
and Hc2 than the matrix, they become normal as temper- 
ature and field are increased, therefore their pinning 
strength initially increases as the field is increased. When 
the pins are fully normal, their pinning strength is maxi- 
mum. For example, the hysteresis at 48 K and 5 T is 
approximately four times larger than that at 1 T. 

SE= -~o[(H~I)~-(H~~II)~IV~ [Jl, 
where H, is the thermodynamic critical field and Vi the 
volume of the fluxon contained in the pinning center. The 
elementary pinning force fp is given by fp = SE/&, where 
&, is the coherence length &, for HII c.~’ From the 
model predictions shown in Table I, we conclude that 
6 nb > r, thus the interaction volume is 4/3 ~2. 

An upper limit to the bulk pinning force Fp is given by 
the full summation of the elementary pinning interactions, 
i.e., Fp = nfp [N/m3], where n is the number density of 
interactions. The predicted area density of 011 domains 
exceeds the fluxon density np = B/$, [mM2] over the range 
B < 10 T ( np<4ix 10” mP2) so that full summation occurs 
over all the fluxons, np. Thus Fp can be calculated from 

F =?~BI.Lo[(H,,)“--(H,,,)~I~~o, 
P 24O&b 

W mw31, 

and the critical current density is calculated using 
J, = F/B. Values of H&O) (1.55 T); Hc,orI(0) (0.38 T), 
and &b(O) (1.6 nm) from single-crystal measurements21 
are used. We assume that H,(T) follows H,(O) (l-8) 
where t = T/T, and i&,( 7’) is calculated from Cp( T) 
= 4(O) (1 - t) --‘2. 

The experimental values of the critical current density 
were calculated from magnetization hysteresis measure- 
ments on a high quality flux-grown single crystal22 oxygen- 
ated at 420 “C! for 150 h. Measurements were made in the 
II] c configuration using a vibrating sample magnetometer 
in a 12-T superconducting magnet. The field was ramped 
at about 10 mT/s at constant temperature. Representative 
loops are shown in Fig. 1. In Fig. 2, we present the critical 
current densities as a function of field calculated using the 
standard expression J, = 3hM/4 where &is the average 
size of the two sides of an approximately square, plate- 
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A key point is that the density of 011 domains is still 
large (of order lOI6 m-l) even when S is small. The model 
fits requirement (ii) since the pinning center size and vol- 
ume fraction, which directly influence J,, increase by a 
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FIG. 2. Critical current density as a function of temperature. The solid 
line corresponds to the model for 6 = 0.0265 (equilibration T, = 425 “C) . 
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factor of 3 as the annealing temperature is varied from 375 
to 450 “C, in agreement with previously published results.’ 

Verification of requirement (i) by comparison to the 
magnitude of J, is most trustworthy in the limits of T and 
H tending to zero, since flux creep, percolation, and gran- 
ularity effects are then minimized.‘*25,26 Prior work has 
shown that an effective granularity is observed in the same 
crystals that have the anomalous peak in AM.’ Thus J, 
tends to be underestimated, particularly for fields above the 
peak, since all J, values in Fig. 2 use the full crystal di- 
mensions for the scaling length. As T and H increase, flux 
creep effects become stronger, thus the experimental values 
of J,( 7’) fall off more rapidly than the model predicts. It is 
not clear at this stage if the granularity effect is correlated 
with the presence of the domains or not. For these reasons 
it is not easy to devise an experimental test which yields a 
direct comparison between predicted and experimental val- 
ues over the whole temperature and field range. 

The presence of ordered domains in off-stoichiometric 
material (6>0.15> has been demonstrated’-” but in nearly 
stoichiometric crystals, the domains have not been ob- 
served. However, this is expected given that the small vol- 
ume fraction predicted approaches the detection limits of 
these techniques. Magnetization hysteresis measurements 
are more sensitive to oxygen-deficiency effects than micro- 
structural techniques, although the interpretation is depen- 
dent on models such as the one presented here. 

In summary, the flux pinning of flux-grown single crys- 
tals is controlled by oxygen defects and the magnetization 
characteristics depend on the oxygen vacancy concentra- 
tion and ordering state. We have modeled the core pinning 
interactions between fluxons and domains of the 
YBa,CusO,, 011 phase. Even when the oxygen deficiency 
of single crystals is small (S < 0.05)) the vacancies produce 
a dense distribution of domains which act as pinning cen- 
ters and generate J, values of the order lo6 A cmw2 at low 
T. 
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