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Stepwise amorphization of the flux-line lattice in CaRh,Sn;5: A peak-effect study
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The peak effec{PE) region in a single crystal of GRh,Sn;5 is shown to comprise two discontinuous
first-order-like transitions located near its onset and peak positions, in accordance with a stepwise fracturing of
the flux-line lattice. Magnetization response to thermal cycling across the onset position produces an open
hysteresis loop, consistent with the notion of the fracturing. A thermomagnetic history dependence study shows
that the critical current density,(H,T) is path dependent over a large part of the T) parameter space. This
path dependence ceases above the peak position of the peak effect, suggesting a complete amorphization of the
flux-line lattice at T, ,H,) line. A plausible vortex phase diagram has been constructed fgRIGaN 5 in
which phases like an elastic solid, a plastic solid, and pinned and unpinned amorphous states have been
identified.

I. INTRODUCTION observation of the PE and the construction of a magnetic
phase diagram in the weakly pinned crystals 0§Rh,Sn; 3,

The peak effectPE) phenomenon relates to an anomalouswhich bore striking resemblance to the similar phase dia-
increase in the the critical current density.) in a type-ll  grams in UPgAl; and CeRy.? Crabtreeet al?! have shown
superconductor before proceeding to zero at or close to thihe similarities in the transport properties in CeRand
superconducting-normal phase boundg, /T.(H) line].  YBa,CuzO, with those observed in the PE region of
The PE is observed in a large variety of superconductin@H-NbSe.! The latter system, B-NbSe, is thought to be
systems; *®such as NH,V;Si® 2H-NbSe,11%11CeRy,>>®  an archetypal example for the classical scenario of the col-
YbsRh,Sni3,*%*® UPd,AI; (heavy fermion supercon- lapse of the elastic moduli of the FLmplying a thermal
ductop,®>*  YBa,CwO,  (high-temperature  super- and/or disorder induced amorphization of the F(Refs. 1
conductoy,*®>*®etc. Two independent mechanisms have beeand 22 as a source of the PE. Very recently, Banerjee
widely considered to understand the PE phenomenon. A firstt al?® have shown that single crystals oH2NbSe and
one, originally due to Pippartl,attempts to relate the PE to CeRy, having comparable levels of pinning, display fractur-
a faster rate of decrease in the elastic moduli of the flux-lineng of the vortex solid at or near the incipient FLL melting
lattice (FLL) with an increase in the temperature as com-transition in both the systems.
pared to that of the elementary pinning force. However, re- Independent of these developments, Toetyal?* have
cently, Tachikiet al* have suggested that the PE phenom-reported the occurrence of the PE and the construction of a
enon in heavy fermion superconductors could be caused hyagnetic phase diagram in £Rh,Sn;5, which again bears
the realization of a generalized Fulde-Ferrel-Larkin-striking resemblance to those in Uf2d; and CeRu.® This
Ovchinniko®!° state that results in a first-order transition. ternary system with a superconducting transition temperature

Modler et al® have shown that the characteristics of theof 8.18 K has the same crystal structure as that of
PE region in the heavy fermion compound YRH, are  YbzRh,Sn3,***but, it does not contain any rare-earth ion.
similar to those in the mixed valent compound CgRund  Low value (3.3 10 °® emu/cn?) of the normal-state para-
the phase boundaridlocus ofH and T) drawn for both of magnetic susceptibility precludes the realization of a Fulde-
them extend over the similar parametric limits in the,T) Ferrel-Larkin-Ovchinnikov stafdn it. It is of interest to in-
space?® Satoet al,'? followed by Tomyet al,'® reported the  vestigate in detail the PE region of §&h,Sn;; and compare
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the observed behavior with results inH2NbSe and Temperature (K)
CeRy.2%?® Our studies reveal that the PE region in 0 73 74 15 16
CaRh,Sn 5 spans two sharp transitions located at its onset lw ' '

and peak positions and a characteristic hysteretic effect is T 00
observed on thermal cycling across the transition located at 0.1 [ Ca;RhSn;y T

the onset. Prior to the peak position of the PE, the state of the Zre

— -.01
vortex array and its current carrying capacity depend on E 0.0 >f;
the thermomagnetic history, i.e., ttde in the vortex array Tg' 0 2
created in a field-cooledC) manner is much larger than = E
that obtained in a zero-field-coold@FC) mannerr>?® The g =
isothermal dc magnetization hysteresis experiments also re- =LA -03 i
veal a characteristic path dependence indhe 02 he

