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Abstract 

The onset temperature, Tt~, for magnetic irreversibility in high-temperature superconductors has been investigated as a func- 
tion of frequency (0.2 Hz ~<f~< 65 000 Hz) and DC magnetic field (0 < H< 4000 Oe). In Y-Ba-Cu-O crystals T~ is essentially 
independent of the frequency, while in Bi-Sr-Ca-Cu-O and T1-Ba-Ca-Cu-O crystals Tt~ exhibits a strong frequency depen- 
dence. For all three systems Tin(H) converges to a finite temperature as the frequency approaches zero. Analysis of the experi- 
mental data shows that conventional theories of thermally-activated vortex motion cannot explain the measured frequency de- 
pendence of T~. Rather, the data indicate that T~ forfo0 can be interpreted as a transition temperature separating the reversible 
vortex-liquid and the irreversible vortex-glass phases. 

1. I n t r o d u c t i o n  

Recent studies of  high-temperature superconduc- 
tors (HTSC's)  focus on the disordered vortex struc- 
ture in these materials [ 1,2]. According to these 
studies, as the temperature is lowered, the vortex sys- 
tem undergoes a phase transition from a "vortex-liq- 
uid" state, where the vortices are highly mobile, into 
a "vortex-glass" state, where the vortices are immo- 
bile and arranged in a sample-specific configuration. 
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For  a second-order phase transition, one expects a 
universal critical scaling behavior near the vortex- 
glass phase-transition temperature T r Critical slow- 
ing o f  the dynamics is also expected near T 8 with a 
power-law divergence of  the relaxation time [ 1,2 ]. 
In contrast to the vortex-glass phase-transition ap- 
proach, the conventional theories o f  thermally acti- 
vated vortex motion [ 3-6 ] predict that the mobility 
o f  vortices freezes gradually as the temperature is 
lowered. The vortex mobility is characterized by an 
attempt frequency, f, for hopping above the pinning 
barrier U, according to the Arrhenius law: 
f=foexp ( - U/kaT) .  

The controversy regarding the two approaches de- 
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scribed above, a phase transition versus a gradual 
freezing, recalls an echo of a similar debate, during 
the last two decades, on the nature of the transition 
into the spin-glass state [7]. In the latter, valuable 
experimental information on the spin dynamics was 
obtained from the response of the material to alter- 
nating magnetic fields at various frequencies [8]. In 
the present work we have adopted a similar experi- 
mental approach to study the vortex dynamics in 
HTSC's. Evidence for a vortex transition in HTSC's 
has been mostly based on magnetoresistence [ 9-15 ] 
and mechanical-oscillation [ 16] measurements. Re- 
cent work by Deak et al. [17] utilized third-har- 
monic AC measurements in studying the vortex-glass 
phase transition in YBCO thin films. Other studies 
of the frequency dependence of the AC magnetic re- 
sponse concentrated on measurements of the peak lo- 
cation of the out-of-phase fundamental susceptibility 
[ 4,18 ]. With few exceptions [ 18-20 ] the results were 
interpreted in the framework of the flux-creep model, 
identifying the peak location with the onset temper- 
ature, T~,., for magnetic irreversibility, However, this 
interpretation has been highly debated [ 21-23 ]. 

In this work we describe measurements of the fre- 
quency dependence of the onset temperature 7;r~ for 
magnetic irreversibility in different HTSC crystals. 
This temperature is probed by measuring the onset 
of a nonlinear magnetic behavior, as indicated by the 
appearance of high-harmonic components in the re- 
sponse to alternating magnetic fields [21]. Special 
precautions were taken to avoid the Campbell regime 
[24], assuring that the amplitude of the alternating 
field is sufficiently large to drive fluxons in and out 
of  their potential wells. This was accomplished by 
identifying the range of amplitudes for which the 
nonlinear response can be described by the critical- 
state model [ 25 ]. Using AC amplitudes in this range, 
we have interpreted the onset of a nonlinear response 
as the onset of  magnetic irreversibility. 

