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The complex ac magnetic susceptibilitieg, & x,,+ixn) of high-T. superconductors in absence of dc fields
have been studied by numerically solving the nonlinear diffusion equation for the magnetic flux, where the
diffusivity is determined by the resistivity. In our approach the parallel resistor model between the creep and
flux flow resistivities is used, so that the crossover between different flux dynamic proctssesally
activated flux flow, flux creep, flux flowcan naturally arise. For this reason we remark that, as the frequency
increases, the presence of a different nonlinearity in different regions off-thecharacteristic determines
nonuniversal temperature dependencies of xhe i.e., they, are found to be not universal functions of a
frequency- and temperature-dependent single parameter. Moreover, the actual frequency-dependent behavior is
also shown to be strictly related to the particular pinning model chosen for the simulations. Indeed, for large
values of the reduced pinning potentid) \KT=220) and for increasing frequency, a transition has been
observed between dynamic regimes dominated by creep and flux flow processes. On the other hand, for smaller
reduced pinning potentials, a transition from the thermally activated flux (fl@#f) to the flow regime occurs.
In qualitative agreement with available experimental data but in contrast with previously used simpler models,
the amplitude of the peak of the imaginary part of the first harmonic is shown to be frequency dependent.
Moreover the frequency dependence of its peak temperature shows large discrepancies with approximated
analytical predictions. Finally, the shapes of the temperature dependencies of the higher harmonics are found
to be strongly affected by the frequen¢$0163-182€09)02217-1

[. INTRODUCTION ture of such models is the highly nonlindaV characteris-
tics.
Dissipative effects in the mixed state of hidh-supercon- The general nonlinear diffusion problem cannot be solved

ductors have been investigated by different dynamic techanalytically. In longitudinal geometrylong slab or cylin-
niques, such as “ac magnetic” susceptibility'ac trans-  der9 analytical solutions are available f6y the linear limit,
port” measurements, and mechanical oscilldr. corresponding to the regimes of thermally activated flux
Furthermore, the low-frequency complex susceptibiligy, ( flow'® and flux flow when the magnetic-field dependence is
=x,Tixn) is also used to determine the critical currentneglected, andi) highly nonlinear(stepwis¢ |-V character-
density? It is known thaty,, can be regarded as the Fourier istics as in the Bean mod&lwhere the solution is described
coefficients of the steady magnetization cycles in the presby the critical state which should be recovered in the zero-
ence of an external oscillating magnetic field, being suctrequency limit.

coefficients determined by the magnetic flux entering and In transverse geometfghin platelets or films in a perpen-
leaving the sample. Therefore it is necessary to study thdicular magnetic fiel recent analytical results have ex-
nonlinear diffusion-like equatiGrwhich governs the spatial- tended the Bean model to thin stripsand disks and
temporal evolution of the local magnetic fieB] where the squares?~® accounting also for the finite thickness of
role of the flux diffusivity is played by the resistivity, specimert? In the presence of ac fields, a discussion of the
which is a function of temperatufg local fieldB, and local ~ frequency and amplitude dependence of the threshold be-
current densityd. In such description the various regimes of tween a linear and nonlinear response has been reported for
flux dynamics are introduced through the/ characteristic, the vortex liquid and vortex glass stafés®

which in turn depends on the different pinning mechanisms Some of the experimental features of the temperature de-
operating in the material. As a matter of fact, considerablependence of,, and x,, have been successfully explained by
efforts have been devoted to the development of theoreticahe critical state model and its generalizatidns’: However,
models for the description of flux pinning and dynamics inthe observed frequency dependence of the fundantérfal
high-T, materials: from the Kim-Anders8nto the and higher harmoni82° cannot be described within the
vortex-glas§collective pinning model&® The common fea- framework of the critical state. As a consequence, the simul-
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taneous presence of hysteretic and dynamic losses has to bietions is also presented. Finally, Sec. IV is devoted to sum-
included in the model description. Numerical methods theremary and conclusions.

fore have to be applied for solving the nonlinear magnetic

diffusion problem. Within such approach, the time evolution Il. THE NONLINEAR DIFFUSION EQUATION

of flux profiles and magnetization curves have been calcu- _ )

lated by many author¥:** Moreover, results have been also ~ We consider a hard superconductor in the geometry of an
reported in literature for the complex rf magnetic permeabil-homogeneous-infinite slab with thickness, an presence of

ity in a parallel static magnetic fieltland for the ac suscep- @n ac external magnetic fielBe,(t) =B, sin(2mt), applied
tibility in presence of a dc bias magnetic field, calculated inParallel to the sample surface. In such a one-dimensional
the flux creep regim& Recently, the ac response of thin case the nonlinear diffusion equation for the local magnetic
superconductors has been studied in the flux creep regime Bigld B inside the sample is reduced to

numerically solving the integral equation which describes the

flux diffusion in the transverse geomet/Some authors ﬁ_i p(B,J) ‘9_8
suggestetd® the possibility of a universal behavior de- ot x|\ mo | ox
scribed by the single scaling paramet§w,T), i.e., the ef- ) o ) .
fective penetration length, which is related to a frequencyvhere p(B,J) is the resistivity which, in absence7 of a dc
dependent critical current. In this approach the susceptibilimagnetic field, strongly depends on the local fiBlé" Such
ties can be written ag,=f,(5(w,T)). Such behavior has resistivity is taken as the parallepz), between the "flux
been also consider&ton the basis of a comparison betweencreep” (pe) > " and the “flux flow” (pg) > resistivities:

the experimental temperature dependence of the third-

harmonic susceptibility and a semianalytical approach. 1 _i_iJri

To our knowledge, while the frequency dependence of the p(BJ) ppar_ P P
peak temperature has been extensively stutfiét;*%an is-
sue that has not received a careful inspection is the frequency (D) [ Juy(t)
dependence of the peak amplitugé, which has been re- Pcr(J):ZPc< 3 )e (Up(DIKT) Sln"(m), (€©))
ported in a few experimental work$-** Furthermore, also ¢
the theoretical description of the frequency dependence of
the higher harmonié8?” has not been fully developed.

