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Abstract

We report on the observation of the anomalous second magnetization peak (SMP) and the peak effect (PE) in
juxtaposition to each other in the isothermal magnetization hysteresis loops at 7 < 4 K in a weakly pinned single crystal
of an isotropic superconductor Ca;RhySn;; (7. =~ 8.2 K). The position of the SMP does not display any temperature
variation, whereas the PE appearing at the edge of the irreversibility line progressively moves towards lower fields as
temperature increases. At 7 ~ 5 K, the PE nearly swamps the SMP, and above this temperature only the PE can be
observed. If the SMP and the PE can be construed as representing changes in the spatial order of the flux line lattice
(FLL), the apparent merger of loci of the peak fields of the SMP and the PE in the neighborhood of H = 15 kOe at a
reduced temperature ¢ [= 7/T.(0)] of about 0.6 could imply the existence of a multi-critical point.
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1. Introduction

The renaissance of interest in the vortex matter
studies since the advent of high 7, superconduc-
tors stems from a variety of novel phases and the
transformations amongst them due to the compe-
tition and interplay between interaction, disorder
and thermal fluctuations [1]. The effect of pinning

by static random impurities on an ideal flux line
lattice (FLL) compromises its perfect long-range
translational order but imparts an electrical cur-
rent carrying capacity to the vortex array with
minimal loss [2]. Thermally activated vortex creep
can lead to the temporal decay of this critical
current density J.. The critical current of a super-
conductor is usually expected to decrease with the
increase in either the temperature (7)) or the mag-
netic field (H). It is thus considered anomalous to
often encounter in real systems a non-monotonic
behavior in J., designated either as a peak effect
(PE) or as a fishtail effect (FE) [2,3]. A priori, the
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PE and the FE are two distinct mutually exclusive
anomalies in J,, as they are usually observed in two
different regimes of the thermomagnetic (H,T)
phase space. The FE (also referred to as the sec-
ond magnetization peak (SMP)), which has been
ubiquitously observed in high 7, cuprates [3-8],
refers to a characteristic shape of the isothermal dc
magnetization hysteresis loop. The PE phenome-
non on the other hand relates to a sharp anoma-
lous increase/upturn in J,, while approaching the
superconductor-normal phase boundary [9,10]. It
is widely accepted [11] that the PE signals an
abrupt softening of the elastic modulii (essentially
the shear modulus cg) of the vortex solid, which
in turn can get pinned more strongly by the un-
derlying quenched random inhomogeneities. In
weakly pinned crystals, the PE manifests itself ei-
ther in juxtaposition to a sharp resistive kink
[12,13] or is accompanied by a jump in equilibrium
magnetization (entropy) amounting to a calori-
metric anomaly [14-16], all of which can be at-
tributed to the first order nature of a transition
accompanying the PE. Hence, the PE can be ar-
gued as a FLL melting or FLL amorphization
transition such that no long range translational or
orientational correlation order survives [11,17-19]
in the lattice.

On the other hand, the FE (or SMP), which
occurs in a field interval well below the upper
critical field H,,, is broadly considered to be dis-
order induced [3-5]. However, there exists much
debate about the origin of this phenomenon and
its underlying mechanism in the context of exper-
imental results in a variety of high 7, supercon-
ductors. Three decades ago [20], the SMP was
believed to be originating generally in the disor-
dered superconductors having two component re-
sponse such that one of the components with a
lower T, (and H,) acts as a source of additional
pinning for the other component as the field is
increased beyond its H., in an isothermal scan.
After the advent of high T superconductors, the
newer explanations for the anomalous variations
in J. analogous to the SMP have been based on
a whole variety of reasonings, such as, (i) the
presence of weaker superconducting regions to
matching effects of oxygen deficient structures (in
systems like YBa,Cu;0_s) [21], (i1) the collective

creep phenomenon [22,23], (iii) the surface barrier
effect [24], (iv) a thermomagnetic instability related
to the shape and size of the sample [25], (v) the
local fluctuations in J, persisting on mesoscopic
length scales [26], (vi) the injection (and coexis-
tence) of disordered regions with ordered regions
[27], etc. Prima facie, the physical basis of the
anomalous variations in J., a la the SMP and the
PE phenomena, are discussed in different terms.
There are only a few reports in the literature on
high 7. superconductors, where the presence of the
two distinctly different anomalous variations in J,
can be claimed to be evident [5,7]. The issues re-
lated to a clear distinction and the possible con-
nection(s) between the PE and the SMP, therefore,
remain open.