-.04
-0.3
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Il. EXPERIMENTAL DETAILS 9} 000 105
The single crystal of G@&Rh,Sn; (3.4X3.2<0.6 mnt, 04 Lo 71 ' 72 — o
48.1 mg useql in the present studies is grown py the tin flux ' Temperéture K) :
method and it belongs to the same batch utilized by Tomy
et al?* The ac susceptibility measurements in superposed dc
magnetic fields have been performed using a well shielded
home built ac susceptometerThe ac and dc fields are co-
axial and the sample is placed in such a way that one of its
principal axegcube edggis always aligned parallel with the
field (i.e., H//[001]). The ac measurements were made at a
frequency of 211 Hz and with an ac amplitude of 1 @®as).
The dc magnetization data were obtained on a commercial
superconducting quantum interference devi8@UID) mag-
netometer(Quantum Design Inc., U.S.A., Model MPMS,5 g T
but using a different procedure designatechalf scan tech- 041 s
nique by Ravikumaret al?® The magnetization values ob- j
tained via half scan technique minimize the artifacts arising 05 oo
due to the sample movement through the inhomogeneous & Tp ‘ ‘
magnetic field in a SQUID magnetometer and are indepen- 55 6.0 6.5 7.0
dent of the choice of the scan length. Temperature (K)

T/T(0)
03 10
(Hg, Te)

03+

Ty(H)

x' (normalized)

FIG. 1. (a) and(b) Temperature dependence of the real part of
IIl. EXPERIMENTAL RESULTS the ac sus_ceptibility)(_’) obtained f_or CgRh,Sni5. The inset in(a)
shows typical behavior for low field§0 Oe and 2.5 kOe The
A. Manifestation of the peak effect via isofield ac susceptibility  curves in the main panel ¢&) show the evolution of the structure
and isothermal dc magnetization measurements in the PE as the dc field is increasél) shows they’(T) data for
higher fields(7 and 10 kOg where the double peak structure be-
comes prominent. The inset ith) shows theT, and T, lines,
Figures 1a) and(b) show the temperature dependence ofplotted in the thermomagnetiti(T) phase space.
the real part of the ac susceptibility’ (T)] for CasRh,Sn;5
in various dc bias fields. The FLL was prepared in the ZFC Within the Bean’s critical state mod&!;'®the x’(T) can
mode(i.e., the sample was initially cooled to the lowest tem-be approximated as
perature in zero magnetic field and subsequently a given
value of the dc field was appliedThe screening response X' (T)~—=14(ahyc/de), (1)
was then measured while warming up the sample. The inset
of Fig. 1(a) shows the typical variation of thg'(T) in low  where« is a geometrical factot,. is the applied ac field
applied fields(0 and 2.5 kOg In zero field, thex'(T) re-  andJ, is the critical current density. The above relation im-
sponse shows perfect screening & —1) at low tempera- plies that the dip in they’(T) is a consequence of an en-
tures and it undergoes a sharp transition towards the normalncement in thd., the ubiquitous peak effect. As the dc
state near the superconducting transition temperdii(@). bias field is increased furthéfrom 3.5 to 5 kOg, the tiny
As the applied field increases, the superconducting to normalip in the y’(T) transforms to a double peak structlisee
transition broadens and thg(T) rises monotonically to its Fig. 1(a)]. This two-dip structure becomes progressively
normal-state value at (H). However, for an applied dc more prominent as the dc field increases and the PE phenom-
field of 3.5 kOe, as shown in Fig.(d), this monotonic be- enon eventually comprises two very shdmp5 mK width)
havior is interrupted by the appearance of an anomalous difirst-order-like transitions as implied by the data in Fi¢h)1
in the x'(T) at a temperature denoted B(=7.43 K at 3.5 For instance, in a field of 10 kOe, th&(T) displays a sharp
kOe). dip at T=T, (defined as the onset temperature of the peak