In this paper we shall focus on the temperature and fre-
guency dependence of the ac susceptibijy(T) (funda-
mental and its harmonigsvithout dc bias magnetic fields,
starting from the numerical solution of the nonlinear mag-
netic diffusion equation. With respect to previous literature
works, the diffusivity has been described in terms of a “par-
allel resistor model,**~*incorporating both flux creep and )
flux flow resistivities. In this way, different nonlinear behav- Bey(t)=B(0) (1-t9) (5)
iors naturally arise in different regions of theV character- ° (1417
istic: at very low current values the “Taff” regime corre- ) ) . .
sponds to a linear behavior, while for currents close to the N€ prefactot’ p. in Eq. (3) is determined by the condition
critical one an exponential increase of the voltage appear®e{dc) =psi, SO that pc=pg. For JUp/JKpT<1, the
leading again to a linear behavior frJ in the flux flow T1aff” resistivity limit ( prr) of p(J) is recovered:
regime. In general, the approach usually reported in

B )(Up(t)

: @

@

B
pi=pn(T) 5, 4
Beo(t)

wheret=T/T, is the reduced temperaturd,(t) is the pin-
ning potential J;(t) the critical current density] the current
density deduced by the local magnetic profile, &q(t) is

the upper critical field written &8

literaturé®*Cis to consider the same nonlinear behavior for _o (
the overall I-V characteristic(for instance a power law PTt=<Pn Beo(t)/\ KT
Val", with n>1). On the contrary, our approach accounts
for changes of the nonlinear behavior produced by variations Within this approach the fluctuations effects in the resis-
of the currents induced by the ac magnetic driving field. As divity are neglected; indeed, sint,(t) andJ.(t) vanish as
consequence, a nonuniversal behavior appears, especially Tr- T, the normal-state value of the resistivity is recovered
the general shape of the temperature dependence of highier such a limit. The resistivity decrease due to fluctuations
harmonics. should lead only to a smearing of the temperature dependen-
The paper is organized as follows. In Sec. Il the nonlinearkies neafT.. Moreover, to identify the dominant dissipative
diffusion problem is formulated in terms of a partial differ- process in different temperature and/or frequency regions,
ential equation, together with the parallel resistor model forthe diffusion equation has been also studied using some lim-
thel-V characteristics. To study in some detail the effects ofits of Eq. (2), i.e., p1;, pers OF P -
thermally activated processes in different cases, we have The description of the total resistivity by means of a par-
chosen different temperature functional dependencies for thallel resistor model is based on the assumption that dissipa-
pinning potentialU,(T) and the critical current density tion processes are a sequence of independent flux creep and
Jo(T) related to particular pinning models. Local magnetic-flux flow events!® Within such approach the different re-
field profiles, magnetization cycles, aggd(T) are discussed gimes of flux motion(Taff, creep, flow are smoothly con-
in Sec. lll. Moreover, a comparison of numerical results withnected in theE-J characteristic. As the increase of the fre-
available experimental data and analytical approximated preguency of the magnetization cycle corresponds to an increase

—(Up(t)/KT)‘ (6)
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of the electric field, the crossover from a we@keep to a In the second forn{ll ), assuming the Ginzburg-Landau
strong(flow) frequency dependence, is recovered in a naturalemperature dependencies for the thermodynamical critical
way. magnetic fieldB.(t) [Eg. (5)] and the coherence length

Equation (1) is numerically solved by means of the £(t)= & (1+1t2)Y%(1—1t?)%?], we have the following:
FORTRAN NAG (Ref. 55 routines, where adimensional vari-

ables have been introducedX=x/d; t=t/ty; t _ (1-t)12

=uod?/p*; p*=1uQ m. Moreover, the normaliozed 19re— Up(B/D U0(1+t2)1z' (103
guencyv* is related to the frequency of the applied mag-

netic field by the following:v* = uod?v/p* wherev is the (1t

frequency in Hertz angig=47x10"" N/AZ, ‘JC(t)_JO(lHZ) ' (10b)

The boundary and initial conditions are, respectively,
Indeed in such model, the pinning potentiél, is

B(11)=B(—1.t)=Bysin(27v*1), estimated”®® as the condensation energy denskif(t)
times a volumet®. In this case it has been assumed that a
B(%X,0)=0, (7) fluxoid intersects a small pinning site of volungé (core

. _ interactior). The elementary pinning force is given dy
where B, and »* are the amplitude and frequency of the _ U,/& and the macroscopic forde, results from a proce-
magnetic field, respectively. The algorithm computes they e of direct summation of elementary fordgs 515

time evolution of the local-field profile by integrating the |, ihe |ast pinning modellll ), a fast decrease af ,(t)
' P

discrete version of Eq(l) using the method of lines and with the temperature is assumed, whereas a decreakétpf

Gear's method for a fixed number of spatial mestgpi- i ormediate between the first two cases has been chosen:
cally 100. The periodic steady magnetization lool B)

are calculated from the difference betwe@(t)), that is, (1—t2)%2

the volume average of the profig(X,t), and the instanta- Up(B,t)=U0(1+t2)1; ’ (113
neous value of the applied magnetic fiﬁgﬁ). In particu-

lar, the calculated magnetization loop is considered as a Je(t)=Jp(1—1%). (11b

steady state when the differendB=(B(t,.1))—(B(t,))is  Similar dependencies have been introduced to account for
lower than 103B,, beingt,=(1/v*)(n+3%) andn an inte-  the existence of the “giant flux creep®°'taking the pin-
ger. The complex susceptibilitieg, and x, are then calcu- ning potential asJ ,= Hg(t)*(agg), whereag: ¢o/B is the
lated as area of a unit cell of the flux lines lattic& The macroscopic
force F,, results also in this case from a direct summation

, 1 (2 e - procedure of elementary pinning forcég=U,/\, wherex
Xn_qTBO 0 M(o*t)sin(w* t)d(o™ 1), (83 s the London penetration depth. The temperature depen-
dence ofU, andJ; in Egs.(118 and(11b) stems from the
o B 5 5 temperature dependencekldf,(t), &(t), and\(t). In a first
Xﬁ:w_Bo . M(w*t)cog w* t)d(w*t), (8b) approximation, a weak temperature dependencex,of<