The phase-transition and the gradual-freezing 
models outlined above, both predict an onset tem- 
perature for irreversible magnetic behavior. How- 
ever, these models yield different predictions for the 
frequency dependence of this temperature. Accord- 
ing to the thermally-activated flux motion approach, 
the magnetic irreversibility results from gradual 
freezing of fuxons in their pinning centers. Above the 
irreversibility temperature Ti,,, thermal activation 

permits depinning offluxons to occur within the time 
scale of the experiment, leading to T,r~=0 for time 
scales approaching infinity, i.e. f ~ 0 .  In contrast, 
within the vortex-glass phase-transition model, one 
may interpret I;r~ for/-+0 as the transition tempera- 
ture 7~. separating the reversible vortex-liquid state 
and the irreversible vortex-glass state. We have at- 
tempted both approaches in explaining our experi- 
mental data for the frequency dependence of T,,., in 
different HTSC crystals. Our analysis indicates a clear 
discrepancy with the thermally activated flux-mo- 
tion model and a good agreement with the vortex-glass 
phase-transition model. 

2. Experimental 

Single crystals of three high-]; superconducting 
systems were investigated: YBa2Cu307 (YBCO), 
Bi2SrzCaCu2Os (BSCCO), and Tl2Ba2CaCu2Os 
(TBCCO). Three different YBCO samples were 
measured, referred to as YI, Y2 and Y3 (T,=92.5  
K, 91.2 K and 89.2 K, respectively). The sample 
preparation is described in Ref. [26]. One of these 
samples (Y3) was irradiated at low temperature ( 20 
K) by 2.5 MeV electrons in a fluence of0.138 C/cm~' 
[27]. The preparation of the BSCCO and TBCCO 
samples is described in Refs. [28] and [29], 
respectively. 

The experimental set-up is based on a miniature 
lnSb Hall probe [30] with a sensitivity of 50 IaV/G, 
capable of measuring the response of the crystal to 
either DC or AC magnetic fields. The Hall probe 
(80 × 100 ~tm 2 ) is attached to the c-face of the crystal 
using a thin layer ( ~ 5 ~tm ) of vacuum grease. The 
crystal and the probe are placed on a temperature- 
controlled sample holder inside two concentric coils 
providing the AC and DC fields parallel to the c-axis. 
The maximum DC field achievable in this set-up is 
limited to 4 kOe. The DC signal from the probe is 
read by a 1271 Datron, 8½ digits DVM, allowing a 
resolution of better than one fux  line over the active 
area of the probe. For the AC measurements, a two- 
channel 650 Wavetek synthesizer is used, where the 
first channel provides the current for the AC field 
generation and the second one provides a reference 
signal for an Ithaco 3961B lock-in amplifier, by which 
the in-phase and out-of-phase components of the 
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harmonic signals are measured. The minimal detect- 
able shielding current using this set-up is of the order 
0.1-10 A /cm 2. This is equivalent to picovolts sensi- 
tivity in transport measurements [ 31 ]. 

Our experimental technique is based on measuring 
the onset of  a nonlinear response to sinusoidal fields 
of various frequencies. This is interpreted as indicat- 
ing the onset of  irreversible behavior of the magneti- 
zation. As was pointed out by Konczykowski et al. 
[ 31 ], in this type of measurement, one should care- 
fully select the proper amplitude, HAc, of the driving 
field to avoid the Campbell regime. Campbell [ 24 ] 
showed that low-amplitude alternating fields might 
cause reversible oscillations of  flux lines inside their 
potential wells, giving rise to a linear response even 
in the irreversible state. In addition, a nonlinear re- 
sponse may result from oscillations of fluxons inside 
anharmonic potential wells. Clearly, a nonlinear re- 
sponse of this origin is irrelevant to this study. In or- 
der to identify the range of amplitudes which give rise 
to a flux gradient and the nonlinear response pre- 
dicted by the critical-state model [25,32-34], we 
measured the third-harmonic signal as a function of 
the amplitude HAO at different temperatures. 

