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An attempt has been made to determine the irreversibility temperatures [7,(H)] via the merger of
zero-field-cooled and field-cooled magnetizations, via the vanishing of the isothermal hysteresis, and via
the appearance of the differential paramagnetic effect in specimens of lead and niobium. The first
method appears to define a lower limit on 7T,(H) and does not necessarily indicate a true thermodynamic
region near T.(H). The differential paramagnetic effect, however, is a qualitative feature whose presence

is sufficient to imply reversibility.

The magnetic phase diagram of high-temperature su-
perconductors (HTSC’s) is considered to be divided into a
thermodynamic region near the superconducting-normal
phase boundary [T,.(H) line] and a nonequilibrium region
below an irreversibility (H,,T,) line.! The commonly
used magnetic methods to experimentally determine this
irreversibility line are as follows:

(i) Miiller, Takashige, and Bednorz? had introduced
temperature-dependent measurements of field-cooled
(Mgc) and zero-field-cooled (M ;i) magnetizations in a
constant field H and identified the temperature below
which these are different with T,(H). As noted by
Malozemoff,® M o(T) and Myc(T) approach each other
asymptotically, and so the precise value of T,(H) should
be determined by the resolution of the experimental data.
Another manifestation of this is the observation by Xu
et al.* and Xu and Suenaga’ that the measured T,(H)
values strongly correlate with the extent of hysteresis.

(ii) The isothermal M (H) measurements can also be
used to map the irreversibility line. Finnemore et al.®
emphasized that the width of hysteresis AM(H) becomes
negligible near H,,(T) in a HTSC compound and the
magnetization curve in that region yields equilibrium
response. Kritscha et al.” have recently adapted this
method in an attempt to determine H,(T) values; howev-
er, this procedure is more laborious.

(iii) An out-of-phase ac susceptibility X7 (T) measured
in a constant dc field H is often used to quote the T,(H)
value. While the temperature at which Yz(T) peaks is
referred to as T,(H), the analyses used® assume that the
sample is irreversible as soon as Y (T) is nonzero. The
difference between actual and the quoted T,(H) values is
therefore large when the peak in Y3 (T) is broad. Even at
the low frequencies employed in such ac methods, there
are contributions to x%(7) from the electrodynamics of
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the normal state,””!! possibly from the thermodynamic
superconducting state!? as well, which are usually ig-
nored, but which can further complicate the analyses of
the x5 (T) data to yield a'true T,(H).

(iv) The existence of a reversible magnetization
response close to T.(H) should give rise to a paramagnet-
ic signal when in-phase ac susceptibility x5 (T) is mea-
sured in a constant H. This, identified in type-I super-
conductors and referred to as the differential paramagnet-
ic effect (DPE) by Hein and Falge,'* has only recent-
1y'*~ 16 been used to test the existence of the reversible re-
gion in HTSC compounds.

The results obtained by the various methods described
above often show some disagreement for the same system
(see, for instance, Ref. 7). Further, while a DPE in x5 (T)
has been observed in Tl- (Refs. 14 and 15) and Bi- (Ref.
15) based HTSC compounds, this effect has not been ob-
served in YBa,Cu;0,.!® Hein et al.'® assert that this ab-
sence of the DPE “forces one to conclude that the rever-
sible region in M and Mg scenarios is not a thermo-
dynamically reversible one.” My rc and Mgc measure-
ments have also been used in recent years to identify
T,(H) in conventional superconductors,'” 2! and careful
measurements on specimens of a type-I superconductor
Pb resulted in an inference?' that the observed irreversi-
bilities in some situations may not be a material (bulk)
characteristic. Besides the qualitative disagreements re-
ferred to above, there have also been differences in detail.
For instance, most studies indicate that T,(H) satisfies a
power-law relation 1—7T,(H)/T,(0)=aH?Y, with the ex-
ponent g in the range +-2 in HTSC’s.! Detailed mea-
surements show a somewhat larger value of g in some
thin-film specimens of HTSC’s;* Rossel et al.,”® Sigdahl
et al.,”? and de Rango et al.? find different values for g
in different H regions in PbMo¢Sz, YBa,Cu30,, and Bi-
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based (2:2:2:3) compounds, respectively.