Recently, we have reported [28] the details of the
PE phenomenon in a weakly pinned single crystal
of an isotropic low 7, superconductor Ca;Rh,Sn;;
(T.(0) ~ 8.2 K), investigated via dc magnetization
experiments using a SQUID magnetometer and the
ac susceptibility measurements. It was shown that
the PE regime in this system comprised two dis-
continuous, first-order-like transitions located near
its onset and peak positions, in accordance [17]
with a stepwise amorphization/pulverization of the
FLL. On further extending the dc magnetization
measurements down to lower temperatures and
higher fields, we have now discovered the presence
of the two anomalous variations in J; in juxtapo-
sition to each other over a large part of the (H,T)
phase space in a given isothermal hysteresis scan.
In this paper, we present the new results pertaining
to the observation of the SMP and the quintes-
sential PE phenomenon in Ca3;Rh,Sn;. The field
window across which the fishtail like feature oc-
curs remains almost invariant with temperature,
whereas the PE hysteresis bubble shifts to lower
fields along with the upper critical field H, as the
temperature increases. At higher temperatures
(T > 4.8 K), the PE overlaps with the SMP and the
latter cannot be identified distinctly. Thermomag-
netic history dependence of J; reveals different dy-
namics and pinning mechanisms associated with
these two effects. Finally, a modified phase diagram
can be constructed where several glassy phases,
like, the Bragg glass, the vortex glass, the shattered
glass, the pinned amorphous and the unpinned



amorphous phase, can be marked/identified. These
results not only elucidate the distinction between
the SMP and the PE, but also focus onto the cir-
cumstances in which the loci of field-temperature
(H,T) values, which mark the different character-
istic features in the anomalous variations in J,, get
admixed to give the notion of the possible presence
of a multi-critical point in the vortex phase dia-
gram.

2. The sample and the measurements

The crystal (3.2x 3.1 x0.6 mm?®, mass=
48.1 mg) of Ca;RhySni; used for the present ex-
periments is the same that was used in our earlier
[28,29] studies. It has a rather narrow critical
fluctuation region in the (H,7T) phase space, as
inferred from the Ginzburg number G; (~1077) [1],
which is several orders of magnitude lower than
the corresponding values in high T, cuprates (G; ~
10-2). The smallness of G; indicates the narrow-
ness of the region [1] in which thermal fluctuation
effects can be significant in Ca;Rh4Sn;3. In addi-
tion, the relatively small value of the J./J, ratio
(~107%) in single crystals of this compound, where
J. and Jy are the depinning and depairing current
densities, respectively, classifies such supercon-
ducting samples to be weakly pinned. The weak
pinning scenario is extremely helpful as the pinned
state of the FLL can be studied under the realm
of Larkin—Ovchinnikov [30,31] collective pinning
theory. The dc magnetization was measured on a
12 T vibrating sample magnetometer (VSM) (Ox-
ford Instruments, UK). The dc field was swept at
several rates ranging from 1.2 to 0.05 T/min, while
recording the magnetization hysteresis loops at
various fixed temperatures.

3. Experimental results

3.1. Identification of the SMP and the PE from
isothermal dc magnetization measurements

The main panel in Fig. 1 shows the isothermal
dc magnetization hysteresis loop for Ca;RhySn;;
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Fig. 1. The main panel shows the right half of the magnetiza-
tion hysteresis loop (H||[001]) recorded at 1.7 K in a single
crystal of Ca;RhySny;. The initial protion of the M-H loop is
shown as a dashed curve. The M—H loop comprises three peaks,
marked I, II and III (see text for details). The two anomalous
modulations in M—H loop are termed as the SMP and the PE.
The inset shows a portion of the M—H loop at 5.6 K, where only
one anomalous modulation termed as the PE can be seen.

