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Collective-pinning theory and the observed vortex dynamics irRBa,CuzO-_ 5 crystals
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We establish a framework for the analysis of magnetization data on high-temperature superconductor crys-
tals that allows direct comparison with vortex-pinning theory. When the magnetization loops exhibit scaling
behavior, as they do over a large part of Bxd plane forRBa,CuO; _ 5 crystals, the effective pinning energy
U has to contain power-law field dependences for the characteristic energy and currentUgcatets],;
these power-law exponents can be obtained directly from the data. Many regimes of collective-p@®ing
theory do predict such power laws, but none yield exponents in agreement with those that are measured. The
discrepancy appears to arise becaUgeis observed to decrease wiBy in contrast to the CP predictions.
[S0163-18296)01441-3

[. INTRODUCTION cance, it is natural to ploy, versusS in order to analyze the
vortex behavior. The experiments show that bgthand S
Attempts to understand the dissipation mechanism irvary smoothly withT, but as a function oB may display
high-temperature superconductqidTSC’s) have led to a maxima and minima.
large body of work, both experimental and theoretical, in
recent years. Most assessments of the validity of current ;| |NTERPRETATION OF y;, AND S IN TERMS
theories by comparison with experimental data result in am- OF THERMALLY ACTIVATED CREEP
biguity, because of the large number of free parameters in-
volved in the fitting procedure. Consequently it is unclear For thermally activated vortex motion tfe-J-B-T rela-
which, if any, of these theoriéss appropriate. Essentially, a tion is
successful theory must give an accurate description of the
macroscopic electrodynamics, and its field and temperature E—Byd exp{ 3 Ueﬁ(J.B,T)} @
dependences, because it is these that are ultimately deter- kT
mined by the microscopic vortex dynamics. . ] )
In this paper we extend the analysis of magnetisation loof/herev is an attempt frequencyl is the hop distance, and
scaling described in Ref. 2 and compare in detail the experiYei(J.B,T), the effective energy barrier for thermally acti-

mental results forRBa,Cu;0;_ 5 with a range of current Vated jumps, contains the vortex dynamics.
theoretical predictions. Theoretical analyses tend to focus on the forngf as a

function of J, but as we have pointed out previouslin an
experiment at fixedB and T, the accessible range df is
extremely narrow, typically much less than a factor of 2.

The measured electrodynamig., the relation between Consequently, it is usually difficult to distinguish between
the electric fieldE, the current density, and the magnetic different predicted forms o) .4(J).
inductionB), and so also the microscopic behavior, may be An additional (but reasonable assumption is that
summarized as aB-J-B surface(experimentally, care must Ue(J,B,T) may be separated ‘as
be taken to ensure that bulk effects are dominant, so that
surface and geometric artefacts do not distort the)datzis Uer(J,B,T)=Uo(B, T)V[I/Io(B,T)] 3

may then be compared with the predictions of theory. At a
single temperature, if one considers the geometric relation where the parametets,(B,T) andJo(B,T) representhar-

acteristicenergy and current scales, aw@J/J,) describes
the functional dependence bf. on J.

J InE) (a an) ('9 InB) =—1, (1) Combining Egs(2) and (3) gives a general relationship
dIndj \dInB/_\dInE] between the macroscopic electrodynamic variates), B,

o ) .. andT) and the pinning functiont,, Jg, andV:
it is clear that knowledge of just two of the three logarithmic

. MEASUREMENT OF THE E-J-B SURFACE

differentials contains all the relevant information about the Uo(B, T)V[I/Jo(B,T)]=KTC, (4)
surface, and such relationships therefore reflect the underly-
ing physics. whereC=In[Bvd/E] and for usual experimental conditions

