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We describe the details of a new method for studying thermally activated 
flux creep in superconductors. This method employs an array of microscopic 
Hall sensors to probe the time evolution of the field profile in the sample. 
We analyze these data on the basis of a continuity equation which takes into 
account contributions to the relaxation process from both the in-plane and 
out-of-plane components of the induction field. This analysis enables direct 
determination of flux creep parameters such as the flux-line current density, 
flux-line velocity and the activation energy for flux creep. We demonstrate 
this method by presenting experimental data for YBoa Cu3 07-z  crystals in 
the rcmanent state and in the presence of a field. 

PACS numbers: 7~.60.Ge, 7~. 72.-h 

I. INTRODUCTION 

We have recently described a novel experimental approach a,~ to deter- 
mine the spatial and time dependence of flux creep parameters,  such as the 
vortex velocity v, the flux current density D, and the activation energy U. 
In this technique we utilize art array of miniature Hall probes to measure 
the local induction B at different locations simultaneously as a function of 
time. In contrast with conventional techniques where the time evolution of 
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the total magnetization is recorded, we measure the time evolution of the 
spatial distribution of B, and thus are able to determine both the time and 
the spatial derivatives of B. Using this new information we analyze the local 
relaxation data on the basis of the continuity equation for the vortex lines, a-5 
This analysis allows a direct, model independent determination of the flux 
creep parameters. 1'2 

In this article we review our technique and discuss its details for the 
common geometry of platelet crystals. We also show data for the flux creep 
parameters in Y-Ba-Cu-O (YBCO) crystals, in the remanent state and in 
the presence of a field. 

2. A N A L Y S I S  

The differential equation governing flux creep in superconductors is 
derived 4 from the Maxwell equation • • E = - (1 /c )OB/cgt ,  and the equation 
relating the electric field E to the flux motion, E ---- (1/c)B •  where v is the 
velocity of the vortices in the direction of the Lorentz force, FL = (1/c)j • B. 
These equations lead to 

o n / o t  = - V  x (n  x v). (1) 

Assuming thermal activation over the pinning barrier U( j ) ,  the magni- 
tude of v is 

v --- vo e x p ( - U / k T ) ,  (2) 

where v0 = .,4jbo/cT, r is the unit flux, c is the light velocity, j is the 
current density, r/is the viscosity coefficient, and ,4 is a numerical factor 1'6 
of order 1. 

For a slab geometry (infinite along the y and z directions with the 
magnetic field parallel to the z direction), B = (0, 0, Bz),  v = (v, 0, 0) and 
Eq. (1) is reduced to the one dimensional continuity equation 

cg B~ cg D 
0- '~  = - '~"x ' (3) 

where D = Bzv  is the vortex line current density. This one dimensional 
continuity equation has been used in many theoretical and experimental 
works, 1-5'r's involving different geometries, although it strictly applies to 
the case of infinite slab in a parallel field. 

In reality samples have platelet shape and the field is applied perpen- 
dicular to their surface. In this case one should consider the component of 
B parallel to the surface as well. In the following we consider a rectangu- 
lar sample of width 2w, (Ix] <: w), much smaller than its length (along the 
y direction). The Hall-probe array is placed in the middle of the sample, 
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perpendicular  to  its length (see Figure 1). We approximate the sample as 
an infinitely long strip with current of constant  magnitude flowing along its 
length, j = (0, j.sgn(x), 0). For such a strip in a perpendicular  field (along 
z), B = (Bz, O, Bz), v = (vx, O, Vz), and Eq. (1) yields: 

0Bz o 
o t  - ( B . v .  - B . v ~ )  (4) 

OB. O 
a t  - o z  ( B , v ,  - B , v , ) .  (5) 

