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A system for the direct and continuous determination of the irreversibility line in High
superconductors is described. The system, based on a standard ac susceptometer, operates by
applying a controlled dc field to the sample that maximizes the imagioartyof-phasgcomponent

of the ac susceptibility. This control is achieved using a proportional-integral-derivative loop with
the reference set to zero and with the magnetic field derivative of the imaginary component of the
ac susceptibility taken as the feedback sangpeteor signal. To obtain a dc voltage proportional to

this derivative a double lock-in detection scheme is used. This apparatus is able to carry out a
continuous measurement of this line by sweeping the temperature in the range of interest while the
sample is maintained, by the controller, at the irreversibility magnetic field at each temperature.
Hence, the whole process is accomplished in the same time as a typical resistivity-
versus-temperature measurement, which is faster than other method€99&American Institute

of Physics[S0034-67488)02408-3

I. INTRODUCTION a sample, cooled under zero magnetic field, splits from the
same curve obtained when the sample is cooled under non-
In the H-T plane of a type Il superconductor three main zero field’ This procedure has to be repeated at different
regions can be found: Meissner, mixed, and norhfalelim-  field values and the curve constructed point by pd@itThe
ited by the lower H;) and upper K,) critical field lines,  second dc technique requires the measurement of the field at
as the field increase at any fixed temperature. The Meissngvhich the hysteresis loop closes at different temperafures.
state is characterized by a perfect diamagnetic behavior, Another set of techniques widely used to obtain the irre-
while in the mixed state, normal and superconductive regiongersibility line are based on ac susceptibility measurements.
coexist? A large constant magnetic field is modulated by a relatively
From a practical point of view one important parameterjow level periodic field. One criterion is to find the value of
in superconductors is the critical current densii)( the  the magnetic field that maximizes the imaginary component
highest current that can be applied to the sample withouyf the susceptibility(y”)®~** at different temperatures. An-
dissipation. The mixed state can also be separated into tWether criterion which has been used is the onset of the third
regions by a line called “irreversibility line*® below which  harmonic in the response of the superconductor to the ac
J. has a finite value and it turns to zero by crossing thissigna|}2
boundarﬁ The existence of this line reduces the range of Therma' activation plays an important ro'e in the mag_
application of high temperature superconductors. This justinetic properties of highT,. superconductors® hence, the
fies the experimental determination of this line and the negitical current and the irreversibility line depend on the
cessity of its physical understanding. characteristic time scale of the measurement technique. For
In order to obtain the irreversibility line in superconduct- jrstance, the position of the dissipation peak in the ac sus-
ors several techniques have been uséia common ap- ceptibility is modified by the measurement frequehty.
proach among them is the study of the magnetic properties 6fnerefore, irreversibility lines obtained by using different
the material under the external excitation of a magnetic ﬁelc{echniques show measurable differences.

either constant or periodic in time. The studies that use a Although these methods differ in several ways, they all

constant(dc) field can be further divided into two type&t)  nhaye one thine in common: they take a long time and several
The first one is based on the determination of the tempergnermal and magnetic cycles to obtain an irreversibility curve
ture at which the magnetization-versus-temperature curve Qfiin few points. In this work we present a technique that

allows, through the use of a proportional-integral-derivative

aElectronic mail: flores@ffuh.fmg.uh.edu.cu (PID) controller’® the determination of the irreversibility
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FIG. 1. Schematic diagram of the experimental setup. The excitation, modu- AH\ ﬂv H
A

lation, and pick-up coils are wounded coaxially inside the cryostat. The dc de
coil is immersed in liquid nitrogen surrounding the cryostat.

FIG. 2. lllustration of the working principle for the determination of the

. . eak position K e,), through the double lock-in detection technique. The
line continuously and fast. Our method needs only one theljgurve is a typical measurement gf vs applied magnetic field. Three dif-

mal cycle, is with an automatic adjustment of the dc field. ferent regions(A, B, and Q, and the modulation produced by the low
The system is based on a standard ac suscepto}ﬁeterf,requency ac field4&H) in each one of them, are observed in the graphs vs

and works by controlling the applied dc field to adjust it to "™

the value that provokes a maximum in the out-of-phase com-

ponent of the ac susceptibility. This is done by superimpos- . .