at 1.7 K obtained by sweeping the magnetic field at
a constant rate of 0.2 T/min. A superconductor
attempts to shield itself from the changes in the
external magnetic field by setting up macroscopic
currents J.(H) which can be estimated from the
width of the magnetization hysteresis using the
Bean’s critical state model (CSM) [32], such that
Jo(H) « [M|(H) — M;(H)] [33]. Here M;(H) and
M, (H) represent the magnetization along the for-
ward and reverse legs of the hysteresis loop, re-
spectively. Thus, a non-monotonic behavior in J,
can reveal itself as an anomalous modulation in
the width of the magnetization hysteresis loop.
Such characteristic modulation features can be
identified in the M-H loop, as shown in Fig. 1.
The first anomalous modulation between H,, and
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HE is located well below H,,, whereas the second
anomalous modulation is the so called peak effect
bubble between Hy and Hi, through Hj, located
close to H,. In principle, the envelope hysteresis
loop (0<H < H,) displays three magnetization
peaks (I-III). Following the nomenclature in lit-
erature, if the first anomalous modulation (peak
Il) is to be referred as the SMP, the second
anomalous modulation (peak III) identifying the
PE may be designated as the third magnetization
peak. It may be pointed out that the two portions
of the hysteresis loops pertaining to the second and
third peaks are visibly asymmetric, i.e., the M—H
curve along the reverse leg is not a mirror image of
that on the forward leg in between the fields H,,
and H,. We have marked the field positions cor-
responding to the maximum width of the SMP

hump as 4. Above Hy, the hysteresis width (and
hence the macroscopic current J;) decreases until it
reaches the field Hy,;, which is to be identified with
the onset of the PE. The inset panel in Fig. 1
presents a portion of the magnetization hysteresis
loop obtained at 5.6 K, which alludes to the
presence of only one anomalous modulation in
J.(H) located close to the H, and is therefore
identified with the PE. The evolution of the SMP
and the PE as a function of temperature is eluci-
dated in Fig. 2(a)-(d), where the portions of the
M-H loops are plotted for temperatures 1.7, 3.5,
4.32 and 6.1 K, respectively. The field window of
the SMP, which appears well below H,,, seems to
be insensitive to the temperature variation. How-
ever, the PE shows a strong temperature depen-
dence, in accordance with the results reported in
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Fig. 2. Portions of the M-H loops at (a) 1.7 K, (b) 3.5 K, (c) 4.32 K and (d) 6.1 K in Ca;Rh4Sn,;, which focus on the temperature
variations of the SMP and the PE. Note that at 4.32 K (panel ¢), one composite anomalous modulation encompassing the SMP and the
PE is evident, whereas at 6.1 K (panel d), only the PE anomaly is observed.



our earlier studies [28]. A clear distinction between
the SMP and the PE can be observed in our pre-
sent measurements only up to a temperature of
about 4 K, above which the field interval of the PE
starts overlapping with that of the SMP (see M—H
curve at 7 = 4.32 K in panel (c)). Above 5 K, only
the PE can be observed. The span of PE shifts
progressively to the lower fields with increase in
temperature (cf. data at 7 = 6.1 K in panel (d)),
until the PE anomaly eventually disappears at
temperatures above 7.2 K (cf. Fig. 8).

3.2. Memory effect of J. across the SMP and the PE

To explore the metastability effects in the SMP
and the PE regions, we have examined the ther-
momagnetic path dependence of J. by studying the
characteristics of the minor hysteresis loops vis a
vis the envelope hysteresis loop [34-36]. In order to
create different metastable states, the vortex state
has been prepared in the ZFC and the FC modes.
For the ZFC mode, sample was cooled down to
the lowest temperature in zero magnetic field
and the magnetization was measured while ramp-
ing the magnetic field. In the FC mode, the mag-
netic field was first applied to the sample in the
normal state. It was then cooled below T, to the
required temperature, after which the magnetiza-
tion values were recorded by either increasing or
decreasing the magnetic field. The magnetization
curves so obtained at 7= 1.7 K are illustrated in
Fig. 3. The first interesting observation to note is
that the minor magnetization curves initiated from
the Mrc(H) values (i.e., FC-minor curves), where
H is less than the onset field of the SMP hump,
H,,, do not reach up to the envelope hysteresis
loop, but remain less diamagnetic than the latter
loop. This scenario changes as H approaches Hy,.
Note that the rising part of the FC-minor curve
overshoots the envelope loop, when the initial field
H exceeds H,y. The overshot FC-minor curves turn
inwards and decay exponentially before eventually
merging into the envelope loop. The characteristic
overshooting feature, i.e., the differences between
the magnetization values on the envelope curve
and those on the portions of the FC-minor curves
lying outside the envelope curve increase as H in-
creases from H,, to Hy. Above H,, the observed