In  magnetization experiments(dInJ/dInE)g+ and is almost constant(typically ~20 for a R-Ba-Cu-O
(9In3/31nB)g 1 are measured directpsually withB as the  crysta).*>?
intrinsic parametgrand are equivalent to the quantiti€s One can now proceed to analyze the behaviogypandS
(the normalized creep ratand y;, (the logarithmic suscep- within this framework. Differentiating Eq(4) gives for y,
tibility ), respectively. Because of their fundamental signifi-andS:
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FIG. 1. Schematic plot of the functiovi(J/J,) that controls the
dependence dfl s on J. Curve(a) has positive logarithmic curva-
ture whilst curve(b) has zero curvature at low (shown bold, and i
negative curvature as it approaches the Hidimit (also bold. The
experimental conditions set the value W which is equal to
kTCl/Ugy, andSis determined by the logarithmic slope at this point.
For positive (negative logarithmic curvature of the function
V(J/3p), Sis an increasingdecreasingfunction of KTC/Ug.
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1 FIG. 2. (a) The magnetically measured current denditg) and
-, (6) creep rateS(B) for a TmBaCu;Og g crystal at 50 K(Ref. 8. (b)
CV,, The same data in the form of logarithmic susceptibijty plotted
against the normalized creep r&gwith B as the implicit variable.
whereV,, is the logarithmic differential o¥/(J/J,) with re-  The present analysis focuses on the high-field regime, above the
spect tal/J,. Equation(6) shows thaS is controlled prima- ~ minimum in S.
rily by V,,, and becaus®¥=kTC/U, [Eq. (4)], S is essen-
tially a function(related toV) of T/U,, as illustrated in Fig. J [ B }
1. For example, at fl'xed' gnd Wlth po§|t|ve quanthmlc Jeral E,T) ¢ BenalE,T) |’
curvature forV, and withU, increasing withB, S increases
with B. Reversing either condition changes the sense inhere Jg,(E,T) and Bg,(E,T) refer to characteristic
which S depends o8. Experimentally botts increasing and  scales of) andB. Bearing in mind that in logarithmic coor-
decreasing wittB are seen, as in Fig(d. dinates, the scaling is associated with simple translations, it
The behavior ofy;, is more complicated because it in- can be seen that any contour of constggton the E-J-B
cludes the field dependencesigfandU,. However, if these  surface may be utilized as the fiducial feature. For example,
field dependences are power laws, so that the differentials ithe well-known “fishtail” peak inR-Ba-Cu-O(Refs. 6 and
Eq. (5) are constanty, is controlled solely by, and hence 7) is often used to define the coordinat8sy,,, Bcha), and
behaves in a similar fashion t6. This situation is often simply reflects the locus on the-J-B surface whereg,=0;
found experimentally irR-Ba-Cu-O crystals, and has impor- in principle, any value ofy;, will do.
tant consequences that are discussed below. It was discussed in Ref. 2 that E() implies two sepa-
rate types of scaling: scaling across a range of temperature
but at constant electric fieltemperature scalingand scal-
ing across a range of electric fields at a fixed temperature.
The latter(electric-field scalingis the focus of this paper
It has often been observed that, over large regions of thand, as shown in Ref. 2, is equivalent to a linear relation
B-T plane, the magnetization loops BfBa-Cu-O, crystals betweeny,, andS:
retain their shape with changing temperat(aad also with
changing electric field This scaling behavior represents a xin=a+ BS, (8)
special case for thg;, vs S relationship?

S

)

IV. INFLUENCE OF SCALING ON THE x;, VERSUS S
RELATIONSHIP

where « and 8 are independent dB. Thus, when electric-
field scaling is present, the isothermal behavior can be char-
acterized by two independent dimensionless parameters,

In the general case, scaling of the magnetization loops caand 8, and we therefore expect these to reflect fundamental
be expressed as aspects of the pinning mechanism.

A. Scaling in general
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Although HTSC crystals do often display both Cu-O indicate tham~1 andn~ —1; these values are found
temperature- and electric-field scaling, there is no fundamerto be almost independent of individual sample peculiarities,
tal reason for one to require the other. The test for the premxygen stoichiometry, and temperat8r@he data indicate
ence of electric-field scaling is the existence of a significantlso weak temperature dependences for BoindA and an
linear relationship betweeg, andS, for example as in Fig approximate logarithmic form fov,® but these aspects will

2. not be discussed here.
We now focus on the observed power-law field depen-
B. Interpretation of scaling in terms dences OfJO(B,T) and UO(B,T), and the SDECiﬁC values
of thermally activated creep of the exponentam and n. It is these that are intrinsic

to the pinning mechanism that dominates RaBa-Cu-O,
%nd which should be compared to relevant theory. The
ollective-pinning? (CP) model is the most appropriate
tarting point for such a comparison.
The approach of CP is to describe the vortex lat{ik)

as an elastic continuum which interacts with a weak-random-
disorder potentialwe will not discuss other types of disorder
here. In this situation the Abrikosov vortex lattice is re-
placed by a “glassy” array in which the vortex positions are

lyzed within the framework of thermally activated vortex
motion outlined in Sec. Ill. Such an analysis was describe
first in Ref. 2, and is taken further in Appendix A. The key
results are summarized below.