1. Isofield ac susceptibility measurements
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Toeik A ol = netometer. Th(_a magneti;atio_n data recorded at 4.5 K shows a
0 %/:f 2| clear hysteresis in the field interval of 15-19 kOe between
20| I I z ] the forward H1) and the reverseH|) legs of the field
| o] @Bs M T [0S o sweep. As per the Bean'’s critical state motethis hyster-
6 8 0 6 % 10 esis in magnetizatioddM(H)=M(H1)—M(H]), provides
H (kOe) H (kOe) . ... .
a measure of the macroscopic critical current denifyH)
10 |—— 4 em Half Scan (HS) { . and is a distinct indication of the occurrence of the PHdn
+~ 4cmFull Sean (FS) f The field, where the magnetization hysteresis bubble is the

widest, identifies the peak field,. The collapse of the hys-
teresis locates the irreversibility field;,, , above which the
critical current density falls below the measurable limit of
the experimental method usé¢ske Fig. 2
From the main panel of Fig. 2, it is apparent that the
hysteresis width in the peak effect region measured at 4.5 K
by the half scan technique is significantly largand the
hysteresis bubble is much more symmettitan that mea-
sured using the conventional full scan procedure. It is also to
be noted that the use of half scan technique results in mea-
surable values of the magnetization hysteresis below the on-
H (kOe) set of the PE €H,,), whereas the full scan method results in
) o ) the near absence of the magnetization hysteresis in the same
. FIG. 2. The isothermal dc magnetization hystere5|s data e:t 4.5 Kelq region(8—15 kOe in Fig. 2 The observed distinction is
with the full scan method and the half scan techniddlg.andHy  iortant in the sense that the isofield ac susceptibility mea-
identify the fields at which the PE notionally commences on theSurements show a diamagneti¢(T) responselsee Figs.
forward leg and terminates on the reverse leg, respectively. Th_e[(a) and (b)] prior to the arrival of the PE regime, which
peak field, the irreversibility field, and the upper critical field are clearly demands that the dc magnetization should 'not be re-
marked asH,, Hj,,, andH,, respectively. The two insets show . - .
the data at 6.1 K using the full scan method and the half scaNerS'ble("e" ‘_]‘37&0) prior to the PE: These results demon-
technique. sFrate the efficacy find the r_1eceSS|ty of the half scan t_ech-
niqgue employed in our isothermal dc magnetization
measurements. To illustrate the point even further, the two
insets of Fig. 2 show a comparison of the magnetization
temperaturg Above theT,, the x'(T) response shows a hysteresis dgta obtained by haFI)f scan and full sca% method at

rapid recovery towards the zero value. These double pe 1 K, where the peak field is expected to be about 10 kOe
features were not apparent in the isothermgd{H) scans [cf Fi’g 1(b)]

performed by Tomyet al?* in the same crystal. However,

: S Even while the peak effect hysteretic bubble recorded
the T,(H) values observed in the present isofield measurey iy, the half scan technique at 4.5 K is more symmetric than
ments show good agreement with the reportdd(T)

4 that recorded with the full scan method, the difference in the
values?

. . f r
The PE regime evolves rapidly with field and nearly aﬁelds marking the onset{,) and the offsetki,) of the PE

tenfold increase can be observed in the extent of the anomast the forward and reverse legs of the bubble persists, i.e.,
! >Hy, . Hence this feature is not an artifact of the method

lous dip in they’(T) values characterizing the PE between P! . .
Hy.=3.5 and 5 kOe. Also, the recovery of the(T) above u_sed, but is a characteristic property qf the system. Such
the T, to its normal-state value becomes steeper as the fiel Ie]:feer:evr\]/?deelm égﬁczgsi? saer]\?e:gfc?)frf:eéjf(ljisliife tr&g% has
increasescf. plots in Figs. 18) and(b)], thus indicating the oRW 2 2H>-/NbS 2 yh,RN,S 12'13PYBa c O, 9 etc;
sharpness of the transformation of vortex matter across th% b, 2, 3RS, 27, v
PE region. The inset of Fig (i) summarizes tha,, andT, and have led to the proposition that the onset of the PE is

i irst- 42262830 g fiict
values, plotted in thel{,T) phase diagram, for various dc 2ﬁle?n tce)z :Il(f)l\:\?st %r:j '?hrephoassseibitlrif1 ni?ﬁi exist?n:erstt)fotrhdee{her-
bias fields. Below 5 kOe, one can hardly distinguish betweern 9 P y

the T, andT, values of the PE, and thE, andT, curves mal hysteresis and the path dependence in the values of some