Fig. 1 shows the amplitude dependence of the nor- 
malized third-harmonic signal, V3/HAo measured in 
sample Y1 at a frequency 177 Hz, in a DC field of 
1000 Oe at various temperatures. The sample was 
field-cooled from above Tc to the measurement tem- 
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Fig. 1. Amplitude dependence of  the third-harmonic signal mea- 
sured in YBCO sample Y1 at frequency 177 Hz and DC field 
1000 Oe at the indicated temperatures. The signal is normalized 
to the amplitude o f  the alternating field. The solid line is a fit to 
the critical-state model for T= 90 K. 

perature which was kept stable within 20 m K  during 
the measurement. In the range of low amplitudes, Fig. 
1 shows a nonlinear increase of  V3/HAc with ampli- 
tude, in contrast with the prediction of the critical- 
state model. However, one notices that this range of 
discrepancy shrinks as the temperature increases to- 
wards T¢. For example, the data obtained at 90 K is 
well described by the critical-state model, over a wide 
range of amplitudes, as shown by the solid curve in 
Fig. 1 [32]. Our measurements of Ti~ were concen- 
trated in a close vicinity of Tc and the amplitude of 
the alternating field was selected to be in the range 
where the experimental data agree well with the crit- 
ical-state model. We note that the "problematic" 
Campbell regime appears on the ascending part of the 
curves in Fig. l, while the onset of V3 (T),  in the pro- 
cess of cooling, should appear on the descending 
branch (or the "tai l")  of such curves. In this region 
demagnetization effects can be neglected, since the 
magnetization is very small. We have further verified 
that in the selected range of amplitudes, the onset of 
the third-harmonic signal is independent of  the am- 
plitude. This is demonstrated in Fig. 2 which de- 
scribes the temperature dependence of V3 for ampli- 
tudes of 0.5, 2.5 and 5 0 e ,  at a frequency of 177 Hz 
for the same YBCO crystal. 

The temperature dependence of the third-har- 
monic signal was measured in the frequency range 
0.2-65 000 Hz and DC field range 0-4000 Oe. Typi- 
cal data for YBCO are shown in Fig. 3 for H =  300 
Oe, at several representative frequencies. Three ob- 
servations can be made: 
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Fig. 2. Temperature dependence of  113 in YBCO crystal Y1 mea- 
sured at frequency 177 Hz and different amplitudes of  the alter- 
nating field. 
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Fig. 3. Temperature dependence of third-harmonic signal for 
YBCO crystal Y2 measured at the indicated frequencies in a DC 
field of 300 Oe. 

( 1 ) The th i rd-harmonic  signal rises abrupt ly  as the 
sample is cooled from above T~. 
(2)  The signal is strongly frequency dependent ;  as 
the frequency increases the signal decreases and its 
peak posi t ion is shifted towards  higher temperatures .  
(3 )  The onset of  V3 is weakly frequency dependent .  
The abrupt  rise o f  V3 at Tirr reflects a sharp t ransi t ion 
from a reversible to an irreversible state. The possi- 
bi l i ty of  a phase t ransi t ion will be discussed in detail  
in the next section. The decrease of  V3 with increas- 
ing frequency can be a t t r ibuted  to the decrease in the 
penet ra t ion  depth  of  the AC field as the frequency 
increases [35].  The peak is obta ined  when the alter- 
nating field fully penetrates  the sample, and  as the 
frequency increases this occurs at higher tempera-  
tures. A full analysis of  the frequency dependence  of 
the th i rd -harmonic  signal will be given elsewhere 
[ 36 ]. In the present  paper  we concentrate  on the fre- 
quency dependence  of  the onset t empera ture  of  this 
signal. 