(1) The scaling conditiolEqg. (7)] when combined with
Eq. (4) requires both separability and power laws with re-
spect to field for both E[B,T) and $(B,T)

Jo(B.T)=A(T)B™, 9 correlated only within a “vortex bundle” of volumé/..
oB.T) (M © It is these bundles or groups of bundigssiperbundlgsthat
Uo(B,T) =W (T)B" (10) move by thermally activated jumps. A full treatment leads to

several different predicted regimes of behavisingle vor-
where we have introduced the temperature dependencésx, small bundle, ety with a number of limiting cases for
A(T) and¥(T) and the power-law exponents andn. each (for example, “small driving force” forJ<J., and
(2) The parameters m, n, and functio#sT), A(T), and  “near criticality” for J~J.). However, in each of these re-
V(J) can all be found directly from the experimental data bygimes the predicted dependencesgf(J,B,T) can be ex-
utilizing the i, versus S plot$Eq. (8)] and the relationships pressed in the form of Eq3) but with distinct dependences
for Uy(B,T), Jo(B,T), andV(JI/Jy).

m=a, 11 We start with the predicted behavior of the function
V(J3/3p). For small driving forces)<<J. collective pinning
n=(B+1)/C, (12 predicts
W(T)xCTBa(E, T), (13 3 3\ -n
(AR a0
ATy JerelET) (14) ol 1o

€ —
Bg;]a,(E,T) ’

wherepu is positive. Near criticality, withl~Jc, the result is

[ J(B) } B™"T

NGLEEET) (19 V(Ji) _
C

J o
1‘JC<B—,T>} ’ 17

V. COMPARISON BETWEEN EXPERIMENT

wherea is positive.
AND COLLECTIVE-PINNING THEORY

Assuming that there is a smooth monotonic crossover be-
Figure Za) shows the directly measured current densitytween the two forms, the functional form d may be rep-

J(B) and the corresponding creep ra®B) for a  resented schematically by curde) in Fig. 1. Becaus&/|, is

TmBa,Cu,0g 5 Crystal at 50 K; qualitatively similar behavior constant(—u) for low J, the logarithmic curvature of is

has been found in a large number RfBa-Cu-O crystals zero in this regime. For high, the (logarithmig gradient of

over wide ranges of field and temperature. Also, there ar® becomes increasingly negative, withV|,>u. From Eg.

systematic trends as the oxygen content is reduced, with @) it follows that S<1/uC. Consider also what happens as

consequent increase in anisotrépy. an isothermal magnetisation loop is traced out: the experi-
The data are replotted in Fig(t8 as x,, versusS with B mental conditions fixkTC, but the magnitude obly(B,T)

as the intrinsic variable, as suggested by ). There are  will decrease with increasing [Eq. (10) with n~—1]; con-

two linear segments on this plot, relating to the scaling besequently, the “operating point” indicated in Fig. 1 moves

havior discussed in Sec. IV A. The short segment represents a larger value ol with less negative slope, ar in-

the low-field behavior and the long segment the high-fieldcreases.

behavior; in all theR-Ba-Cu-O crystals that have been stud- This information, together with the field dependences of

ied, the largest area of tH&-T plane is associated with the J, andU,, may be used to generate thg versussS rela-

latter. For the present, the former will not be discussed. tionships that should be seen in different CP regimes. In
In the high-field segment, experiments reveal typical val-many cases power-law field dependences, as in @Bysnd

ues fora and B8 of 1 and —20 respectively. Consequently (10), are predicted by CRAppendix B and we need con-

from Egs.(11) and (12) the experimental results odR-Ba-  sider only these, because anything else is inconsistent with
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pinning force is a decreasing function 8¢ . In these terms,
odw the location of théR-Ba-Cu-O data in the plot of Fig. 4, with
>>T,, U, decreasing withB, suggests that the VL softens with
T<<T,, |4 increasingB faster than any of the CP regimes that have
m << been considered so far. Alternatively one could question the
appropriateness of the elastic description of the VL. In which
. case a model describing some kindpdéstic vortex motion
might be more successful.
Note that we have made a direct comparison to theory
] only in certain limiting cases where power laws 1dg(B)
: : : andJy(B) are predicted. Between these limiting cases more
0 2 4 6 8 10 complex non-power-law behavior is predicted that is incon-
SC sistent with the observed scaling of the magnetization loops.
) ) ] ] Furthermore the general argument tha§ should usually
FIG. 3. Predicted behavior ok, againstSC for various o4\ with increasingg still applies between these limits, and
collective-pinning regimes, calculated wih=20. Whereyj, andS . -tore the theory remains in conflict with the observation

are predicted to vary witlB, an arrow indicates the direction cor- . .
responding to increasing. Data for a TmBaCu;Og g Crystal at 50 thatU, decreases witl over a wide range oB andT.