= ko(1+1t?) Y2 and the Gorter-Casimir temperature depen-
dence ofA have been assumed. It should be noted however,
@at for highT. superconductors experimental evidence
susceptibility, the temperature dependenciesUgft) and exist€? in favor of temperature dependencies other than the
J.(t) have to be specified. A natural choice is to rely on two-fluid model. Nevertheless, expenmenta_l data re-
ported by different groups are not entirely consistent with a

pinning models invoked in the literature for explaining ex- M~ d denceofheref h fluid
perimental data on irreversible magnetic properties. In partnique temperature dependence\ptherefore the two-flul

ticular, three functional temperature dependencies have beéﬂOdel has to be re_garded as a useful starting ppint. The
considered, corresponding to differepdU (T)/dT] and comparison of the different temperature dependencies of the
[dJ (T)/de in the limit T—T P pinning potentials (normalized to the zero-temperature

Cc c-

In the first oneJ %% we have value, revealg,_ that(i) U,(1)>U,(lll') for all th_e reduced
temperatures(ii) U,(1)>U,(Il') up tot=0.9, while neafT

wherew* =27 v*.
In order to account for the temperature dependence of th

Up(B,t)= Uo(1—t%), (99  the opposite behavior occur@ij ) Upy(l) is quite constant up
tot=0.6; fort>0.6 it decreases very quickly if compared to
(1—1t2)52 the other casesjv) U(lll') describes a fast decrease of the
Jc(t)=\]om§, (9b)  pinning potential with temperature. Fdr, we haveJ.(l)

<J(N)<J (1) at any temperature.

where Uy=U(T=0). Such temperature dependencies of

U, andJ. arise within the collective pinning model, where Ill. RESULTS AND DISCUSSION
vortices are supposed to be pinned by randomly distributedA M ic-field orofil d stati o |
weak pinning centers, possibly related to local variations of agnetic-field profiles and stationary magnetization cycles

the electronic mean free path. Such a model has been used to The material parameters used for the simulations pertain
describe the behavior of stoichiometric yttrium-based thinto an YBCO slab of thickness d=2cm, T.=92.3K,
films. Br(0)=112 T, Uy(0)/K=2x10*K, J,(0)=10° A/m?.
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FIG. 1. Magnetic field profiles af=91.5K for Bo=2 mT and 03¢
w*t=m/2, evaluated for different normalized frequencies; o2k
= (uod?v/p*), in the case of the parallel resistivipgs, and col-
lective pinning model. The parallel is calculated between creep 0.1

and flow resistivity, i.€.ppa= pedlps . The value ofp™ is 1 uQm.
Symbols refer to:(--A--) v*=10"% (--H--) v*=10"3; (-V¥-)
v*=10"%; (-X-) v*=10"% (—@—) »*=1. Results with only 0.1
creep resistivityp,, for »* =104 and pinning model (--A--) are

also shown for comparison. The solid line represents the Bean

M (mT)

-0.2

model prediction. 03F 3
’0‘4 1 1 1 . L1 kb 1 1 0
H H ) -2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 2.
Neglecting fluctuations arounf,, the normal-state resistiv- B (mT)
ac

ity is pn(T)=po(1+aT), where a=55x103K™1

po(To)=2x10"% QO m, and'A|'=T—TO.32'63 FIG. 2. Magnetization cycles calculated &=92 K and B,
Our analysis has been restricted to the case of a smaiff2mT in the pinning model case: (@ with pyy for different

applied ac magnetic field in absence of a superimposed larg¥malized frequencies™: (-A--) 10°% (--M-) 10 % (-¥-)

dc component; therefore the magnetic-field dependencies df (%) _10 : (_.__) 1 (b for_”*:lo with_different

J. andU,, are very weak and they can be neglected. More eSiStVitiesp: (--A~) ppar; (-0-) por; (—@—) py. The Bean

over, any explicit spatial dependencies of the pinning paramP"édiction is also shown for comparisésolid line).

eters have not been considered. In any case, being thermally

activated processes negligible at low temperature, we havimes of the cycle shows, also in such a case, large differ-

first verified that at low temperature and for low frequencies.ences from the critical state determined 1jy.

the solutions of the diffusion equation reprOduce the critical As the transition temperatureT((: 92.3 K) is ap-

state picture corresponding to an effective critical currentyroached, the contribution of the flux flow component has a
densityJg close to but lower thad,. larger weight even at lower frequencies. In Figa)2we re-

As suggested by several authdtshe increase of the fre- port the frequency dependence of the magnetization cycles at
quency results in the increase of the electrical field, correg? K, whereas Fig. @) shows the magnetization cycles,
sponding to higher values ot . Nevertheless, at higher computed at* =10 * for different resistivities with the pin-
frequencies, significant deviations from the critical state dening model. The critical state result is plotted too, but just
scription are present due to the flux flow component of theor reference purpose. As a result, the field diffusion at low
parallel model, in such a way that, at' =1, the parallel frequency is determined, close T, by the flux flow resis-
result is practically equal to the flux flow one. tivity.

The field profiles forpp,, at different frequencies are re- We wish to remark on the unexpected and somewhat sur-
ported in Fig. 1, where the external field is equaBigand  prising shape of the cycles, which seems to be the result of a
Up/KT=260K andJ.=2.4 KA m~2 corresponding to the critical state with a magnetic field dependence of critical cur-
pinning modell at T=91.5K. The profiles corresponding to rent density. Such result confirms what was previously re-
the critical state, tp, at »* =104 are also plotted for com- ported by other authors. We ascribe such an anomalous
parison. At the lowest frequencyt =10"?) the creep pro- behavior mainly to the field dependence of the flux flow
file is practically identical to the parallel one. For frequenciesresistivity, i.e.,pxz=p,B/B¢,(t): physically, the collapse of
larger thanv* =101 the field profiles determined by the the cycle for increasing absolute values of the applied field
“parallel resistivity” are practically identical to the flux flow can be explained by the increasing of the resistivity with the
ones. It should be noted that the “parallel resistivity” gives field. By the way, the field dependence is present also in the
at v* =10 * a constant field gradient which apparently sug-creep resistivity through the coefficiept. From the analy-
gests a behavior similar to the critical state with a value ofsis of the field profiles it comes out that the origin of the
JE<J.. However, the inspection of profiles at different bump corresponding tBe,=0.26 mT in Fig. 2b) is related
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to the presence of regions of the sample in which the field 00—
and the corresponding resistivity are close to zero, so that a
vanishing diffusion coefficient determines larger difference

