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Abstract 

Transport measurements in the mixed state of oxygen-deficient Y B a 2 C u 3 0  7_ 8 single crystals using the flux transformer 
configuration show that the flux liquid changes with increasing anisotropy from strongly correlated to uncorrelated in the 
field direction. For intermediate coupling, the current inducing loss of vortex correlation has a maximum near the 
irreversibility temperature. Thus, an effective softening of vortex lines with decreasing temperature is detected. We propose 
a simple model that accounts for this behavior by including the effects of the pinning potential on the dynamics of vortices. 

After extensive experimental and theoretical work 
the importance is now well established of disorder in 
the static and dynamic properties of the mixed state 
of high-temperature superconductors. The disorder 
induced by thermal fluctuations is responsible for the 
existence of a large region in the H - T  (magnetic 
field-temperature) phase diagram where the vortex 
system is a fluid [1,2]. Reducing the temperature, 
this vortex liquid transforms into a vortex solid [1,3] 
at the irreversibility temperature T~(H). The effects 
of static disorder are more subtle. The critical point 
of the melting transition in YBa2Cu307 (YBCO) 
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changes with disorder and the first-order transition 
from a liquid to a crystalline solid is suppressed for 
strong enough disorder [4]. In this case, the vortex 
liquid transforms into a vortex glass through a sec- 
ond-order phase transition [5]. The influence of dis- 
order on the recently discovered first-order transition 
[3] in the more anisotropic Bi2Sr2CaCu208 (BSCCO) 
has not been studied yet. However, the static disor- 
der induced by defects causes [6] the irreversible 
behavior [7] of the critical current in the c direction 
in BSCCO single crystals. The results in YBCO as 
well as in BSCCO provide experimental evidence 
that defects play an important role in determining the 
equilibrium properties of the vortex structure. 

Although, as discussed above, disorder influences 
the superconducting response of both the moderately 
anisotropic YBCO and the weakly coupled BSCCO, 
the temperature region where the vortex lattice 
changes from three- to two-dimensional behavior is 
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quite different, depending on the anisotropy. In the 
case of YBCO it has been shown [8] that a liquid of 
vortex lines exists above Ti(H). These lines lose 
their superconducting correlation along the c direc- 
tion at a temperature Tth(H) > Ti(H). On the other 
hand, in the case of BSCCO the vortex correlation in 
the c direction in the vortex-glass structure is lost [3] 
at temperatures Tth(H)< TI(H). Therefore, two-di- 
mensional vortices undergo the solid-liquid transi- 
tion in BSCCO while three-dimensional vortex lines 
transform to a liquid in YBCO. Important questions 
such as how this decoupling process changes with 
anisotropy and how it is influenced by disorder, 
remain unsolved. 

In order to shed light on this issue we decided to 
investigate the dynamic properties of the flux lines 
when the strength of the coupling between the CuO 
planes is varied. Using the so called DC flux trans- 
former configuration it is possible to determine the 
conditions under which the vortex correlation across 
the sample is destroyed [8]. Since oxygen deficiency 
increases the anisotropy of YBCO [9], we used this 
technique in single crystals with controlled oxygen 
stoichiometries to follow the influence that anisotropy 
and disorder have on the decoupling process in 
high-T~ materials. 

In this paper we show that for intermediate cou- 
pling between the CuO planes there is a temperature 
range in which temperature increases the stiffness of 
vortices, suggesting that, in this regime, the elastic 
properties of the flux-line lattice are determined by 
the interplay between quenched disorder and thermal 
fluctuations. Besides, using a simple extension of the 
models of Refs. [10] and [ l l ]  for the DC flux 
transformer, we give a qualitative explanation of the 
experimental results, providing an insight into the 
possible mechanism by which the combination of 
pinning potential and thermal fluctuations determine 
the stiffness of vortices. 