Fig. 4 shows the frequency dependence  of  the Jr- 
reversibi l i ty  poin t  Ti= as de te rmined  from the onset 
o f  V3 for the three different crystals o f  YBCO, all 
measured in a DC field o f  300 Oe. Apparent ly ,  the 
frequency dependence  o f  Tir~ is sample  dependent ;  
however,  it is ra ther  weak, with a m a x i m u m  average 
var ia t ion  of  approx imate ly  0.1 K / d e c a d e  for sample 
Y 1. A much stronger frequency dependence  of  Ti~ is 
observed in both the BSCCO and TBCCO crystals as 
shown in Figs. 5 and 6, respectively, for various fields. 
In low fields the average var ia t ion  o f  Tir~ over  five 
decades o f  frequency is approx imate ly  2.5 K / d e c a d e  
for BSCCO and 6 K / d e c a d e  for TBCCO. On increas- 
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Fig. 4. Frequency dependence of the irreversibility point 7],~ for 
three different crystals of YBCO, all measured in DC field of 300 
Oe. The solid line for sample YI is a fit to Eq. (2) with 
v (c -  1 ) =6.5. 
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Fig. 6. Frequency dependence of the irreversibility point Tir, for 
TBCCO crystal measured at the indicated fields. The solid lines 
are fits to Eq. ( 2 ) with u ( z -  1 ) - 6 . 5 .  
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ing the DC field, the frequency dependence of Ti~ in 
the BSCCO and TBCCO crystals becomes even 
stronger, while in the YBCO crystals it remains weak 
(of order 0.1 K/decade for Y1 and less than 0.02 K /  
decade for Y2 and Y3, in a field of 4 kOe). It is im- 
portant to note from Figs. 4-6 that for all three sys- 
tems (YBCO, BSCCO and TBCCO) Tirr converges to 
a f inite temperature as the frequency approaches zero. 
The field dependence of T~rr for f--,0 is described be- 
low for the various systems. 

3. Discussion 

The two competing models described in section 1 
give different predictions for the frequency depen- 
dence of Tire. In the gradual-freezing scenario the ir- 
reversible phase is a non-equilibrium state which 
slowly decays towards equilibrium via thermal-acti- 
vation processes. The relaxation time z is related [ 3 ] 
to the pinning energy U and temperature T according 
to the Arrhenius law z= zoexp(U/kBT). If the time 
window of the measurement is much larger than z, 
the system will appear reversible. Thus, for a given 
frequency,f, the onset ofirreversibility is expected to 
be at a temperature T~= for which z is of the same 
order as 1/f. Therefore, 1 / Ti~ should be linear with 
In(f): 

/ ~ /  ~ U 1 
In(f) = In ( f o ) -  ~k-BB)~T-~i~) " ( l )  

Fig. 7 describes the logarithm of the driving fre- 
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Fig. 7. Logarithm of the driving frequency as a function of the 
inverse of the irreversibility temperature for three HTSC systems 
in a field of 300 Oe. Solid lines are attempts to fit the data to Eq. 
(1). 

quency as a function of the inverse of the irreversi- 
bility temperature for the three HTSC systems in a 
field of 300 Oe. The data for YBCO show the linear 
relationship predicted by Eq. (1); however, the fit 
yields unphysically large values for the activation en- 
ergy ( ~ 20 eV) and forfo ( 10 s° Hz). For BSCCO and 
TBCCO the data deviate from linearity and cannot 
be fitted to Eq. ( 1 ) with a constant U. We thus fit the 
data in the lower temperature range where presum- 
ably Udepends only weakly on the temperature (solid 
lines in Fig. 7); The fits yield unphysically large val- 
ues for U andfo similar to those obtained for YBCO. 
One may attempt to fit the data over the whole tem- 
perature range by taking into account the tempera- 
ture dependence of the activation energy Uin Eq. ( 1 ). 
Note that in this process we add additional parame- 
ters to the fit, hence decreasing its reliability. Never- 
theless, for any reasonable assumption [ 37 ] on U(T) 
(e.g. U= Uo( 1 - (T /Tc ) " ) ,  m =  1-4) we obtain for 
Uo values which are orders of magnitude higher than 
those reported from relaxation measurements [4]. 
We thus conclude that gradual freezing of fluxons 
cannot describe the measured frequency dependence 
of Tir~ in these crystals. 