. . 0.2+
between the internal and the external field: However, the -
presence of the anomalous bump in the magnetization cycle I
appears only at low frequency and closeTta 0.4+

N
B. Susceptibilities 061
1. Fundamental harmonic L
0.8

In this section we analyze the temperature dependence of mene
the first harmonic ac susceptibility(, x7) at different fre- F
quencies by comparing the behaviors predicted by the three 10— =0 =~ "5 015 920
pinning models. The “parallel” resistivity ,, will be used
in the numerical analysis as well as the resistivities describ- DT .
ing single loss regime&Taff resistivity p1¢, creep resistivity i
per; flux flow resistivity pg). To clarify the notation, we
remark that the symbolg/(«;8) and x.(«;B) denote the
susceptibilities, witha=1,I1,11l , (pertaining to the pinning
modelg and 8= par,Tf,cr,ff (pertaining to the resistivity loss
mechanism

In general, from the analysis of magnetic field profiles and
magnetization cycles it is expected that at low frequency and
low temperature, the behavior of susceptibilities should be
critical-state-like. On the contrary, as the frequency or/and
the temperature increases, the diffusion of the magnetic field
due top+ or p., and pg becomes more and more relevant.

2o VIRVER VNS

Moreover, neail; or at higher frequencies thg; dominates " 890 895 900 905 910 915 920

the diffusion process. Since the relevance of thermally acti- T (K)

vated processes is strictly related to the value of the ratio

U/KT, we expect that in the moddll at any temperature, FIG. 3. First harmonic susceptibilities vs temperature Bgr

the influence on the susceptibilities of diffusive phenomena=20mT, calculated for different normalized frequenciésin the
should be larger than for the other two models. The mdidel case ofpp,, and pinning model: (a) real parts f1); (b) imaginary
should exhibit a larger influence of activation processes up tparts (7). Symbols refer to:(--A--) v*=10"% (-B--) v*
85 K if compared to the model. However, an opposite =103 (--¥--) »*=10"%; (-X-) ¥*=10"". The Bean prediction
behavior is expected between 85 K and the transition temis also showr(solid line).

perature.

Our simulations have been performed for two values oftially dominated by the flux flow; therefore the explanation
the ac magnetic-field amplitud®,=2 mT and 20 mT. The 2 of the large value of the peak amplitude should be found in
mT results are closer to accessible experimental datdhe dependence gi; on the local magnetic field. All the
whereas, due to the well-known amplitude dependence of thi¢atures found for 20 mT appear for 2 mT at higher tempera-
susceptibilities, the 20 mT simulations are intended to give dures, where the thermally activated processes become more
better understanding of the behavior at lower temperaturegelevant and enhance the differences with respect to the criti-
The temperature dependencies of the ac susceptibilities igal state behavior.
the modell, x;(I;par) andy}(l;par) are shown in Figs.(8 As far as the temperature dependencgf ; par) is con-
and 3(b) at different frequencies fd,=20mT. The critical ~ cerned, the transition is sharper at lower amplituBgsand
state predictions are also reported in the same plots in ordérigher frequencies. The analysis f(l;par) as a function
to stress the relevance of thermally activated processes. of frequency at fixed temperature reveals that the relative

The main features can be summarized as follofjsat  variation with frequency, i.e., [Lxi(I;pan)]/
low frequency the calculated temperature behavior is criticalf dy;(1;par)/dv* ] is much higher nedf . Indeed, neaf .,
state-like; however the zero frequency limit of the ac suscepthe shielding effects are only due to the frequency induced
tibility is different from the critical state prediction and, in dissipative currents, which vanish in dc conditions; however,
particular, the peak temperatule, is lower than the Bean ga significant shielding exists at low temperature also in the
predicted valuej(ii) the maxima ofx7(l;par) are always zero-frequency limit, due to the critical current. Moreover, a
higher than the critical state valug’{(Bean)},,~0.24); (iii)  distinctive feature witd d?y;(I;par)/dT?]<0 appears afl
both the peak temperatures and amplitudes increase with fre=90.6 K andv* =102 [Fig. 3@)]: such behavior is related
guency. At the highest frequency considered, the peak ante the crossover between regimes dominated by creep and
plitude isx7(l;parma~0.5 whereas for a constant resistanceflux flow phenomena.
the value isy](p)mac=0.42. As previously shown in Sec. Indeed, aty* =102 and for T<90 K, the x/(I;par)

[l A, the magnetic-flux diffusion at high frequency is essen-curve merges with the pure,, result, which appears closer
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to the critical state prediction in the whole temperature

range. On the contrary fof >90.7 K, thepg contribution
becomes more and more relevant.

At frequencies lower thanv* =102 the behavior of
x1(I;par) is described by, whereas for frequencies above
v*=10"1 x/(I;par) coincides withy](ff), in the whole
temperature range investigated. By the way, in the mbdel
the p¢ resistivity is ruled out in describing the temperature
dependence of] .

A similar analysis has been performed for modélsind
Il (not shown for the sake of brevityln both cases the

susceptibilities in different resistivity regimes have been

compared to understand the dominant resistivity regime.

In modelll, for t>0.3, J. is higher compared to model
particularly nearT.. For this reason at each frequency the
peak of x| (Il ;par) is sharper in modél and the transition
width of x; (Il ;par) is narrower, all such features developing
in a very narrow temperature range around The main
features obtained ardi) at low frequencies, i.e.,v*
=10 %103, the behavior of; (Il ;par) aboveT, is essen-
tially determined by . To strengthen such a statement, the
“Taff condition,” J/J (t)XU/KT<1, has been also
checked. ForT<T,, the behavior ofy/(ll;par) is essen-
tially the same ofy](ll;cr); (ii) at intermediate frequency
v*=10"2-101 the xj (Il ;par) merges iny;(ll ;cr) for all
temperaturesiii) for v* =1 nearT.(*=0.1K) the flux flow
resistivity gives a small contribution t@7 (Il ;par).