Oxygen-deficient YBa2Cu307_ 8 single crystals 
were prepared in a controlled way using a method 
developed for thin-film samples [12]. This method is 
based on the oxygen partial pressure-temperature 
phase diagram [13] and allows the production of 
highly reproducible YBCO oxygen-deficient samples 
with 0 K < T c < 93 K and small transition widths 
(AT~ ~ 1 K). Electrical contacts with resistances be- 
tween 1 l l  and 5 l~ were made by evaporating gold 
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Fig. 1. Measured temperature dependences of the top and bottom 
normalized voltages of YBa2Cu3OT_ a single crystals with differ- 
ent oxygen content in an applied field of l0 kO¢ parallel to the 
c-axis. The data shown in the two upper panels correspond to the 
same sample. Inset: sketch of the electrode configuration. 

before deoxygenation, following the procedure de- 
scribed in Ref. [8]. After deoxygenation gold wires 
were attached to each contact pad with silver epoxy 
and heat treated in air at 50°C for 8-10 h. 

Shown in Fig. 1 are the top and bottom voltages, 
Vto p and Vbottom (see inset Fig. 1), normalized by Vto p 
at the zero-field onset temperature, To, as a function 
of the reduced temperature, t = T I T  o (for details of 
the experimental setup see Ref. [8]). The magnetic 
field is 10 kOe applied parallel to the c-axis. The 
data correspond to crystals with oxygen contents 
ranging from nearly stoichiometric (T O = 94 K, up- 
per panel) to 8 = 0.35 (T O = 59 K, lower panel). 
Sample dimensions are typically (0.8 × 0.5) mm 2 in 
the ab planes and 0.03 to 0.04 mm in the c direc- 
tion. All curves have been taken within the linear-re- 
sponse regime. Several features of the data show a 
systematic variation with decreasing oxygen content 
[14]. It is clearly seen that in the normal state, t > 1, 
the ratio Vtop/Vbottom increases when 8 is increased. 
For example, at t =  1, the ratio Vtop//Vbottom in- 
creases from 1.2 for the T O = 94 K sample (see also 
Ref. [8]) to about 1200 for the oxygen-deficient 
crystal with T O = 59 K. This result is in agreement 
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with the expected increases of the ratio between the 
c-axis and in-plane resistivities, Pc/Oob [15]. In the 
samples with 8 < 0.22, as the temperature is lowered 
Vto p approaches Vbottom, and the two voltages become 
equal (within the experimental accuracy of 20 nV) 
for T < Tth. It is also evident that when the oxygen 
content is lowered, tth = Tth/T o moves towards lower 
reduced temperatures, indicating that the increase in 
anisotropy diminishes the strength of the coupling 
between vortices in adjacent layers. This is con- 
firmed by the result for larger values of the anisotropy 
(8 = 0.35), showing that Vto p remains greater than 
Vbottom over  the entire temperature range, indicating 
that vortex cutting and recombination dominates the 
superconducting response. This behavior, namely the 
absence of coherent vortex lines above T~(H), is 
similar to that observed in BSCCO using the same 
contact configuration [16]. Therefore, there exists a 
certain value ~ * (/~ * ~ 0.30 + 0.05) separating two 
different regimes: for 8 < 8 * there is a range of 
temperature and magnetic field where vortices form 
a liquid of correlated lines; for ~ > 8 * the vortex 
liquid shows no correlation in the c direction above 
T~(H). 

In order to investigate the interplay between dis- 
order and anisotropy, Vto p and Vbottom were  measured 
as a function of current for samples with different 
oxygen contents. In the case of fully oxygenated 
YBCO it was found [10] that the current that induces 
flux cutting, Icu t, is independent of the presence of 
pinning. In Fig. 2 we show the flux cutting current, 
/cut, and the critical current, lcr, as a function of 
temperature for a fully oxygenated crystal (Fig. 2(a)) 
and for the same sample after deoxygenation (~ = 
0.16) (Fig. 2(b)). The cutting current is defined [8] as 
the current where Vto p starts to differ from Vbottom 
(see inset Fig. 2(a)) and Icr as the current for which 
the voltage exceeds 20 nV. These data were obtained 
for an applied field of 10 kOe parallel to the c-axis. 
For the fully oxygenated crystal the linear tempera- 
ture dependence of /cut above and below T i ( n )  w a s  

explained [10], arguing that pinning does not affect 
the vortex correlation length in the field direction for 
I > Ic+. In contrast, Fig. 2(b) shows that for the more 
anisotropic sample, /cut displays a non-monotonic 
behavior as a function of temperature. Below Tth, /cut 
increases linearly with decreasing temperature and 
close to the irreversibility temperature it begins to 
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Fig. 2. Shown are the critical and curing currents, ler and /cut 
respectively, as a function of temperature for H = 10 kOe parallel 
to the c-axis. (a) Fully oxygenated crystal. Inset: typical I - V  
characteristic showing lcr and /cut. (b) The same sample as in (a) 
after deoxygenation (3 = 0.16). Open and solid arrows mark the 
temperatures T i and Tth, respectively. 