These equations indicate tha t  bo th  components,  Bz and Bx, exhibit relax- 
ation, and tha t  the relaxation of each component  is coupled to tha t  of the 
other.  General analysis of the relaxation throughout  such a sample requires 
the consideration of bo th  components  Bz and B~ which appear  in equat ions 
(4) and (5). Obviously, analysis on the basis of either equation should lead 
to the same results as far as the flux creep parameters are concerned. Our  
Hall-probe array is sensitive to  Bz; we therefore base our analysis on Eq. 
(4). Since v - B  = 0, for Bz 7 ~ 0 Eq. (4) becomes 

o,. o( 
o----i--  o x  B z v  , (6) 

where v ~ and 6 2 2 = = B J B ~ .  Equat ion (6) is formally equivalent to 
Eq. (3) if we define D = Bzvx/1 + 6. The factor v/1 + 6 may be considered 
as a correction factor accounting for the contribution of Bx to the relaxation 
process. As will be shown in the Appendix,  this factor has a little effect 
on the relaxation in the presence of  a field. Moreover, even in the  remanent  
s tate  one can define a significant area within the sample where this correction 
factor  is close to 1. However, this factor becomes important  in the vicinity 
of the so called 'neutral  line '9 in the remanent state where Bz ---* O. At this 
line bo th  Bz and OB,/Ot vanish, nevertheless D = Bzvx/1 + ~ remains finite 
since v/1 + 6 ~ co. For a constant  j in the remanent state, ~ becomes 
a geometrical factor which can be calculated accurately and thus taken into 
account  in the data  analysis (see Appendix).  

In  the experiment we measure Bz as a function of x and t. The  proce- 
dure of  data  analysis is as follows: We first integrate the measured values of 
OBz/Ot to  obtain D -= Bzv~/i  + & At this stage, no approximation is made, 
i.e. D = cEy is measured accurately. 

Knowing D(x, t) and Bz we then determine vx/1 + ~ as the rat io D /Bz .  
In the presence of a field, or in the remanent  state far f rom the neutral  
line, 6 ~ 1 (see Appendix),  and this ratio yields the flux line velocity v 
-= v o e x p ( - U / k T ) .  To calculate v in the remanent state in the vicinity of  
the neutral  line it is necessary to take into account the correction factor  
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,/1 + 6, as outhned in the Appendix. Once v is known the activation energy 
U(x,t) is derived by using Eq. (2): 

U(x,t) = kT ln  ( - ~ ) .  (7) 

We calculate v0 using the relation v0 = .Ajr where the flux viscosity 
coefficient 7/(T) is taken from Golosovsky et a/. l~ The current density j is 
derived by fitting the field profiles as described in the Appendix, and ,4 is 
taken as 1. Thus, measurements of Bz (x, t) allows a direct determination of 
D(x, t), v(x, t), and t). 

3. E X P E R I M E N T A L  

Measurements were performed on two YBa2Cu307 crystals 11'12 
(Tc ~-- 91 K),  with rectangular shape of sizes 0.45 x 0.23 x 0 .1rnm 3 and 
1.2 x 0.57 x 0 .2ram 3 (samples Y1 and Y2, respectively). The Hall probes 
were made of GaAs/A1GaAs 2DEG. An array of 11 elements, with sensitiv- 
ity bet ter  than 0.1 G, was in direct contact with the surface of the crystal,  
as sketched in Fig. 1. The active area of each probe was 10 x 10 and 30 x 30 
# m  2 for crystals Y1 and Y2, respectively. The probes detect the component  
Bz of the field normal to the surface of the crystal. In the following we 
present data taken in the remanent state for sample Y1 at 50 K,  and in the 
presence of 2 kG (during the increase of the field) for sample Y2 at 85 K.  

Ha 

Figure 1: Configuration of Hall probe array relative to the crystal. 

Figures 2a and 2b display typical field profile Bz(x) across the sample 
width for the remanent state and in the presence of the field, for samples 
Y1 and Y2, respectively. Each figure shows Bean-like profiles correspond- 
ing to the indicated times; these times are measured from the moment  of 
application (Fig. 2b) or removal of the field (Fig. 2a). 
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Figure  2: Local  induct ion  Bz vs. Hall  probe  locat ion (a) in sample  Y1 
measured  8 sec and  one hour  after removal of the ex te rna l  field at  T = 50 
K and  (b) in sample  Y2 measured  12 sec and 3300sec after  app l i ca t ion  of  a 
2 kG field at  T = 85 K .  The  solid lines in the  figures are  based  on model  
ca lcula t ion  descr ibed  in the  Appendix .  