In the pinning modelll , the temperature dependence o
J. is intermediate between modélgndll ; on the contrary,

f

the pinning potential vanishes in a quicker fashion, so tha
the giant creep phenomenon is expected to be more relevag

also at lower temperature3 £80K), inducing large differ-
ences between the critical state and the actual diffusion of th
magnetic field. The main features of tyg(lll ) temperature
dependencies ar@) for v* =10 %, the temperature depen-
dencies ofy (Il ;par), x;(lll ;cr), andx7(lll ;Tf) are very
similar; (i) differences betweeg(Ill ;par), andy](Ill ;Tf)
[which is close to xj(lll;cr)] appear for
10 3<p* <10 2—such differences are amplified just above
the peak temperatures and the behavior could be ascribed
a significantp contribution; (iii) the differences between
x1(Ill ;par) andy(lll ;cr) seems to be negligible for 16

sp*<1.
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FIG. 4. Calculated peak amplitudg|(T,), vs frequency for
different pinning models in thg, case. The symbols afe----) |
for collective,(— -—--—) Il for core interactions(——-) Il for
giant flux creep. The parameter values &rg(0)/K=2x10*K,
J.(0)=10A/m?, B.,(0)=112T.By=20mT is the amplitude of
the ac applied magnetic fieB,..

as the frequency increases, the increasing contribution of the
flux flow resistance leads to a smooth growthd{(T,) up

to values larger than 0.5. As previously stated, such large
value is determined by the implicit nonlinearity present in
the magnetic-field dependence of the flux flow resistivity.

By the way, in pinning moddll such a high value of the
peak of yj(ll ;par) appears for each frequency; thus such
feature is again related to a “magnetic-field dependent” lin-
ear or a “weakly moderate nonlineaf*V characteristic, as

the case of theq; dominant resistivity. In such case how-
ver, as the frequency increases, the exit from the Taff con-
dition towards a stronger nonlinear behavior causes a reduc-
fion of the peak. Finally, in modéll the overlap of the Taff
and the flux flow resistivities induces an almost constant
peak value=0.5. For these reasons, in the analysis of experi-
mental data, the different frequency dependencies of the
peak amplitude for the three models can give an indication of
the actual dominant dynamic process.

Usually ac susceptibility data are often reported in arbi-
t@ry units, making a quantitative comparison between ex-
perimental and numerical results very difficult to perform.
Therefore the analysis has to be necessarily restricted to a
qualitative discussion of the trend of data with frequency

It should be noted that an anomalous behavior occurs a&nd/or temperature. Furthermore, a quantitative comparison
low frequencies in a few tenths beldly: as the temperature with published experimental data in absence of a high dc
increases, a decreasing pf(lll ;par) as well as an increase magnetic field is not achievable. Nevertheless the increase of
of xj(lll ;par) occur. Such results are due to the unphysicathe peak amplitude ofy with the frequency is evident in

S . . —-41
nonmonotonic increase with temperature of {hg resis- Some papers _
tivity in  model Ill, showing a maximum, As far as the peak temperature is concerned, a general

PM(91.5K)~3+1072 m. For this reason the results ob- result common to the critical state descriptions is its relation
tained atT>91.5K, where the Taff is relevant, have to be t0 the value of the critical current densify: the peak tem-
rejected. perature is closer and closer 1@ asJ. increases.

The frequency dependence of thé peak amplitude and In the analysis of the frequency dependence of peak tem-
peak temperatureT,) for the modeld, Il , andlll are sum-  Perature, using an zagg;gzoach similar to that of the present
marized in Figs. 4 and 5. As far as the peak amplitude i$aPer many authdf$****suggested an Arrhenius-like rela-
concerned, its frequency variation is clear evidence of thd&ionship between the frequency and the invers& pof
absence of a universal behavior, which should otherwise lead
to a constant peak value.

In the pinning modell, the low-frequency behavior is (
close to the critical state witf/(T,)~0.3. On the contrary,

K
Uy(Tp)

T—p=C— )In(f), 12
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numerical results. Large slope differences with the numerical
solutions clearly appear. Finally, in Fig(p the numerical

1.06] @ . results are also compared with the analytical frequency de-
- pendence off, derived from the condition yielding thg]
27 Lol ] peak for a pure resistange®® d(wuq/p)?=1.2/2. In the
~a N case of the Taff resistivity, the peak frequerfgy is
) ]
o o D..\_.DjLﬂ fr=f(Tpe (Up(Tp)/KTp), (13

s where

Loo] l\ -

0.98 L L " . ) f(Tp)z2-8&Pn/Wdzﬂo)[B/BCZ(Tp)][Up(Tp)/KTp]-

107 10° 10' 10? 10° 10* 10° o _
1.0860 102 . . . . . . For magnetic-fieldB values comparable to the amplitude
of the ac field, the agreement between the numerical solu-
Losssi0d K ] tions and Eq.(13) is reasonable.. Considerir)g an effective
: LN (b) value of B equal to3 of the maximum amplitudd,, the
o~ " agreement is very good. For such reason the large difference
3«1 5\ ] between Eqs(12) and(13), shown in Fig. 5, implies that the
B '*\ factor f(T,) cannot be neglected, since it strongly changes
=T . 1 the slope of the T/, curve.
. Following the above discussion, a qualitative comparison
1.0840 107} ’%-.x\ with experimental data can be performed: Figa)5shows
B TV o< xx data referring to YBa,Cu;O; grown by melt-powder—melt-
10835 107 ool i . - - ] growth methot and YBaCuO single crystaf. As a matter
10 1010 }iqmg 0t 1 10 of fact, only a few published measurements have been taken