The frequency dependence of Ti~ may be better in- 
terpreted in the framework of the vortex-glass phase- 
transition model. For a second-order phase transi- 
tion at T v one expects a power-law divergence of the 
correlation length ~oc I T -  T~I - ~, characterized by a 
critical exponent v. Critical slowing down of the dy- 
namics is also expected near Tg with a power-law di- 
vergence of the relaxation time: zoc I T -  Tsl - %  where 
z is the dynamical critical exponent. From the latter 
relationship one can deduce the frequency depen- 
dence of the irreversible temperature [ 1,2 ]: 

T ~ , ( n , f )  = Tg(H) + A ( n ) f  ,/~(z-,) , (2) 

where Tire(H, 0) is identified with T s ( H  ). The solid 
lines in Figs. 5 and 6 show fits of this relationship to 
the experimental data obtained in BSCCO and 
TBCCO. In these fits we fixed v ( z - 1  )=6.5,  to be 
consistent with the values determined in transport 
measurements [9,10,17,38 ]. From these fits we de- 
duce the field dependence of the transition tempera- 
ture T s for BSCCO and TBCCO as shown in Fig. 8. 
For YBCO, a reasonable fit to Eq. (2) is obtained 
only for one sample (Y1, solid line in Fig. 4). For the 
other two samples which show essentially no ire- 
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Fig. 8. Transition temperature Tg(H) for YBCO, BSCCO and 
TBCCO deduced from Figs. 4-6. Solid lines are fits to H ~ ( 1 - Tg/ 
T<)P. 

quency dependence of Tirr, n o  attempt was made to 
fit the data, and T~ was identified with the frequency- 
independent value of Ti~. It should be noted that in 
the scale of Fig. 8 the Tg values for the three YBCO 
crystals are indistinguishable. The three curves in Fig. 
8 describe a fit to a power law Hoc ( 1 - T~/T,. )P, as 
predicted by the vortex-glass phase-transition model 
[ 1,2 ]. The derived exponentsp= 3.8, 2.6, and 3.8 for 
YBCO, BSCCO and TBCCO, respectively, deviate 
markedly from the predicted values [ 1,2 ] of 4 or 2. 
However, one should keep in mind that because of 
the multiple fitting process and the number of pa- 
rameters involved, the accuracy of the derived expo- 
nents is very limited and the data for BSCCO may be 
consistent with p = 2. Nevertheless, the outstandingly 
large value ofp  obtained for YBCO and TBCCO re- 
quires a further explanation. We note that because of 
the large slope of Tg versus Hin  YBCO, all the Tg(H) 
data are concentrated in a limited range of tempera- 
ture close to To. Most of this range is within the fluc- 
tuation region [39,40] of the zero-field supercon- 
ducting transition To. (The width of this region is 
approximately 0.5 K for YBCO [40].) This is in 
contrast with the bulk of other experimental data 
where much higher fields were used and therefore 
their derived values of Tg are far below the fluctua- 
tion region. These experiments [ 10,16 ] yield p val- 
ues which are consistent with the theoretical predic- 
tions. However, it should be noted that so far, no 
theoretical description of the vortex-glass transition 
in a magnetic field within the fluctuation region has 
been developed. Therefore, our results in YBCO may 
indicate a qualitatively different T~(H) behavior 

within and outside the fluctuation region of the zero- 
field transition. It is difficult to adopt this approach 
in explaining the large value of p obtained for 
TBCCO, since the range of Tg(H) data for this crys- 
tal is extended over approximately 40 K below T,,. 
More measurements on different TBCCO crystals arc 
required to resolve this problem. 