ing a low frequency field on the ac field commonly used inan be understood in terms of a small modulatiaiH) of

the ac susceptibility measurements, which modulates the &Eeddﬁ a_ppli_ed fi&\ld}ﬂdc)éHFigure 2.sh(;ws ﬂ;]e effect_of such
susceptibility signal and allow&ising a double lock-in de- modulation in ay” versustc curve; where three regions are

tection schemethe measurement of the magnetic field de_obser\;]edelc< preak’ Hdc:?"kejak’ andkHdc>HPeak‘ Indei';\c_h ‘
rivative of the out-of-phase component of the susceptibilityc"’lse,t € ac fow Irequency Tield provokes s,ome modu atllon °
X' signal. ForH 4c<H peax (case A the y” modulation is

as a dc voltage. This voltage is used as an error signal feﬁ]e . ! N
into a PID controller, whose output drives a programmablén ph:’:lse with Fhe fleld oscillation, ff,“"d°>Hpeak (case B
current source used to apply the dc magnetic field. As th(%he X modulqtlon is dephased 18.0 , and WHd@C:.Hpeak
controller tends to null the error signal at its input, the loop case G the signal at the modulation frequency disappears,

will lock in a state where the applied field matches the irre-and a_signa_l at twice_this frequency is obtained. L
versibility one, i.e., the field for which the out-of-phase com- It is obvious that if we synchronously rectify this signal

ponent of the susceptibility is a maximu@nd its derivative, with the SeCO”P' lock-in amplifiefusing as a referenc_e a
the error signal, equals zerdThis system allows the mea- voltage proportional tq the low frequency ac .f!)elait this
surement of the irreversibility line by sweeping only the tem—IOCk"n output there will be a dc voltage: positive fbiy

perature in the range of interest, while the controller adjusts<_|._|peak’ negatlve foer°>HPeak' and Z€r0 In the peak po-
the irreversibility field at each temperature. sition, and, in generdffor a fixed amplitude of the modula-

tion signa), proportional to the magnetic field derivative of
x'. If we use this voltage as an error signal in a PID control-
ler that adjust the current applied to the dc solenoid, and with
Figure 1 shows a general block diagram of the systenthe proper settings of the PID and circuit parameters, we
described in this work; it is based on a standard three-coil aobtain a control loop that will try to adjust the dc field to
susceptometer setup, where a fourth coil is added. The folguarantee that this error signal equals zero.
coils are coaxially placed inside a cryostat, immersed in lig- In our system, a €+ program running in a personal
uid nitrogen, with temperature regulation provided by a Lakecomputer(PC) performs the PID control action. The output
Shore 330 temperature controller. The pick-up coils areof the second lock-in amplifier is read by the computer
would in opposite directions to null the signal induced whenthrough the general purpose interface BG#1B). The first
no sample is placed inside them. One of the outer coils isock-in amplifier, the current source, and the temperature
used to generate the ac excitation fiéidout 0.1 mT at 1 controller are also connected in this bus. The computer
kHz) from which the ac susceptibility is obtained. The otherhandles all the measurement processes: it adjusts the phase
one is used to generate a low frequency figdout 0.2 mT  settings of both lock-in amplifiers, sweeps the temperature in
at 10 H2 for modulation purposes, as explained below. An-the range of interest, and controls the dc magnetic field
other coil placed outside the cryostat is used to generate dbrough the PID controller program. The algorithm imple-
fields up to 0.1 T(1000 Oe¢. The signal of the pick-up coils mented dynamically adjusts the PID coefficients to improve
is differentially injected to the first lock-in amplifier with the the controller responsg, but maintaining it in an over-
phase adjusted for the measurement of the out-of-phase cordamped mode to avoid field oscillations around the peak.
ponent of the susceptibility. The whole system works as follows: the temperature is
Although the low frequency field applied to the sample stabilized for a while at the highest value desired, then the
generates an ac susceptibility signal at its frequency, it alsBID controller starts to adjust the dc field until the peak

Il. SYSTEM DESCRIPTION



3636 Rev. Sci. Instrum., Vol. 69, No. 10, October 1998 Flores et al.

' ‘ ' ' ' ' ' ' ' amount of experimental points composindtitpically 500.
250 - 0.02 1 This facilitates mathematical processing of the experimental
I 3 001 | wﬂ i ] data.
= i .
200 b 33‘3 WM W i This method could be useful not only for these polycrys-
! -0.02 ] talline materials, but for the determination of irreversibility
= 150+ S T_9°K % 100 lines of samples that exhibit loss peaks in the out-of-phase
S i i component of the susceptibility, such as single crystals or
% 100 T thin films. Also this technique could be easily extended to
[ other criteria for the determination of the irreversibility re-
50 - gime, such the onset of the peak, onset of the third harmonic,
etc.
O T These measurements were made at temperature sweep-
80 85 90 95 100 ing rates up to 3 K/min, and no major differences were found

between the curves obtaindde only show the one for 3
K/min). It is important to stress that this limit is imposed by
FIG. 3. Intergranular irreversibility line for a BSCCO ceramic sample mea-the cryogenic system and not by the controller. For the fast-
sured using the system described in this westlid line), and determined €St temperature sweeps attainable, the controller performance

from the processing of severgl vs applied field curvegircles in a point-  \yas excellent.
by-point method.
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