- . . Ophysical variables, which in our case is the current density
appear to merge at a multicritical point corresponding t §
Tp(H)/T¢(0)~0.9 in the phase diagram. ¢

47M (Oe)

effect, followed by another sharp dip at=T, (the peak

2. Isothermal dc magnetization results B. Disorder and .h_istory dependenge of the macroscopic
critical current density J.
In order to further explore the different facets of the PE
observed in the ac susceptibility measurements, isothermal
dc magnetization hysteresis measurements were also per- We now present the thermomagnetic history effects in the
formed on the same crystal. The results at two temperaturek. in the PE region through the temperature-dependent ac
are shown in Fig. 2. The magnetization curves were recordeslusceptibility measurements. Two different sample histories,
for increasing as well as decreasing field cycles over a totaliz., the ZFC and the FCW, commonly associated with the
scan length of 4 cm using the modified half scan technique adisordered magnets such as spin glasses, were investigated.

well as the conventional full scan method on a SQUID magin the FCW mode, the sample was cooled down from the

1. Isofield ac susceptibility study
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FIG. 3. They'(T) curves atH=10 kOe for two thermomag- FIG. 4. Magnetization hysteres{minor) loops obtained at 4.5

netic histories, namely, zero-field-coolédFC), and field-cooled K after field cooling the sample in different preselected fields. The

(FCW) warmup.x'(T) data show jumps &F, andT, in both the ~ minor loops are obtained by either increasing or decreasing the field

plots, and just abov&,, the two curves merge into each other. from a givenM c(H) value. Note that the envelope hysteresis loop
is denoted by a continuous line.

normal state in the presence of the required dc field and then

the measurements were performed while warming up thgig. 4 at T=4.5 K. According to the Bean’s critical state
FLL. Figure 3 displays the typical response of {n&T) for  model®*3*when the critical current density is uniquely pre-
the two thermomagnetic histories in a field of 10 kOe Thescribed for a vortex state at a g|vé1h and T, the Sing'e_
FLL states in the FCW mode can be seen to give largeyajyed nature of thd, demands that all the magnetization
d|amagr!et|c screening response as compared to those PY%5lues obtained along the various paths with different ther-
duced via the ZFC mode over a wide range of temloer""turq'nomagnetic histories should lie within the envelope loop

fefined by the forward and the reverse branches of the mag-
netization curve. The dc magnetization data illustrated in
Fig. 4 go beyond the above description and clarify the mul-

) . - FCw tivalued nature of thd.. As the sample is field cooled in a
history dependence of thi: in those modes, i.eJ:™"(T) preselected magnetic fieltH<H ) to the required tempera-

>JZFY(T) for T<T,. In an earlier report, Banerjest al?® NS .
have exhibited the same kind of history dependence ir.t]ure and the magnetization is recorded as a function of the

CeRy and H-NbSe. Also, from the smali-angle neutron- increasing/decreasing fields, the initial magnetization values
scattering study Hu>.<Ieyet a,ll 31 have surmised that the EC overshoot the forward/reverse magnetization envelope
state in CeRyicomprises more finely divided regions of cor- curves. On further increasing/decreasing the field, the mag-

related lattice as compared to those in the ZFC state. Thgetization values fallls.harply and merge i'nto the 'usu'al enve-
difference in the ZFC and the FCW responses finally disap!OP€ 100p(to be identified by the thin continuous line in Fig.
pears at the peak position of the PE, somewhat akin to th@- The overshooting of the initial magnetization values
magnetic responses in spin glasses where the ZFC and petearly indicates that thé, value at a given fieldH in the FC
magnetization curves merge at the spin-glass transition ten$tate is higher than that in the ZFC state, in good agreement
peratureTg.32 However, unlike the spin glasses, where thewith the isofield ac susceptibility measurements discussed
glass temperaturd@, could display measurable differences earlier. The observation that the FC magnetization curves
when the frequency and the amplitude of the ac field is vareventually merge into the ZFC magnetization cuve., the