Another issue which requires an explanation con- 
cerns the large variations in the rate of change of I~, 
with frequency exhibited by the different HTSC sys- 
tems. This can be attributed to the prefactor A in Eq 
(2) which may depend on the system as well as on 
the quality of the sample. A thorough understanding 
of these issues requires further investigation. Never- 
theless, our experimental observations of diverging 
time-scales for the onset of irreversibility and the 
power-law dependence, depicted in Fig, 8, point to a 
phase-transition rather than a gradual-freezing 
process. 

In the previous paragraph we attributed the differ- 
ence in the frequency dependence of Tg(H) among 
the various HTSC systems to the prefactor A in Eq. 
(2). The exceptionally weak frequency dependence 
o f  Ttr r in the YBCO crystals calls for further discus- 
sion. The data for one sample (Y1) show some fre- 
quency dependence of 7;rr, which was analyzed above 
in the framework of a second-order phase-transition 
model. However, the other two samples (Y2 and Y3 ) 
show practically no frequency dependence (see Fig. 
4), suggesting the possibility of a first-order phase 
transition. Such a transition is expected in the clean 
limit of an unpinned Abrikosov lattice, as was re- 
cently shown by Monte Carlo simulations [41 ]. Ex- 
perimental evidence for a first-order phase transition 
was observed in transport measurements in un- 
twinned YBCO single crystals [ 15,42 ]. Similar mea- 
surements in twinned crystals indicate a second-or- 
der phase transition [ 10]. Thus, one may conclude 
that the level of defects in the crystals influences the 
nature of the transition. This conclusion is supported 
by recent magnetic measurements of T~, in thin films 
[17] which show a much stronger dependence on 
frequency than that exhibited by our crystals. Fol- 
lowing this conclusion one may attempt to attribute 
the differences in the frequency dependence of 7]rr in 
our three YBCO samples (Fig. 4) to the different lev- 
els of defects in these samples. However, it is difficult 
to accept this explanation in the light of the fact that 
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sample Y3 was electron irradiated and, therefore, 
there is no reason to believe that this sample is cleaner 
than the unirradiated sample Y 1. 

Finally, we comment on our AC magnetic tech- 
nique for determining Ts(H). This technique con- 
sists of two steps. First we measure the onset of a 
nonlinear magnetic response as a function of fre- 
quency and identify it with the onset Ti~ of magnetic 
irreversibility. Second, we extrapolate the data to zero 
frequency and identify Ts(H) with Tt~(H,f) for f - ,0 .  
Since Ti~(H,f) >! Tg(H), it follows that the onset of 
a nonlinear magnetic response may be in the liquid 
phase at temperatures well above Ts(H ). This is con- 
sistent with the experimental information obtained 
from the conventional I - V  (current versus voltage) 
measurements of  T s. In these measurements, T s is 
identified by the isotherm for which V is propor- 
tional to I '~, with a >  2.5 for all current scales [9,40]. 
For a constant I, as the temperature is increased above 
T~, ot decreases gradually towards a = 1 characteriz- 
ing the ohmic regime. A nonlinear magnetic response 
may already be expected for ot > l, i.e., in the liquid 
phase [43,44 ]. 

In conclusion we have measured the frequency de- 
pendence of the onset temperature, Ti~, for the mag- 
netic irreversibility in HTSC's. This dependence can- 
not be described by an Arrhenius law as predicted by 
the conventional theories of  thermally activated vor- 
tex motion. In contrast, the experimental data for 
YBCO, BSCCO and TBCCO suggest that Tir~ for f--,0 
may be interpreted as a transition temperature sepa- 
rating the reversible vortex-liquid phase from the ir- 
reversible vortex-glass phase. The kinetics of the 
transition is consistent with a second-order phase 
transition. Two YBCO crystals exhibit practically no 
frequency dependence of Tin suggestive of a first-or- 
der phase transition. More work is required to under- 
stand the physical reasons for the strong variation of 
Tire(f) among the different HTSC crystals. 
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