—_—
o0
wn

40.0

20.0

0.0

4rtM (Oe)

-20.0

-40.0

<

H (kOe)

Fig. 3. The minor magnetization curves initiated from field
cooled magnetization Mrc(H) values lying in different regions
of the entire field span at 1.7 K in Ca;Rh4Sn;;. The ZFC en-
velope loop is shown as a continuous line. Each of the FC
minor curves initiated from H,, <H < H,, overshoots the en-
velope loop and reaches a saturated magnetization value, before
rolling onto the envelope loop. The field interval dH required by
a FC minor curve to reach upto the envelope loop is also in-
dicated in one particular case.

difference decreases and eventually disappears near
the peak field H, of the PE.

Recalling that the width of the magnetization
hysteresis loop correlates with the current density
J. via the Bean’s CSM, the overshooting of the
FC-minor curves implies that J'“(H) > JZ(H)
over the field interval H,, < H < H,, i.e., from the
onset of the SMP up to the peak of the PE. Above
H,, all the metastability and the memory effects are
expected to disappear [17,37-39], and hence the
overshooting by the FC-minor curves ceases (cf.
Fig. 3). Another interesting feature to note from
Fig. 3 is the variation in 6H as a function of H. dH
is the field interval required by a FC-minor curve
to merge into the ZFC envelope loop as a function
of H. Although the extent of the overshooting by a
FC-minor curve starts decreasing above Hy, the
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field change 8H required to anneal a FC configu-
ration of the vortex matter to the neighboring
ZFC like state keeps on increasing well beyond
Hy,. This interval dH appears to become negligibly
small above H,, where the history dependence in
J.(H) disappears.

It is useful at this point to invoke the Larkin—
Ovchinnikov collective pinning scenario [30,31] to
characterize an interesting facet of the ZFC and
FC states described above. Within the framework
of collective pinning, J. is given by the pinning
force equation:

Fy=JH = (W[V)'" = (1) /RLZ, (1)

where W represents the pinning parameter, V, is
the correlation volume of a Larkin domain, #, is
the density of pinning centers (pins), f, is the ele-
mentary pinning interaction and R, and L. are the
collective pinning radial and longitudinal correla-
tion lengths, respectively. The observation that
JEC(H) = J#FC(H) for Hy, < H < H, implies that
VEC L VZFC e, the FLL in the FC mode is more
disordered with finely divided Larkin domains
with lesser extent of lattice correlations (i.e.,
smaller values of R. and L.). However, below the
onset field H,, of the SMP, the inability of the FC-
minor curve to reach upto the ZFC envelope curve
could imply that the procedure of cooling in a field
H < H,, creates a more ordered FLL having cor-
relation volume even larger than that of the cor-
responding ZFC state (i.e., J'“(H) <J*“(H) for
H < H,y). The situation that JF¢ <J?FC has been
encountered in some of the weakly pinned crystals
of YB32CU3O7,5 [40,41] and BizSI‘zC&CUzOg,a
[42].

3.3. ZFC minor curves

The envelope hysteresis loop comprises the
magnetization curves generated by cycling the field
between +H.x, where Hy.x = Hy. As per the
usual prescription of the CSM, in which one as-
sumes J.(H) to be path independent, all minor
curves that can be generated by reversing the field
before reaching the normal state (i.e., by reversing
from H < H,) should eventually overlap with the
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Fig. 4. The minor magnetization curves initiated from chosen
fields lying on the forward leg of the envelope hysteresis loop at
1.7 K in Ca3;RhySn;;. The inset shows a minor curve initiated
from a field value (near the onset position of the PE) lying on
the reverse leg of the envelope loop. Note that the minor curves
in the main panel fail to reach upto the envelope loop, whereas
the minor curve in the inset panel overshoots the envelope loop.