ied, at least in the vortex system in {R,Sny;, both the envelope loop implies that the more strongly pinned FC
onset (T,) and the peakT,) temperatures of the PE do not vortex state heals to a more ordered ZFC state as the vortex
vary with the change in frequency and/or amplitude of the actate adjusts to a large enough chadg in the external dc
field3” The observed robust independenceTgf and T, on field 2 This changeAH in the dc field required to anneal a
the amplitude and especially on the frequency, further attesigiven FC state to a neighboring ZFC state also increasks as
the first-order nature of the transformations and the consexpproaches the peak field,, where the lattice is nearly
quent absence of pretransitional fluctuation effects, such agmorphous (AH varies from~2 kOe in the PE regime to

current densityd. is directly related to they'(T) response
[Eqg. (1)], the differences in thg'(T) responses between the
ZFC and the FCW(field-cooled warmupmodes reveal the

critical slowing down, etc. ~80 Oe well below the PE regimeThe overshooting by the
o FC magnetization curve is, however, absent for fields greater
2. Isothermal dc magnetization data thanH, (see Fig. 4 In such cases, the FC magnetization

To further illustrate the thermomagnetic history effects incurve readily merges with the reverse envelope curve, since
the J., the magnetization hysteresis curves were recordethe history effect in thel, disappears at the peak position of
after obtaining the vortex states in the FC mode at fieldgshe PE, as seen earlier in the temperature dependent ac sus-
lying well below as well as within the PE region, as shown inceptibility data.
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FIG. 5. x'(T) responses obtained while thermal cycling across
the onset ) and the peakTp) positions of the PET,, T, , and
T, identify the temperatures up to which the sample is warmed up
each time after preparing the FLL in the ZFC mode.
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FIG. 6. Minor hysteresis loops generated by decreasing the field
from the forward branch of the envelope loop at 4.5 K. The inset
shows how the minor loops eventually merge into each other near

C. Thermal/field cycling across the onset and the peak position
of the peak effect: Evidence for shattering of the FLL

r
1. Thermal cycling during isofield ac susceptibility measurements Hpi ON the reverse envelope loop.

A deeper insight into the path dependence of H€T)
can be brought about by performing thermal cycling acros
the onset and the peak position of the PE as it yields strikin
evidence for the stepwise pulverization of the FELThe
FLL prepared in the ZFC mode, after applying the require
field, was warmed up to three preselected temperatiies,
Ty, and Ty, such thatT,<T,, Ty <T;<T,, and T,
<T<Tc. The x'(T) responses were then recorded while ;4 cery, 22 and reaffirm the notion of the stepwise shatter-
cooling down in the field from_the above_ thr_ee preselecte ng process of the FLL acrosk, andT,.
temperatures. The results are illustrated in Fig. 5, where the
short-dashed and the solid Im@'th data points omitted 2. Field cycling via minor hysteresis loops in the isothermal dc
are the responses produced in the ZFC and FC warmup magnetization measurements
modes, respectivelfas shown earlier in Fig.)3The cooling
curves from the three preselected temperatures are repre- Another interesting manifestation of the path dependence
sented by specific symbols. The following features are noteof the J. across the onset position of the PE can be seen in
worthy in Fig. 5: (i) For cooling down the sample from a the isothermal dc magnetization hysteresis data via minor
temperature below the onset of the peak eff@gt(T), the hysteresis loops, as reported by Roy and Chatimteseveral
FC cooling curve retraces the ZFC warmup curve, whichsamples of CeRuand its derivative§ It was pointed
implies that, the changes in the FLL that occur along theout">*>*°that the minor hysteresis loops initiated from the
ZFC path up toT,, are reversible(ii) When cooled down fields lying in between the onset and the peak positions of
from a temperaturd,, , the y'(T) response initially tries to the PE(i.e., for H,<H<H,), saturate without merging
retrace the ZFC response, thereby effectively moving toWwith the reverse envelope loop. We show in Fig. 6 the be-
wards the ordered ZFC state. But closeTiy, the x'(T) havior of the minor hysteresis curves initiated from the fields
response drops sharply to a value more diamagnetic than thgng in betweenH |, andH,, at 4.5 K in CaRh,Sny3. It is
ZFC curve(as well as more diamagnetic than the FC war-clear that the saturatede., the highegtvalues of the minor
mup responsethereby implying that the FLL gets far more loops do not meet the reverse envelope cuisientified by
disordered. This sharp jump towards a different, highly disthe continuous line The inset of Fig. 6 shows how the mi-
ordered state reveals a characteristic hysteretic behavi®or loops eventually merge into the reverse envelope near
across theél,, transition resulting in an open hysteresis loop, H[,| . Note that the difference between the saturated value of
i.e., thex'(T) response can never by its¢for T<T,) re- a minor curve and the magnetization value on the reverse
cover to the ZFC response. On cooling further down, theenvelope curve decreases as the field from which the minor
new x'(T) curve cuts across the FC warm up responseloop is initiated approaches the peak figtg,. For fields
thereby, becoming relatively less diamagnetic than the F@boveH,, the minor hysteresis curves readily merge into the
warmup curve down to the lowest temperatur@s) When  reverse envelope curve since tlg is path independent
the FLL is cooled down from a temperature above the pealboveH,. An estimate of the current density values along
position (Ty;; >T,), the x'(T) response initially retraces the the forward/reverse portion of the envelope loop between