Motivated by these various approaches, we have used
methods (i), (ii), and (iv) to study the (H,,T,) line in two
specimens of conventional superconductors Pb and Nb.
We have chosen a type-I and -II material since the physi-
cal basis of irreversibility in the two cases are different.
We can thus dwell on the relative efficacy of various
methods in general, to detect the magnetically reversible
region. Since the problems in analyzing x5 (7T) are aggra-
vated® !¢ for these metallic superconductors, we shall not
use method (iii) for reporting 7T,(H) data in the present
report. Our detailed measurements in the given Nb
specimen bring out the fact the merger of M -(T) and
Mgc(T) is indeed asymptotic, and it seems to correspond
to critical-current density J,(T), decaying to zero as
T—T,.(H),** and not necessarily to thermodynamic re-
versibility below T,(H). The results in the Pb specimen
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FIG. 1. (a) Isothermal magnetization hysteresis data in disk-
shaped lead specimen at 4.7 K. (b) Isothermal magnetization
hysteresis curve in niobium powder specimen at 4.2 K. The in-
set shows the forward and reverse hysteresis curves near the H,,
value on an expanded scale; the two curves are seen to asymp-
totically merge at H,,.
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reinforce the belief that the observation of DPE, howev-
er, is a qualitative feature, the presence of which is
sufficient to imply the existence of a reversible region of
magnetization near the T, (H) line.

The Pb disk (diameter =4.15 mm and thickness =2.15
mm) and Nb powder specimens used have been subjected
to some experimental work reported earlier.!®?!?> Fig-
ures 1(a) and 1(b) show the isothermal magnetic hys-
teresis data recorded using a Quantum Design supercon-
ducting quantum interference device (SQUID) magne-
tometer in the two specimens. The data are recorded at
discrete field values at close intervals. The continuous
lines in Fig. 1(b) are smooth curves drawn through data
points. The Pb disk specimen in Fig. 1(a) is oriented with
its cylindrical axis perpendicular to the magnetic field, so
as to avoid the setting up of persistent surface currents
which can give rise to large hysteresis.?! A noteworthy
difference between the two curves of Fig. 1 is the per-
sistence of hysteresis in the Nb specimen up to its H,
value [see inset, Fig. 1(b)]. In contrast, the Pb specimen
appears to have large reversible region [Fig. 1(a)] near its
H_(T). However, the FC and ZFC magnetization values
at 4.7 K in the Pb specimen are different up to at least
300 Oe (see Ref. 21 for details). The M, p-(T) and
Mgc(T) curves for different H values merge as the tem-
perature is raised above 4.7 K. The T,(H) values so
determined®! obey an apparent power-law behavior with
g~1. We have recorded M,pc(T) and Mc(T) data in
Nb powder as well to much higher accuracy than done
earlier'? at H =20, 50, 100, 200, 300, 400, 600, 1000, and
3000 Oe. Figure 2 displays temperature dependence of
ZFC and FC susceptibility values at a few selected fields,
viz. H =20, 100, and 3000 Oe. The arrows mark the
merger temperatures designated as 72V(H), at nominal
resolution. Figure 3 contains plots of the difference sus-
ceptibility Ax[=xzpc(T)—Xpc(T)] versus temperature
at H =20, 100, and 3000 Oe. From such data one can
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FIG. 2. Temperature dependence of zero-field-cooled and
field-cooled susceptibilities in H =20, 100, and 3000 Oe in a
niobium powder specimen. The arrows mark the merger tem-
peratures [T\*'(H)] at which the pairs of curves appear to
merge at nominal resolution.
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pick out the temperatures [to be designated as T *?(H)]
at which Ay approaches zero to a resolution level which
is 5-10 times smaller than the nominal level of
merger values T2'(H). It is apparent that T *'(H)
<T*(H)<T,(H). T,(H)may be viewed as the asymp-
totic limit of the values of T, if the (H,,T,) line coincides
with the T,(H) line. Figure 4 shows the plots of
In[1—T,(H)/T,(0)] vs InH in Nb powder for three sets
of T,(H) data, viz., T°(H) [=T,(H)], T*"(H), and
T,(zz’(H ). If we attempt to reconcile the data in Fig. 5 to
a power-law relationship 1—7,(H)/T,(0)=aH?Y, the ex-
ponent g will vary with H, as also noted earlier by oth-
ers.202223 1t may, however, be stated here that in the
midfield region (10°-10°® Oe), T.(H), T\ **(H), and
T?Y(H) data fit to a power-law with ¢ =0.67, 0.55, and
0.34, respectively.