envelope curve. The deviations from such a be-
havior could further reflect the path dependence in
Jo(H), just as the inequality, JZC # JFC€. We show
in the main panel of Fig. 4 an entire family of
minor curves generated by reversing the field from
different points on the forward leg of the envelope
curve. The following features emerge from an ex-
amination of these minor curves. The curves ini-
tiated from H < H,, readily merge into the reverse
envelope curve, thereby upholding the prescription
of the CSM. The minor curves initiated from
Hy, <H<Hj do not reach up to the reverse en-
velope loop. However,the differences between the
minor curves and the reverse envelope loop are
rather small. The minor curves initiated from
HY <H < Hp, once again readily merge into the

vg X



reverse envelope loop. The feature of under-
shooting the reverse envelope loops resurfaces in a
prominent manner for the minor curves initiated
from Hy, < H < Hp,. Finally, for H > H,,, the minor
curves follow the path prescribed by the CSM, as
all the features related to the history dependence in
J.(H) disappear above the peak position of the PE
[28].

The inset panel of Fig. 4 shows the feature of
overshooting the forward envelope loop by a mi-
nor curve initiated from a field value lying near the
onset position of the peak effect on the reverse leg.
Kokkaliaris et al. [36] have recently argued that
the experimental data of the minor hysteresis loops
can be utilized to gain information about the
plastic deformations in the collectively pinned
elastic vortex solid across the region of the SMP in
YBa,Cu307_s. Their procedure relies on examin-
ing the differences in the saturated magnetization
values (at given field values) belonging to the mi-
nor hysteresis loops initiated from the neighboring
field values. It is asserted [36] that the extent of
plasticity correlates with the difference in the
magnetization values picked from successive mi-
nor curves. Keeping this in view, we have exam-
ined the differences in the saturated values of the
neighboring minor curves generated from different
points on the forward leg of the envelope curve in
Ca3;Rh4Sn;;. Fig. 5 shows the highest magnetiza-
tion values of different minor curves (shown as
filled triangles) along with the reverse envelope
loop recorded at 1.7 K. The inset panel in Fig. 5
shows a plot of the differences in magnetization
values (AMy,.) obtained from two successive minor
curves as a function of those fields at which the
said differences are ascertained. If the usual pre-
scription of the CSM were to hold, the differences
designated as AMy,. should vanish. The data in the
inset panel of Fig. 5 shows that AM;,. values peak
in between the onset and the peak positions of the
SMP as well as those of the PE. It may be useful to
recall here that the noise signal for the driven
vortex matter maximizes between the onset and
peak positions of the PE in 2H-NDbSe, [11]. The
present data in CazRhySnj3 could therefore be
taken to support the notion of correspondence
between the extent of plasticity and the accessi-
bility of metastable states for the driven vortex
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Fig. 5. The main panel shows the saturated values (filled tri-
angles) of the minor curves initiated from chosen fields on the
forward leg of the envelope loop. The continuous line repre-
sents the envelope loop. The inset panel shows the plot of the
differences (4nAMy,.) in magnetization values determined from
the two neighboring (successive) minor curves versus the chosen
fields at which such differences are ascertained. For a justifica-
tion of the nomenclature of different regions in the inset panel,
refer to Fig. 6.

matter between the onset and peak positions of the
PE.

3.4. Identification of various glassy phases from the
behavior of J.

The width of the magnetization hysteresis loop
directly provides a measure of the J.(H). Fig. 6
displays a log-log plot of J.(H) vs Hat T = 1.7 K
in CazRhsSn;;. On the basis of the differences in
the characteristic behavior of J, observed in dif-
ferent regions of the (H, T) phase space, the entire
field span can be broadly subdivided into six parts,
which have been designated as the small bundle
pinning regime, the collective pinned elastic solid
(power law regime), the vortex glass, the shattered
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Fig. 6. Log-log plot of J. vs H at 1.7 K in Ca;Rh4Sn 3. The two
anomalous maxima in J; lie in juxtaposition to each other. The
entire field span has been demarcated into six regions (see text
for details).

glass, the pinned amorphous and an unpinned
amorphous. Of the various regions mentioned
above, we first draw attention onto the collective
pinned power law regime, which may be identified
with the notion of the Bragg glass [43,44]. It is
reasonable to consider that in this regime, vortex
medium behaves as an elastic medium and the
quasi-long range translational order prevails
[43.44]. At fields below the lower end of this re-
gime, the field dependence in J.(H) becomes
weaker and it appears to approach a nearly field
independent value expected for individually pin-
ned vortices in the very dilute limit (i.e., when inter
vortex spacing ay = /4, where 4 is the penetration
depth that measures the range of interaction be-
tween vortices). A crossover from an individually
pinned (or a small bundle pinning regime) to a
collectively pinned regime is to be anticipated at
a threshold field Hy,, above which J.(H) follows
the archetypal power law behavior. An order of
magnitude estimate for Hy, can be made [1,45] in
terms of the ratio J./Jy (~107*) and He, (~5 T)
using the relation, Hy, ~ 5[J;/Jo]He, which gives
Hy, as ~1072 T for Ca;Rh4Sn;;. Such an estimated
value agrees well with the experimental value of
Hy, (cf. Fig. 6).