in absence of large dc magnetic fields. In spite of the some-
FIG. 5. (a) Calculated inverse of the normalized peak tempera-what arbitrary choice of the parameterfJ,(0)/K
ture To/T,y(x7) vs frequency for different pinning models. The =2x10* K, J(0)=10"° A/m? d=1 cm, p.=ps] used in
symbols are(-----) |, (— -—-—) Il, (=—=) lll . The three short our numerical analysis, the behavior of the melt-grown
full lines represent the Arrhenius-like dependengigs. (12)], ob-  sample appears to be similar to tHe model dependence.
tained by theU,(T,) values corresponding to intersecting points Dye to the error bars appearing in published data, a best-fit
with the numerical results in the respective pinning model. Theprocedure is meaningless, however, in order to fit the melt-
literature data for YBCO single crystdl,]) and YBCO semifused grown sample data with the other two models, too large val-
data(A) are also shown. The thickneds- 1 mm is used for single ues 0fJ,(0) andU,(0) should be supposed.
crystal, d=1 cm for semifused(b) a detail of theTc/Ty(x1) vs For the single crystal the increase of the slope with the
frequency, for pinning modell (—--—-—), where(X) repre-  goq,6ncy appears to be close to the collective pinning pre-
sents theT,(x;) values calculated with Taff resistivity, i.e., with diction (modell). However, also in this case, the uncertainty
formula pri=2pn[B/Bey(t) JU,(1)/KT]e (Ve T. The solid oo sample size and the presence of non-negligible
line Srigiﬂf tge f;hinijs('gl;e rle(;l%tizlnsgipéTr(]g)paﬁr;?eéValueaeometrical effects gives only a qualitative meaning to the fit
are U, =2X , Je(0)= m<, B¢,(0)= . Bg . . .
=20mT is the amplitude of the ac applied magnetic fiBld. gTieg%?iBgfiizuggg the size of the smglle crystal eqL!aI to
~ 5 ple thickness used in our numerical

whereC is a constant. In a very small frequency range, corSimulations, a two order-of-magnitude frequency shift
responding to very small, variations U, can be considered Should be expected. As reported in Figaj5a qualitative
constant, so that the linear dependence &, bh In(f) has agreement appears. Once again, in order to fit the single-
been used to derive the value of the pinning potential. FofryStal data with modelll , too large values 08.(0) and
larger frequency ranges, &3 increases with the frequency, Uo(0) should be supposed. Moreover the single crystal data
U, decreases, so that E4L2) predicts a slope increasing cannot be fitted with moddl since, as shown in Fig.(B),

with the frequency. On the contrary, the results of the nuihis model predicts a decrease of the slope with the fre-

merical solutions of the diffusion equation, reported in Figs.dUeNcy increase in opposition to the experimental results and

5(a) and b) for the three pinning models, show a mono- PiNNing modell. _ ,
tonic increasing slope only for modé! . In any case, our key result is the large difference between

As expected from Eq(12), the comparison among the numerical solutions an_d the slope of. th.eTg./curve.[Eq.
numerical frequencyT, dependencies shows that larger (12)]; therefore the derivation of the pinning potential from
slopes are present in pinning models with lower pinning pO_the frequency dgpendence of the first harmonic susceptibility
tentials, so that the slope analysis can give a qualitative inShould be exploited very carefully.
dication of the actual pinning model. Conversely, a quantita-
tive proportionality of the slope with W/, predicted by Eq.
(12), is not verified. In fact, in Figs. ® and 5b) for the

2. Third harmonic

As expected, in absence of a dc magnetic field, even har-
three models the linear dependencies predicted by(E2). monics are found to be equal to zero. The analysis of pro-
[determined by the value dfl, corresponding tol, (0.8 files, cycles, and first harmonic has shown that for the pin-
Hz)] are depicted by full lines intersecting the correspondingning models considered, the magnetic-flux diffusion is in
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FIG. 6. Third harmonic susceptibilities vs temperature Bgr
=20mT, evaluated with the flux flow resistivity; for different
normalized frequencies*: (a) real part (y3), (b) imaginary part
(x%). Symbols refer to:(--A--) v*=10"% (--W--) v*=10 3
(V) v*=10"%; (-X-) v*=10"% (—@—) v* =1.

FIG. 7. Third harmonic susceptibilities vs temperature evaluated
for Bp=20 mT and different normalized frequencie$, with the
Taff resistivity, in the pinning model: (a) real parts, f3); (b)
imaginary parts, ¥5). Symbols refer to(--A--) v* =10"%; (--H--)

_ o v*=10"% (V) »*=10"% (-X-) v*=10""; (—@—) v*=1.
many cases dominated by tlpg or py resistivity: in such
linear cases(i.e., a linear |-V characteristic higher The temperature dependencies of the real and imaginary
harmonic$ should be absent. However, the magnetic fieldpart of the third harmonig;(1;par) andyj(l;par) for the
dependence of the two resistivitigsys and py can induce, parallel resistivity, are reported in Figs(aB and 8b) for
even in presence of an ac field only, a nonlinear behavior ijifferent frequencies anB,=20 mT; the Bean critical state
the diffusion equation. Therefore in this case too, higher harresult is also plotted for comparison. In such cases, the in-
monic components are present in the susceptibility. As agrease of the frequency gives rise to meaningful qualitative
example,x;(ff) and x3(ff) calculated forpy are reported in  differences in the temperature dependencies and, as a conse-
Figs. §a) and &b), whereasy;(l;Tf) and y5(I;Tf) calcu- quence, it is not possible to describe the susceptibility com-
lated for p+¢ are shown in Figs. (@) and b) for the pinning  ponents in terms of a single scaling paraméter.

modell. The real parts display negative values and bell-like In particular, forv* =104, the overall shape of the curve
shapes, with peak temperatures increasing as the frequenmysembles the critical state behavior but with some differ-
increases; at the highest frequenay,=1, x;(I;Tf) and ences. In the critical state, the real part is always positive
x5(ff) are negligible except that in a few tenths of a Kelvin whereas the diffusion calculation yields negative values for
aroundT.. On the other hand, the imaginary parts show anl <90.7 K [Fig. 8@]. Moreover, for temperatures around
oscillatory behavior: it displays positive values on approachT.. the critical stateyz(l) has a negative value whereas the
ing T. and negative values at lower temperatures. As thdliffusive process yields small positive values.

frequency increases, such behaviondf1l ; Tf) and x3(ff) The temperature dependence of the third harmonics, cal-
occurs closer and closer n culated Withpparfor v* = 1072 andv* = 1071 [FlgS E{a) and