The in-phase ac susceptibility x7 in the Pb and Nb
specimens has been investigated in the frequency interval
21-210 Hz with the energizing fields in the range 0.3-2.0
Oe rms and with applied dc field (H) up to 300 Oe. Fig-
ure 5 shows the Yy data in the Pb specimen recorded at
21 Hz in a rms field of 1 Oe at H =0 (Earth’s field), 100,
and 300 Oe (data recorded at H =5, 10, 20, 30, and 200
Oe are not shown for brevity). In nominal zero field, only
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FIG. 3. Temperature dependence of difference susceptibility
Ax [=xzrc{ T)—Xrc(T)] in H =20, 100, and 3000 Oe in a niobi-
um powder specimen. The arrows mark the temperature
[T{?*(H)] at which Ay appears to vanish at high resolution.
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FIG. 4. Log-log plot of 1—T,(H)/T.(0) vs H for three sets
of T,(H) values in a niobium powder specimen.

the diamagnetic response is observed across the normal-
to-superconducting transition (curve a, Fig. 5), while in
finite field (even as small as 5 Oe) a strong paramagnetic
response (DPE) emerges and it precedes the onset of the
diamagnetic response. The paramagnetic peak (DPE)
broadens as the dc field increases (cf. curves b and ¢, Fig.
5). We may identify the temperature of onset of a
paramagnetic response as T,.(H) and the onset of a di-
amagnetic response as T !(H) in Fig. 5. The T''(H)
values compare favorably with the irreversibility temper-
ature values obtained from the merger of Mr-(T) and
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FIG. 5. Temperature dependence of in-phase susceptibility
X#(T) in a Pb disk specimen measured at 21 Hz with energizing
field of 1 Oe rms in H =0 (Earth’s field), 100, and 300 Oe.
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My(T) data in the same Pb specimen in Ref. 21. The
T,(H) and T'V(H) values in Pb also appear to fit a
power-law relationship with ¢ ~1. Since the DPE is an
effect that emerges in an ac measurement, there is a ques-
tion whether the frequency used is low enough to investi-
gate the time-independent irreversibilities. The frequency
we have used (21 Hz) is at the lower end of the frequen-
cies normally used in ac susceptibility measurements. In
Fig. 6 we compare our Yy data as the frequency is
changed from 21 to 210 Hz. The change is perceptible,
but small, and gives us the confidence that 21 Hz is a low
enough frequency for the Pb specimen under study.

We could not observe any paramagnetic response
(DPE) in the niobium power specimen. We believe that
this failure to observe the DPE is a consequence of the
absence of a true thermodynamic region near the T,(H)
line. In this specimen the situation is that, even though
M pc— My as T— T *?(H), the width of the hysteresis
AM (H) at T=T*»(H) remains finite. The latter ap-
proaches zero as T— T,(H) (or H— H_,). This would be
consistent with earlier observations'®?%?” of supercon-
ductors that an isothermal hysteresis loop defines the en-
velope within which M-(H) values lie. It clearly implies
that Am (H) values near H_,(T) are larger than the
differences [Mgc(H)— M pco(H)]. This feature has been
noted by Nakao et al.?® in magnetic hysteresis data
recorded in very high fields in single-crystal specimens of
YBa,Cu;0,. They observed finite AM (H) values in the
region where M, values were expected to merge with
Mg values from the data of Welp et al.?® These facts
appear to tie up well with the reported absence of the
DPE in specimens of YBa,Cu,0,.!

To summarize, we have obtained data on the irreversi-
bility temperature by different methods in two specimens
of conventional superconductors. The T, values deter-
mined from the asymptotic merger of M p- and Mgc
curves are shown to be dictated by the resolution of the
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FIG. 6. xu(T) vs temperature at H =100 Oe in a Pb disk
specimen at two different frequencies (21 and 210 Hz).

data. The vanishing of AM(H) in isothermal measure-
ments appears to be a better criterion for determining
T,(H)—a feature also noted recently by Suenaga et al. 30
in Nb;Sn. The differential paramagnetic effect!® appears
to give a qualitatively clear signature of the reversibility
phenomenon. The T, values obtainable from the DPE
are in general expected to be higher than those deter-
mined from dc magnetization data. This is easily verified
by a comparison of the recent data of Khoder, Couach,
and Jorda'* with the other representative values available
in the literature.* It may be cautioned here that the
failure to observe the DPE in a routine measurement
need not be used to emphatically rule out the existence of
reversible region in superconductors having very high «
values, as for HTSC’s. A very careful search!* is neces-
sary to observe the DPE in such superconductors.

*Present address: 2 Physikalisches Institut, RWTH, Aachen,
Templergraben 55, W5100, Aachen, Germany.
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