Near the upper end of the power law regime in
J.(H), the decay in J.(H) slows down, which ef-
fectively amounts to an onset of the enhancement
effect of quenched random pins vis a vis interac-
tion between the vortices. The first anomalous
upturn in J.(H) could therefore be perceived as a
transformation from a notionally elastic vortex
state to a plastically deformed regime (vortex
glass) in which topological defects, like disloca-
tions, permeate in the ordered FLL [43,44]. As the
dislocation density enhances between the onset
(Hyy) and the peak (Hy;) positions of the SMP, the
thermomagnetic history dependence in J.(H) be-
comes evident. Above Hy, J.(H) starts to decay
with the increase in H and the topologically de-
fective FLL heals to some extent to a relatively
weaker pinned vortex glass state as compared to
that existing before H.

The anomalous increase in J.(H) at the onset of
the PE is accompanied by a significantly stronger
manifestation of the path dependence in J.(H) (see
inset panel in Fig. 5, which displays the peaking of
My, near H,). Our earlier study of the PE phe-
nomenon in Ca;Rh4,Sn;; had revealed [28] that
the entry into the PE regime in an isofield scan
commences via a sudden shrinkage (i.e., fracturing
of the vortex solid) of the correlation volume of
the FLL. The shattered vortex glass state pro-
gresses towards the completely amorphous state
in a stepwise manner. At H,, where the second
anomalous variation in J.(H) ceases, all manifes-
tations of the path dependence in J.(H) disappear.

Above the peak position of the PE, where the
vortex matter has presumably transformed to an
amorphous yet pinned vortex state [28], J.(H)
displays a rapid collapse of pinning with an in-
crease in H in response to the core softening effects
(presumably related to the divergence of coher-
ence length ¢ on approaching H;). An unpinned
amorphous state therefore precedes the arrival of
the upper critical field H,,.

4. Discussion
It is useful to collate all the information on the

field—temperature values approximately marking
the different characteristic features evident in Figs.
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Fig. 7. A field—temperature diagram in which the temperature
dependences of various characteristic features identifiable from
J. vs H plot as shown in Fig. 6 are indicated. For completeness
purpose, the He (T) and He,(T) lines determined in Ca;RhySn 3
have also been marked. The inset panel shows the small bundle
pinning regime lying in between the H,(7) and Hy(T). The
encircled region near H ~ 15 kOe and T/7.(0) ~ 0.6 in the
main panel identifies the pocket of notional multicritical point,
where the two anomalous variations in J.(H) coalesce to yield
only a single anomaly identifiable with the PE phenomenon.

1 to 6, and as described in the earlier sections. Fig.
7 represents the outcome of such an exercise in
the form of a vortex classification diagram in the
(H,T) space. At low temperatures (i.e., at <0.6,
where t = T/T.(0)), all the six regions as described
in Section 3.4 can be identified in this diagram. In
an isothermal scan, the first anomalous increase in
Jo(H) occurs across H,,(T), whereas the second
anomalous variation commences across Hy (7).
The H,(T) values lie close to Hy, and follow the
temperature dependence of the latter. Thus, Hy(T)
decreases as 7T increases, whereas the Hj3(7) values
do not display such a variation. The difference
between Hy(7) and HJ(T) decreases as ¢ ap-
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proaches 0.6 and the distinction between the two
anomalous variations in J.(H) gets blurred in the
magnetization curve. One therefore observes only
a composite anomalous increase in J.(H) located
at the edge of the irreversibility line H,(T). Hi(T)
represents the collapse of the pinning, a charac-
teristic of the vortex matter while approaching the
normal state boundary H.,.