K are shown also.

44 D=l

VI. CONCLUSIONS
the scaling behavior that is observed to dominate Bh&
plane inR-Ba-Cu-O crystals. As we noted in Sec. IV, such
power laws yield linear plots of,, againstS; in Fig. 3 these
are compared with typical data.

There is clearly a major discrepancy between theory an
experiment. All the CP regimes predigtto be either de-
creasing or constant with increasing magnetic field; St
measured tincreasewith increasingB is incontrovertibly at
odds with theory.

Underlying the CP prediction for the sign of the depen-
dence ofS on B is that usuallyU, is expected to increase
with B (because of a stiffening of the vortex lattice as it
becomes denser, leading to larger correlated bupdiesult-
ing in positive slope for they,, versusS plots. The data, on
the other hand, have negative slope, showing thgtde-
creaseswith increasingB.

The situation may be clarified by plotting the power-law
exponentam andn for the different CP regimegFig. 4). It
can be seen that within the population of different regimes
m and n tend to anticorrelate. This can be understood b
considering that the pinning energy of a bundle is usually a
increasing function of the correlation volumé&-, but the

The most direct way to assess the physical behavior asso-
ciated with magnetisation data on vortex pinning in HTSC
crystals is to examine the logarithmic susceptibilgy as a
&mction of the normalized creep rae A detailed compari-
son of the predictions in a number of different regimes of
collective-pinning theory shows that none of them account
satisfactorily for the data obtained d®Ba-Cu-O crystals;
the key discrepancy appears to be in the dependence of the
characteristic energy scalg,(B,T) on B. The discrepancy
could lie in the field dependence €f;, which would need
to soften monotonically over a wide field range in order to
explain the results. The inclusion of the role of vortex lattice
defects, or perhaps a consideration of the effects of vortex
lattice melting may lead to such effects. On the other hand, it
may be that the elastic response described by CP is not ap-
propriate in these samples within tli& T window under
consideration. Whatever the case, a successful theory of vor-
tex motion in R-Ba-Cu-O must be consistent with the
electric-field scaling behavior id(B), equivalent to a linear
rgelationship betweely,, andS, which is observed to domi-
nate a large part of thB-T plane. Also, it must yield the
correct values of the power-law exponents for the observed
field dependences & (B, T) andJy(B,T).

4 ; .
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e v B <[ v APPENDIX A: SCALING AND POWER LAWS
'4_4 5 h ) 1 In Ref. 2 it was shown that the electric-field scaling of
n J(B,T,E) is compatible with Eq(4) only if the following
hold:

FIG. 4. The predicted values of the exponemtsandn for the
power-law field dependence df andU corresponding to each of J 3 InJg
the regimes in Fig. 3. Data for Tm Og g Crystals are shown — |
also gl | 19 %.U?’ 5.8 CIY: W J |nB ( J InB)

=0, (A1)
T



J
Jd InB

d InUg
J InB

(A2)

|

T

so that], andU, must have power dependences with respec
to B. If temperature scaling is present as well then the fol-

lowing must also hold:

d [dIndg o A3
dInB\ 9 InT B_ ’ (A3)
d [dInUgp) Ad
dInB\ gInT B_ (A4)

Bearing in mind the commutative property of partial de-
rivatives one can see that Eq6A3) and (A4) require
(dInJy/d InB)+ and (@ InUgy/d InB) (i.e., the exponentsn

andn) to be temperature independent. This implies separa-

bility and power laws(in B) for Uy(B,T) andJy(B,T):
Jo(B, T)=A(T)B™, (A5)
Uy(B,T)=W¥(T)B". (AB)

Substitution of Eq(5) into Eg. (6) then leads to the fol-

lowing relation betweery,,(B) and S(B):
Xxn=m+(nC-1)S. (A7)
Comparison of Eq(A7) with Eq. (8) shows that
a=m, (A8)
B=nC-1, (A9)

implying thata and g (i.e., the measured intercept and gra-
dient of they, vs S plot) are temperature independéas is
often observed
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TABLE I. (a) Predicted values within collective-pinning theory
for the exponent® andm at large driving forcesJ~J¢) in the
high-temperature limit T>Tg,. (b) Predicted values within

ollective-pinning theory for the exponemtsandm at large driving
orces J~J¢) in the low-temperature limiff <Ty,. The small
bundle case produces non-power-law behavior.