S igna tures  of demagne t iza t ion  effects typical  for such samples  13-15 are 
c lear ly  observed.  Specifically, in the remanent  s ta te  (Fig.  2a) a s ign-reversal  
of Bz is observed  near  the  edge, approx imate ly  at  the  loca t ion  of p robe  ~ 3 .  
This  po in t  is loca ted  a t  the  'neutra l  line '9 where vort ices  of different sign 
annihi la te .  F igures  3a and  3b show Bz as a funct ion of t ime  at  different 
locat ions  in the  sample,  for the  remanent  s ta te  and  for field on, respect ively.  
Evident ly ,  the  re laxa t ion  ra te  OBz/O(int) is m a x i m u m  near  the  center  and  
decreases toward  the  edge. Moreover,  in the  remanent  s ta te ,  as a d i rec t  

consequence of the  sign reversal  of Bz near  the  neu t ra l  line, the  induc t ion  
at  the  sample  edge increases with  t ime,  exhibi t ing  a positive r e l axa t ion  ra te .  
These  resul ts  emphasize  the  non uniformity  of the  local re laxa t ion ,  thus  
ques t ioning the  meaning  of global measurements  in which all con t r ibu t ions  
are combined.  Using the raw Bz (x, t) data ,  we calcula te  the  local r e l axa t ion  

ra tes  OBz(x, t)/Ot, and  then  numerical ly  in tegra te  OBz(x, t)/Ot in o rde r  to  
de te rmine  the  flux current  densi ty  D(x, t) according to  Eq. (6): 

D(x, t) = - / o  = OB~(x,Ot t)'dx" (8) 

In  Eq. (8) x --  0 is the  center  of the  sample  where D = 0. 
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Figure  3: Bz vs. t ime  measured  at  different locat ions in (a) s amp le  Y1 

in the  r emanen t  s ta te  at  T = 5 0  K,  and  (b) sample  Y2 in the  presence of  field 
of 2 kG at  T = 85K.  

In F igures  4a and  4b we plot  D as a funct ion of x at  different t imes ,  
for the  r emanen t  s ta te  and  in the  presence of field, respectively.  No te  t h a t  
a s imi lar  behavior  of D, bu t  wi th  oppos i te  sign, is ob ta ined  for field on  and  
field off. 
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F igure  4: F lux  current  dens i ty  D as a funct ion of the  d is tance  f rom the  
edge,  measu red  at  the  ind ica ted  t imes,  for (a) sample  Y1, ( r emanen t  s ta te ,  
50 K ) ,  and  (b) sample  Y2 in the  presence of a field (2 k G  at T = 85 K ) .  
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This opposite sign reflects flux exit in the case of field off and flux entry 
in the case of field on. Note that according to equations (3) and(6),  the slope 
of D(x) is related to the change of Bz with time. The latter is maximum at 
the center and it drops to zero near the edge, see Figs. 3. The behavior of 
D is thus consistent with this picture for both cases. 

From the experimental data on the flux line current density D it is 
easy to derive the flux line velocity v, using the definition D = vBzv~+ 6. 
The correction factor x/1 + 6 is calculated as explained in the Appendix. 
Obviously, the correction factor is most significant in the vicinity of the 
neutral line in the remanent state. Typical data for v as a function of x for 
the remanent state and in the presence of a field are shown in Figs. 5a and 
5b, respectively. The dotted line in Fig. 5a depicts v~/1 + 5. Obviously, 
taking this correction factor into account is important near the neutral line. 

It should be noted that the time dependence of v is hyperbolic; in the 
logarithmic approximation one obtains v = vo(to/t). The parameter v0, be- 
ing proportional to the current density j ,  depends only logarithmically on 
time t. Note the difference in the values of v for field on and field off. In fig- 
ures 5a and 5b the velocities are of order 10 -5 and 10 -7 cm/sec, respectively. 
The lower velocity for field on can be ascribed to the higher temperature as 
well as to the lower field gradients. 
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Figure 5: Flux line velocity v as a function of the distance from the 
edge, measured at the indicated times, for (a) sample Y1, (remanent state, 
50 K), and (b) sample Y2 in the presence of a field (2 kG at T = 85 K). 
The dashed line in (a) represents the apparent velocity at t ---- 8 sec, ignoring 
the correction factor vii + 6. 