In a temperature scan, the anomalous increase
in J.(T) just prior to the arrival of T;,(H), there-
fore, is intimately connected to the withering of the
notion of the pinned vortex solid. Hence, the PE
phenomenon finds a natural connection to the
eventual collapse of the elastic modulii of the
vortex solid. The first anomalous increase in J,.(H),
which amounts to a fishtail-like feature (SMP),
thus requires a separate explanation in terms of
the entities which are not strongly influenced by
the thermal effects. It is, therefore, tempting to
associate this anomaly with a pinning induced,
dislocation mediated Bragg glass to vortex glass
[43,44,46] transformation. The localized field-
temperature region, where the resolution between
the two anomalous variations in J;(H) ceases (H ~
15 kOe, t ~ 0.6 in the phase diagram), may give
the impression of a hypothetical multicritical point
buried underneath (see the encircled region in
Fig. 7). However, it may be reiterated that the
PE phenomenon represents the continuity across
this (underneath) region and tends to preclude the
notion of a tricritical point in the neighbourhood
of H ~ 15 kOe and ¢ ~ 0.6.

The characteristics of the PE phenomenon in
Ca3;RhySn;; [11,28] are identical to those in the
2H-NbSe, system [17], the detailed studies on
which have provided ample evidence in favor of
the assertion that the PE represents a first order
transition related to the amorphization of the
vortex matter in response to the collapse of the
elastic modulii of the FLL. The H,(T) line there-
fore could be taken [1] to be the counterpart of the
melting line of the pure FLL (in the absence of
pinning). In Ca;RhsSny3, the H,(T) line seems to
extend down to H ~ 3.5 kOe. In the temperature
scans, we had earlier reported [28] that the PE
phenomenon could not be observed for the vortex
lattices prepared at H < 3.5 kOe (ap > 800 A). In
the present experiments performed using a VSM,



190

1 1.0

AM(H )/AM(10 Oe)

H (kOe)

Fig. 8. Plot of normalized values of current density
[xAM(H)/AM(H = 10 Oe)] versus field at T = 6.65, 7.14 and
7.83 K, respectively in Ca;RhySn;;. The y-scale for the curve at
6.65 K has been shifted up for clarity. Note that the hysteresis
width at 7.83 K displays a sharp collapse near 2 kOe without
yielding the PE feature.

we could observe an anomalous modulation in the
M-H loops only upto ¢t = 0.94. The width of the
hysteresis loop collapses in a precipitous manner at
T =17.83 K (t = 0.95). Fig. 8 presents a compari-
son of (normalized) AM vs H data at T = 6.65,
7.14 and 7.83 K. The presence of the PE can be
noted at the first two temperatures, whereas it is
not evident at 7.83 K. The collapse of the pinning
at 7.83 K occurs near H = 2 kOe. This field value
lies in the power law region in Fig. 5 and the
vortex state prepared at such a field at 1.7 K
therefore is expected to be reasonably well or-
dered. The absence of any fingerprint of the PE in
temperature scans at H = 2.5 kOe in the tempera-
ture dependent ac susceptibility data [28] there-
fore calls for a rational explanation. In this
context, it may be worthwhile to record here that
the attempts to detect any anomaly in the equi-
librium magnetization in the M-T scans at H =
3.0 kOe or in M—H scans at ¢t = 0.94 did not yield
any fruitful result, presumably due to limitations
in the accuracy of the magnetization data obtained
with the VSM. More experiments are desired to
explore the temperature evolution of the vortex
states prepared in the field range of 0.2-2 kOe in
Ca3;Rh4Sn;;. Vortex states prepared in the FC

mode in this field range are more ordered than
those created in the ZFC manner.

5. Summary

To summarize, we have presented new magne-
tization results in a weakly pinned single crystal
of an isotropic superconductor Ca;Rh,Sn;; at
lower temperatures and higher fields using a VSM
(as compared to the earlier studies [28,47]). The
results help to clearly distinguish between the two
anomalous variations in J, which could be classi-
fied as the SMP and the PE, respectively. We have
clearly shown the demarcation of the entire field
span into different regions, where the said two
anomalies are present in juxtaposition to each
other in an isothermal scan. The evolution in the
two anomalies with temperature has been studied
and their relationship with the notion of the multi-
critical point in the thermomagnetic (H,T) dia-
gram of the vortex matter has been indicated.
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