decrease. We observed the same non-monotonic be- 
havior for other oxygen deficiencies and for different 
applied magnetic fields. A straightforward implica- 
tion of these data is that the vortex lines effectively 
soften with decreasing temperature for temperatures 
close to Ti(H). This striking behavior of /cut(T)  is a 
novel feature and suggests that with increased 
anisotropy the elastic properties of the vortex struc- 
ture are indeed sensitive to the static disorder. 

A qualitative explanation of this non-monotonic 
behavior can be given in terms of a simple model 
which describes the dynamics of the vortices in these 
layered superconductors [ 10,11 ]. 

Originally Ekin et al. [11] proposed a model to 
describe the DC flux transformer which accounts for 
the interrelation between Icr and /cut for fully oxy- 
genated YBCO [10]. In this theory, a vortex line is 
described by a single coordinate on each plane x i 
(where i = 1 to N labels the planes in the c direc- 
tion). The elastic force Fel connects nearest planes, 
and is taken as F~'i+l=a(xi+l--Xi ), where the 
coupling a characterizes the rigidity of the vortex. In 
addition, an external current I is applied on the i = 1 
layer. The equations of the model are (for simplicity 
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we consider hereafter only two adjacent planes): 

rlOxll~t = a( x 2 - xi)  - Fp l + yl ,  

rlOx21Ot = - a( x 2 - x I ) - -  F p  2 , (1)  

where ,/ is an effective viscosity coefficient, Fp is 
the pinning force acting on plane i, and the last term 
in the first equation is the Lorentz force. In Ekin's 
and related models [10], Fp =Fp is taken as a con- 
stant, and its effect is to prevent the motion of the 
vortex when the force acting on it is less than the 
value of Fp. In these works, both Fp and a are taken 
temperature dependent. Ekin's solution of Eqs. (1) 
yields  lcr = 2Fp//') t' and Ic,t = 2 a A x c a t l Y ,  where 
A Xcrit is the value of (x  I - -x  2) at which the vortex 
cuts and reconnects with the next one. The value 
A Xcri t is related to the vortex lattice parameter. Note 
that in this picture, l~r and I~, t are determined by the 
pinning force and the rigidity, respectively. In order 
to qualitatively understand the maximum in I<,, t ver- 
sus T for the deoxygenated samples (Fig. 2(b)), we 
now generalize the previous model by looking in 
more detail into the effect of the pinning force. 

We turn now to Eqs. (1) with temperature-inde- 
pendent parameters. We assume that the pinning 
potential on each plane is due to randomly dis- 
tributed pinning centers. The pinning is characterized 
by the pinning energy, V, the range of the pinning 
potential, a ,  and the mean distance between pinning 
centers, d. We further consider a dilute limit, i.e., 
d:*- or. 

Let us first consider the motion of a vortex in this 
pinning potential including thermal fluctuations and 
the action of an homogeneous current and take the 
motion to be one-dimensional. The resistivity 0 as a 
function of temperature is found by applying the 
Ambegaokar-Halperin [17] result to the actual form 
of our pinning potential. It turns out to be 

1 
p ( r ) / p ( r - ,  o~) = ,, (2) 

1 + -~exp( V / k B T  ) 

There are three distinct regimes (see the inset in 
Fig. 3). When p ( T ) / p ( T ~  oo)< 0.01 the vortex is 
essentially trapped in a pinning center. This corre- 
sponds to the temperature range T ~  V /  
[k B ln( lOOd/a)] .  For higher temperatures the parti- 
cle moves with a finite velocity. We identify Ti(H) 
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Fig. 3. Flux-cutting current leu t as a function of temperature for 
the two-plane model described in the text. Inset: Resistivity of a 
single plane as a function of temperature for the same parameters. 
These are d / a  = 100, ( a / V ) l / 2 A  xcrit = 1, ~'oa/'q = 10 -3 and 
d / A  Xerit = 1. 