462 Y. Abulafia et al. 

19 

~ 1 7  

'.1.5 

15 '55 
% 5 

~8.5 

13 

I() Joo Jooo 1()() xooo 

time [sccI 

2C~ 

24 

22 >~ 

,...] 

20 

18 

Figure 6: Local activation energy U/kT  vs. time for different probes for 
(a) sample Yl, (remanent state, 50 g ) ,  and (b) sample Y2 in the presence 
of a field (2 kG at T = 85 K). Note that in Ref. 1,. U is derived for 6 = 0. 

Using v(x, t) data, we obtain the activation energy U(x, t) according to 
Eq. (7) as explained above. Typical results of U/kT  are shown in Figures 6a 
and 6b as a function of time for the remanent state and in the presence of 
a field, respectively. The figures show a linear dependence of U / k T  on ln(t) 
with a slope of 1 in the long-time limit in accordance with the logarithmic 
solution a of the continuity equation U = kTln(t/to).  The increase of U 
with time is a reflection of the increase of U with the decrease of the current 
density j .  

4. C O N C L U S I O N S  

We investigated the thermally activated flux creep process in YBCO 
crystals using a new Hall-probe array technique. We measured the time evo- 
lution of the field profiles in the sample, in the remanent state and in the 
presence of a field. These data were analyzed on the basis of a continuity 
equation for the vortex lines, taking into account the contribution of both 
the in-plane and the perpendicular components of the induction B. This 
unique approach allows a direct determination of the flux creep parameters 
as a function of time and position. Thus, a complete picture of the details 
of the relaxation process is obtained. The derived flux line current density 
and velocity are of opposite sign for the remanent and field-on cases, reflect- 
ing flux exit and flux entry for the two cases, respectively. Otherwise, the 
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behavior of the flux creep parameters is similar. Obtaining such a complete 
picture in one experiment is unique to our new technique. This me thod  
has the potential of giving definite answers to many open questions related 
to various phenomena such as collective pinning, collective creep, surface 
barriers, and 'fishtail' effects. 16 
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A P P E N D I X  
Consider a long thin superconducting strip of rectangular  cross-section 

of wid th  2w ( - w  < x < w), thickness d ( - d  < z < 0) and length L > >  w. 
The external field H is applied along the z direction. We assume tha t  the cur- 
rent density within the sample has only one component  j ---- (0, jsgn(x),  0), 
of a constant  magnitude.  The Biot-Savart law implies: 

- -  g + (jd/c)Gz(x,  z), 

= "~- J - a  ~ + arctan \ z  - z ' ]  + arctan 

-- ( jd/c)Gx(x,  z), (10) 

where Gz(x, z) and Gx(x, z) are dimensionless geometrical factors. In  Fig. 
7 we show Gx, Gz, at z -- 5#m for the ratio w/d  --- 1, which approximate ly  
corresponds to both  of our crystals. 

According to Eqs. (9) and (10), 

B 2 G~ (11) 
- = [ H / ( j d / c )  + Gz]  

(9) 
x ~ w dz t _~ 
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For  the  remanent  s ta te  H --  0 and ~ is a pure  geometr ical  factor .  Fig.  
8 shows the  correct ion factor 3' --  ~ for the  remanent  s ta te ,  c a l cu l a t ed  
for different ra t ios  w/d = 2, 1, and  0.25. 
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Figure  8: The  correct ion factor  7 = x/1 + ~ as a funct ion of  x /w  at  
z ---- 5 # m ,  for w/d = 2, 1, 0.25. For  samples  Y1 and  Y2, w/d ,~ 1. 

Evident ly ,  the  range for which the  correct ion factor  is most  s ignif icant  
is a r o u n d  the  neut ra l  line, and  i t  shifts toward  the  edge of  the  s a m p l e  as 
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w/d decreases. Inspection of Eq. (11) shows that application of an external 
field suppresses the increase of 5, thus increases the range for which the 
correction factor is approximately 1. The correction factor in the presence 
of an external field can be accurately calculated in the following way: Fitting 
of the measured profiles of Bz to Eq. (9) yields j. This is a one parameter 
fit since H,  Gz, and d are known. Thus, ~ can be calculated using Eq. (11). 
Calculation of 5 for sample Y2 in a field of 2 kG shows that ~ ~ 1 over the 
whole range. 
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