Following the scheme of the previous section, we start th&(b)], show large differences from the critical state predic-
study of odd harmonics in the pinning modelusing the tion. Indeed,x;(1) is always positive for the critical state,
parallel resistivity. Even in such a case, the single compowhile for »* =10"2, x3(I;par) has large negative values
nents of the third harmonicyg, x3) are analyzed separately, with the presence of two minima aroufft=90.5K andT
because their features cannot be unfolded from the analysis92 K. For »* =101 only a negative peak appears just
of the modulus. below T.. As far asyj(l;par) at»* =102 is concerned,
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FIG. 8. Third harmonic susceptibilities vs temperature evaluated FIG. 9. Third harmonic susceptibilities vs temperature evaluated
for Bo=20mT and different normalized frequencig$, with pp,, for Bo=20mT and different normalized frequencie$, with the
in the pinning modell: (a) real parts §3); (b) imaginary parts creep resistivity in the pinning modét (a) real parts §3); (b)
(x%). Symbols refer to:(--A--) v*=10"% (--H--) v* =103 imaginary parts t3). Symbols refer to(--A--) v*=10"%; (--H--)
(--V¥--) »*=10"2% (-X-) v*=10"1. The solid lines are the Bean v*=103; (--¥--) v*=10"2; (-X-) p*=10"1.
predictions.

x3(Il;par) with frequency develops in a narrower tempera-

qualitative deviations from the critical state behavior appeature range AT=0.2K).
aboveT=90.2 K, with the presence of a positive maximum An immediate feeling of the dominant contribution to the
aroundT=92.2K whose amplitude increases with the fre-diffusion process comes from thgj(ll ;par) plots. Indeed
quency. As previously stated for the first harmonics, suchy;(1l ;par) always takes negative values with a large nega-
behaviors are essentially determined by the flux flow resistive peak similar to Taff and flux flow behaviors, opposite to
tivity; in fact for »*>10"2 andT>91.5 K the results of the the Bean model result. In particular, the following statements
parallel model[Figs. 8a) and 8b)] coincide with the flux can be made ony(ll): (i) at the lowest frequencies, the
flow one[Figs. 6a) and Gb)]. parallel result is close to the “Taff” one(ii) as the fre-

It can be showiiFigs. 9a) and 9b)] that results obtained quency increases, the parallel result is similar to the flux
at different frequencies using the creep resistivity only yieldcreep behavior. Therefore for the pinning modlel as the
a mere shift AT~0.5K) of the curve toward'.. Further-  frequency increases, the “parallel resistivity” show a transi-
more, if larger ac fields are applied or a lower critical currenttion from Taff to creep regime, with a significant contribu-
density is assumed, all the structures of the curves shift téon of the flux flow at the highest frequency investigated.
lower temperature. For values such that f4¢!;cr) peak is Even for the pinning modelll , the analysis of higher
placed below 85 K, the diffusion result is practically identi- harmonic is confirmed to be a more stringent test with re-
cal to the critical state one. spect to the fundamental harmonic. In such case, due to the

Within the framework of the pinning modél, the tem-  lower values of both critical current and pinning energy, the
perature dependencies of the third harmonics are shown imain features of the third harmonic appear in a temperature
Figs. 1Ga) and 1@b) for different frequencies atBg range wider than for the other pinning models.
=20 mT. The Bean critical state prediction is also plotted Results fory;(lll ;par) andy3(lll ;par), are presented in
for comparison. The analysis af;(Il;par) andy3(ll;par)  Figs. 1Xa) and 11b). The y5(lll ;par) plot displays negative
confirms the results obtained for the first harmonic, but withvalues in a wide temperature range, clearly differing from the
some differences: indeed, the shift of3(ll;par) and positive critical state prediction. For frequencies abave
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FIG. 11. Third harmonic susceptibilities vs temperature evalu-
FIG. 10. Third harmonic susceptibilities vs temperature evalu-ated forBo=20mT and different normalized ftequengle’s, with
ated forB,=20 mT and different normalized frequencies, with ~ Ppar N thf pinning modelll : (a) real part*s, ks)j4(b) |mag|na£y
pparin the pinning modell : (a) real parts §3); (b) imaginary parts ~ Parts, (). Symbols refer to:(--A-) p*=10"% (-M-) v

(x2). Symbols refer to:(~A-) v*=104 (--W--) v* =103 =10"3; (--¥--) v*=10"2; (-X-) v*=10"1. The solid lines are the
(~-¥--) ¥*=10"2; (-x-) »*=10"1. The solid lines are the Bean Bean predictions.
predictions.

IV. SUMMARY AND CONCLUSIONS

-3 ; O - _
210” , the negative peak gf(11l ;par) and the oscillations The temperature dependencies of the first and higher har-