= V / [ k  B ln ( lOOd/a)]  as the temperature at which 
appreciable dissipation begins. For T.g Ti(H ) there 
are two regimes: for high temperatures - more pre- 
cisely for T : ~  T* --- V / [ k  B ln(O.ld/ot)] - the mo- 
tion is not affected by the pinning centers, and the 
velocity is proportional to the applied force (flux 
flow). For temperatures Ti(H) < T <  T* the vortex 
spends a finite fraction of time in pinning centers, 
but from time to time it is thermally depinned and 
dissipates until it is trapped in another pinning cen- 
ter. In this temperature interval the motion of the 
vortices is characterized by large fluctuations in the 
velocity. As the temperature increases the effect of 
the pinning centers decreases, so that T" is a 
crossover temperature into the flux-flow regime. 

The behavior of l¢,t versus T in a DC flux 
transformer configuration with weakly coupled planes 
depends on whether T is larger or smaller than T* 
For T <  Ti(H) the vortex is pinned, and the dissipa- 
tion is negligible. For T >  T* the motion is not 
affected by the pinning centers and the cutting cur- 
rent (for which (x  2 -x~)---Axcrit) goes linearly to 
zero at T = Tth [10]. We consider now the intermedi- 
ate temperature regime T i ( H ) <  T <  T *. When the 
vortex encounters a pinning center in the bottom 
plane, it will be trapped at that position a time r that 
is roughly given by ~'o exp ( V / k s T ) ,  where l / r  0 is 
the attempt frequency. During this time interval, 
A x - - x  I - x  2 increases due to the Lorentz force 
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acting on the top plane. Clearly, if at a time smaller 
than v, A x becomes larger than A Xcrit , the vortex is 
cut. In general the effect of the pinning centers in 
this temperature range is to make ( A x  2 ) greater 
than the thermal value without pinning. These fluctu- 
ations in the vortex deformation contribute to the 
cutting process. We define P(A x) as the probability 
distribution of A x. The cutting cur ren t  /cut(T) can 
be obtained as the current at which 

f~x~ P ( x )  d x =  or, (3) 

where or is a parameter that satisfies or,~ 1. We 
estimate the probability distribution P ( x )  as the 
convolution of the Gaussian thermal distribution with 
the probability distribution due to pinning. The cut- 
ting current is obtained by solving Eq. (3) with 
or= 0.1. In Fig. 3 we show a plot of/cut(T), where a 
maximum is observed within the range T i ( H ) <  T <  
T *. We stress that a numerical simulation of Eq. (1) 
where temperature is included as a Langevin noise 
and the pinning potential has the spatial structure 
discussed above, gives results similar to that of Fig. 
3. The model predicts a maximum in /cut(T) only for 
intermediate values of the coupling a. When a is too 
small the thermal energy masks the peak in /cut(T), 
Tth is reduced and eventually becomes lower than T i. 
When a is too high the maximum shifts towards the 
Icr(T) curve and is unlikely to be seen in the experi- 
ments. Although the model is very simple and gives 
only a qualitative description of the observed behav- 
ior, it contains what we believe is the essential 
physics of the problem: close to Ti(H), the decreas- 
ing temperature increases the fluctuations of the 
vortex deformation, producing an effect equivalent to 
a softening of the vortex lines. 

• In conclusion, our transport measurements in oxy- 
gen-deficient YBa2Cu307_, single crystals using 
the DC flux transformer configuration show that the 
dynamic behavior of the vortex structure can be 
strongly modified by changing the coupling between 
CuO planes. In samples of low anisotropy (8 < 8 * ) 
we observe correlated vortex motion above Ti(H). 
As the interlayer coupling decreases (8 > 8 * ), the 
vortex liquid shows no correlation in the field direc- 
tion. For intermediate coupling strengths the current 
l~t necessary to induce the loss of vortex correlation 

in the field direction increases with temperature near 
the irreversibility line. This means that the combined 
effects of thermal fluctuations and the pinning poten- 
tial give rise to a softening of the vortex lines with 
decreasing temperature. Our simple phenomenologi- 
cal model provides a qualitative explanation of the 
effect of disorder on a moving vortex structure. 
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