FC warmup and the ZFC curves downTg. But belowT,,

he x'(T) response becomes more diamagnetic than both the

%FC and FC warmup responses. Betwdenand T, this

dhighly disordered state stages a partial recovery towards the
FC warm up state, but it remains more disordered until merg-

ing with the FC warm up curve at low temperatures. These

results bear close resemblance with the data ki NbSe
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TABLE I. Superconducting parameters in B, Sn; at T=4.5 K.

NA) k E(A) Hu (09 He (08  H (09 Gi jo (A/M?)  j(H=0) (A/m?)

2270 175 130 110 19500 800 X307 1.5x10% ~107

HE/Hp, andH, can be made by examining the respectivecrystal® Figure 7 shows thd.(H) vs H behavior at 4.5 K
half widths of the magnetization hysteresis I63fThe mag- on a log-log plot. In the ZFC modleFC displays a linear
netization data of Fig. 6 leads to the inference thH)  variation, which amounts to a power-law dependence for
<Ji(H). The inequality,H[,<HJ,, and the distinct identi- J_(H) prior to reaching the PE region Bit, . Such a power-
ties of the different minor loops vividly exemplify the irre- |aw dependence is often taken to be a signature of the col-
versibility and the path dependence in the physical phenomiectively pinned elastic solitf* Figure 7 also includes the

enon that occurs across the onset position of the PE. current density in the FC state estimated using the saturated
values of the FC minor hysteresis curves initiated from dif-
IV. DISCUSSION ferentMc(H) values(from Fig. 4. The difference between

the highest magnetization value on the FC minor hysteresis
curve initiated from a givernd and the notional equilibrium
The superconducting parameters of the isotropic supemagnetization valuédefined agM gor+ MRgey]/2) could be
conductor CgRh,Sn;3 obtained from the ac susceptibility taken as a measure of tiE(H).* It is apparent from Fig.
and dc magnetization data at 4.5 K using the Ginzburg7 that the difference between tiE© and theJ4FC values
Landau theory/ are given in Table I. The coherence length decreases ad decreases. Fdi<4 kOe, one cannot distin-
and the penetration depth are ~130 A and~2270 A, re-  guish between the FC and the ZFC vortex states from the
spectively, which correspond toa(\/§) of 17.5. The pres-  yalues of their critical current densities. A similar trend was
ence of disorder, in the forms of thermal fluctuatiddy-  noted® in 2H-NbSe, where the difference between tig
namig and the quenched random pinning cent&s®tio,  values in FC and the ZFC states ceased at about 1 kOe. In

governs the dynamics of the vortex array, and the two forms arkin-Ovchinnikov model, the current density, is de-
can be parametrizéliby the value of the Ginzburg number scribed by the pinning force equatidh?

[defined asG;=(1/2)(kgT./HZ2&%€)?] and the ratioj./j,
(wherej. andj, denote the depinning and depairing current Fp=JcH=(W/Vo)¥2=[n (f2)/RZL Y2 2)
densities, respectivelyln order to conveniently observe the .