Parameter Single vortex Small bundle Large bundle
@
n 0 0 3/2
m 0 3/4 -1/12
(b)
n 0 712
0 -3
W(T)xCTBa(E, T). (A12)

Note that becaus® is independent oE, the weak electric-
field dependences of both and B, cancel out. Also, by
similar arguments, combining Eqg&®) and (4) leads to

‘]char(E:T)

W =const, (A13)
hence
‘]Chal(EyT)
A(T) m. (A14)

Again the weak electric-field dependenceslgf,, and B} .,
cancel out.

APPENDIX B: POWER-LAW EXPONENTS
IN CP THEORY

Here we extract some of the predicted dependencék,of
and J, on B given by CP(for three-dimensional behavior

Note that although, in principle, it is possible to have These dependences are obtained from Ref. 1. We have not

electric-field scaling without temperature scalifgr vice included regimes wher&o(B) and Jo(B) are not power
versa, within the interpretation outlined here this would re- laws, for these would be inconsistent with the observed scal-
quire the exponents andm to be temperature dependent. In iNg behavior ofJ(B); nonlocal effects within the VL may
the context of CP theory this is rather unphysical. HoweverdiVe rise to such regimes. . _

a different model for the underlying physics may well lead to  First we cover the regime where the driving fordes
different implications of the electric-field scaling that we ob- c/0se to criticality,J~Jc . HereU¢(J,B,T) is predicted to

serve.
The functionsW(T) and A(T) can be determined more

directly than suggested in Ref. 2, by using E8). and sub-

stituting forJy(B,T) andUy(B,T) with Egs.(A5) and(A6):

-1_
%. (A10)

Xin=m+
Bearing in mind that by definitiory,, is constant for all
B=Bna (Sec. IV A), it follows from Eq.(4) that
v(T)B

|: (r:]hal(E!T)

assuming that €~ —n) is constant(which is an accurate
approximation when —n>C™1, typically n~-1 and

C 1~0.05 so that small variations i@ have virtually no

effec)). Hence

kTC

=const, (A11)

be of the form

J a

Jc<B,T>} - B
whereU. andJ are the pinning energy and critical current
density, respectively. Power laws fag(B) andUy(B), i.e,
Je(B)«B™ and U(B)«B", are predicted in two limiting
cases, depending on whether the thermal-fluctuations are
greater or smaller than the superconducting coherence
length, corresponding td>Tg, and T<Ty,, respectively,
whereTy, is the thermal softening or depinning temperature.
Note that between these limits, more complex non-power-
law behaviors are predicted which cannot be in agreement
with experiment because they are inconsistent with the ob-
served scaling behavior of tHd (H) loops. The exponents
m andn for the two limiting cases are shown in Table I.

For small driving forces)<J., the functional forms of
U4(J,B,T) are predicted to be

Ue(J,B,T)= UC(B,T){l
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—u TABLE IlI. Predicted values for the exponemtsandm andu at

m , (B2) small driving forc_es J<J¢) in each of the pinning rggimes. The
L consequent predicted values gf and S (calculated withC=20)

whereUy(B) andJ,(B) are again power laws. Because hereare included also.

V(J3/J,) is also a power lawwith exponent—w), Egs. (5)

Uei(J,B, T)=Uq(B,T)

and (6) can be written as Parameter  Single vortex Small bundle Large bundle CDW
=m+n/u (neglecting the 1 term B3) N 0 —1/10 715 0
Xin w (neglecting A - 0 7/10 ~3/10 32
and m u7 5/2 719 1/2
_ Xin 0 33/50 312 312
S=1uC, (B4) S 0.35 0.02 0.064 0.1

hence bothy;, and S are predicted to be field and tempera-
ture independent for small driving forces. The predicted val-
ues form, n, andu and the corresponding values fg and  ate. It should be noted that if in some other system, the
S [using Egs.(B3) and (B4) and withC=20] are shown in measurements were to yield field-independgptand S, it
Table 1l (these results do not include the effects of thermalwould be possible to extract the value aof wm), but not
fluctuations of the VIL the individual values ofi andm. However for theories pre-

In this limit of low J, the theory gives for each regime just dicting U.(J,B,T) to be of the form of Eq(B2) it is ques-
a single point on thg,, versesS plot of Fig. 3. The observed tionable whether it is meaningful to considerandn sepa-
linear relation betweely,, and S with B as an implicit vari-  rately. The validity of doing so would depend on the physical
able demonstrates immediately that the theory is inapproprierigin of Ug(B,T) andJy(B,T).
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