of x3(lll ;par) disappear. By analyzing the behaviors ofgnics of the complex magnetic susceptibility have been
x3(l1l ;par) obtained with different resistivities forms it can analyzed by numerically solving the diffusion equation for
be argued that(i) for 10 *<»*<10 2 the behavior of the local magnetic field, using a parallel resistivity model
x3(1l ;par) is similar to that ofy3(Ill ;Tf) up to 88.8 K,  which takes into account both creep and flux flow processes.
differing for higher temperatures; for the same frequenciesVithin such approach different nonlinear behaviors are
creep and Taff yield very similar resultéi) for 10" 1< v* present in different regions of theV characteristic. The
<1 the x5(Ill ;par) andyj(lll ;cr) curves merge; only very simulations refer to an YBCO slab in presence of longitudi-
nearT, the flux flow gives some contribution. nal ac magnetic fields of 2 and 20 mT, in the frequency range
A general fact common to the different pinning models is0.8—8x 10° Hz. The absence of a dc field restricts our analy-
that the increase of the frequency determines a change in ttsés only in a few K belowT .. The material parameters rel-
nonlinearity of the dominant resistivity and of the relatedevant for the calculation are: the critical current density at
magnetic-flux diffusion coefficient. Such variation producesT=0 K [J.(0)=10 A/m?], the upper critical field
significant qualitative changes of the shape of the temperdH.,(0)=112 T], and the pinning potential af =0 K
ture dependencies which cannot be described by a sing[eJ,(0)/K=2X 10°K]. In any case, the main results are not
scaling paramete$(w,T). In other terms, the susceptibilities affected by the exact parameters values chosen for the cal-
cannot be written ag,=f,(8(w,T)), since any frequency culations.
change determines variations of the functidp6s(w,T)). Three distinct pinning models have been considered,
As far as a comparison with experimental data is conwhich determine different temperature dependencies of the
cerned, to the best of our knowledge susceptibility data colpinning potential and the critical current density. The firt
lected in absence of dc fields are not available at the preseit the collective pinning model; the thii@l ) resembles the
time. giant flux creep model, while the secofidl) shows larger
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pinning potentials and very larger critical current densities incriterion for the identification of the actual pinning model;
a temperature range of 10 K beloly . however, for this purpose, the absolute calibration of the sus-
In general, the performed analysis points out that the cureeptibility apparatus is necessary. Anyhow, a more pressing
rent densities generated by the ac fields determine differerixperimental criteria for the choice among different pinning
regimes of flux motion(Taff, creep, flow in temperature and models can be given by the inspection of the frequency de-
frequency ranges, which depend on the pinning models. Thgendence of both peak amplitude and temperature.
transition between different regimes induces a nonuniversal |ndeed, as far as the frequency dependence of the peak
behavior in the temperature dependence of the SUSCEPUb"temperature is concerned,, clearly increases within any
ties. This crossover cannot be analyzed in simpler modelfodel since it is related to the increase of the induced cur-
previously used in the literature. rents driven by the field frequency. However such dependen-
In particular, for the collective pinning modéland for  cies appear to be qualitatively different in the different pin-
the lowest investigated frequencies, a behavior similar to thﬂing models which show a similar frequency dependence of
critical state is found in some regions of the magnetizationhe amplitude. For instance, the amplitude analysis can give
cycle, with an effective current densitys (T,»)<Jc(T).  similar results] x(peak)~0.5] even for very different dy-
Such differences are more significant closeTia In any  namic regimesTaff, flux flow) determined by different pin-
case, the value off (T,») increases with the frequency. In ning models; however these different regimes can be dis-
such cases the diffusion process is determined by the creepiminated by observing the frequency dependence of the
phenomenon with the presence of currents high enough tpeak temperature. As a matter of fact the numerical behavior
drive the system far from the Taff limit. In such conditions found for the different model is in a qualitative agreement
the overall behavior can be described, in a first approximawith experimental data found in literature for different mate-
tion, by a single scaling parameter. However, as the frerials.
guency increases, the induced currents increase in such way A second key result is the large difference observed be-
that the flux flow contribution cannot be neglected, so that atween the numerical slope of Tl vs Inw and the value
the highest frequencies and closeTp, the magnetization —K/U, predicted by the analytical approximated
cycles are completely determined by the flux flow process. Irapproac}?2 Thus a lot of care should be taken in the deter-
these conditions an overall behavior far from the critical statemination ofU, from the frequency dependence of the peak
is found so that the scaling procedure is not allowed. temperature, experlmentally observed. As far as higher har-
For the pinning modell , the higher values of the critical monic components are concerned, the crossover between dif-
currents are such that the main features of the susceptibilitiferent dissipative regimes, induced by the frequency in-
develop withn 1 K below T, so that thermally activated crease, strongly affects the shape of their temperature
processes become relevant. In this case at low frequencigiependence.
the parallel resistivity is in the Taff limit, which in turn goes A third key result is the relevant presence of high harmon-
to the creep regime for temperatures above 92.1 K. Only ats even for diffusion processes dominated fdyy and pr¢
the highest frequencies investigated and within a few tenthgesistivities, as long as the dependence on the local field is
of K nearT, the flow component gives some contribution. introduced. These resistivities are responsible for large quali-
In model lll the lower values of the pinning potential tative differences in the temperature dependencies of the
determine a larger relevance of the thermally activated prothird harmonics. In this way, the analysis of real and imagi-
cesses also at lower temperatures, so that the main featuresry components of higher harmonics is confirmed to be a
of the low-field susceptibilities appear in a range~ef0 K more stringent test for the choice of the pinning model with
below T.. Even in such a case, at the lowest frequency andespect to the fundamental harmonic.
below 87.5 K, the susceptibilities are determined by the Taff In conclusion, the presented analysis describes tempera-
resistivity whereas, at higher temperatures and higher freture and frequency dependencies of the susceptibilities in
guencies, the diffusion process is no more in the Taff limitcontrast with simpler models which leads to functional de-
and a flux flow contribution appears. pendencies of the susceptibilitigs= f ,(5(w,T)) depending
A key result of this work is the frequency dependence ofonly on a single scaling parametéfw,T). Therefore we
the amplitude of the peak of] which is related to different believe that no critical state description, even refined for the
nonlinear behaviors of the different ranges of th¥ char-  frequency dependence, can describe the physical phenomena
acteristic, determined by the current values induced by theinderlying low-frequency—low-fields complex ac suscepti-
magnetic-field variations. Indeed, the peak amplitude genembility measurements. Indeed, as the frequency increases, our
ated by a field dependent linear resistivitijux flow or Taff) numerical analysis shows significant variations of the func-
is of about 0.5, whereas the highly nonlinear behavior of theions f,(T). Such variations are due to the transitions be-
creep resistivity gives rise to a peak value closer and closexeen different dissipative processgsff, creep, flowy.
to the critical state predictiof0.24) as the nonlinearity in- For these reasons, the experimental criteria to discrimi-
creases. For such reason in our conditions for mbdes the  nate among different pinning models can be given by the
frequency increases, the transition from creep resistivity to &requency dependencies of the susceptibilities and in particu-
flux flow one generates an increase of the peak value. On tHar of the absolute amplitude of the peak, and of the peak
contrary, inll model, the transition from Taff to creep re- temperature for the imaginary part of the first harmonic.
gime, generated by the increase of the frequency, yields However for a deeper analysis a full best-fit procedure will
reduction of the peak. Finally, a constant peak val{e5is be necessary, using numerical simulations taking into ac-
found in modellll for the Taff to flux flow transition. count the different losses mechanisms in the different pin-
These three different behaviors give a first experimentahing models.
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