melting or the amorphization transition of the vortex lattice, Wheré W and V. represent the pinning parameter and the
the following two criteria must be fulfilled. First, the system correlation volume of a Larkin domain within which the FLL
must have an appreciably large value of the Ginzburg numiS undlstorted a_nd weII_ correlated_, despite _the_ presence of
ber, which guarantees an adequate separation of the vort@¥1ning, respectivelyn; is the density of the pinning centers
melting/amorphization curve from tHé., line. Second, the (PINS), fp is the elementary pinning interaction proportional
system should have a sufficiently wide, weakly pinned re0 the condensation energy, aRd andL . are the radial and
gion well below the superconductor-normal phase boundar)JP”g'tUd'nal correlation .Ien.gths. The pinning mteractl_on is
which could help to identify the occurrence of the PE in the€xpected to decrease vylth increasing temperature, which cor-
magnetization experiments. The value of the Ginzburg numt€Sponds to a monotonic decrease intpeThus the anoma-
ber for CaRh,Snys is ~10~ 7, which is much smaller than !ous increase in thé, across the PE region can be ratlonal'-
the typical value ¢ 1072) (Refs. 1 and 3Bin high-T, su- ized onl)_/ by an introduction of an ano_malous_sudde_n c_irop in
perconductors. It indicates that this compound has a rathdf€ Larkin volumeV.. The two discontinuous jumps i in
narrow critical fluctuation region in theH,T) phase space,
where the vortex lattice can undergo melting transition due
to the thermal fluctuations alone. However, the raitj o is Ca,Rh,Sn,,

~7x10"®, which classifies GfRh,Sn3 among the weakly T=45K H
pinned systems. The weak pinning situation is very helpful
as the structural and the dynamical behavior of the vortex
array can be examined within the framework of the Larkin-
Ovchinnikov collective pinning theory?*° The smallj./jo
ratio in CgaRh,Sn 3 makes it an attractive candidate for the
study of the pristine phase transitions of vortex mattét*3

A. Superconducting parameters of CaRh,Sn;;

107 T T T

B. Collective pinning description 105 |/

The motivation to invoke the Larkin-Ovchinnikov T T ’ ///// <— P}
descriptiod® for explaining the observed behavior in YR
CaRh,Sny5 is supported by the field dependence of the criti- H (Tesla)

cal current density in it. Théd.(H) can be estimated within
the prescription of the critical state motfelising the mag- FIG. 7. Log-log plot ofJ, vs H in the ZFC and FC modes at

netization hysteresis data of Fig. 2 and the dimensions of thg=4.5 K.
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the x'(T) data therefore imply sudden shrinkages of Yhe state, one typically establishes a critical state with the critical
at T, andT,. This picture proposes that for a sample with current densityl(H). The states with magnetization lying in
substantial pinning, the competition between the interactiopetweenM z-c and Mc would be in subcritical state with
and the disorder leads to some threshold behaviors. Whestirrent densities)(H)<J(H).>* At T;,, the Jo(H) ap-
the pinning energy overcomes the elastic energy of the FLLproaches the depinning limitl{—0). The magnetic shield-
which is continuously softened due to increase in the teming responses, as measured viaéH,T) values, of all the
perature, a disorder induced transition transforms the FLIStates whose magnetization values lie in betwiglei ¢ and
from an elastic medium to a plastically deformed vortexMgc are dictated by the sami(H), i.e., thex'(T) values
states with a proliferation of the topological defe@dssloca- do not display any path dependence though the magnetiza-
tions) at the onset of the PEorresponding to the first jump tion values are path dependent. On the contrary, we witness
at Tp,).23 At a higher temperature, the thermal energy over-a thermomagnetic history dependenceli(H) for the FLL
comes the elastic energy and produces a complete amastates prepared via different paths in;RR,Sn;. The
phization of the vortex solid at the peak position of the PEquenched random disorder appears to pin the vortices into
[where the second jump ig’(T) is located. different configurations while preparing the vortex states via
The crucial support for the stepwise fracturing of the FLL different routes in theH,T) plane and this leads to its his-
comes from the thermal cycling experiments performed on dory dependence. The ZFC state with smallgs(T) re-
well-ordered FLL(see Fig. 5 While cooling down from a sponse is perhaps the most ordered state with the lodyest
temperature within the PE pockétom T, in Fig. 5, the and the slowly cooled FC state is the most disordered state
FLL is cooled from a partially fractured, plastically de- with the largest).. Thus one can produce a hierarchy of
formed state. So the FLL initially tries to heal towards themetastable states whosg values lie in between thaZ ¢
well ordered ZFC state. But, as the temperature decreasesd theJEC. The history dependence of theé(T) response
progressively towards,;, the decrease in the strength of the disappears at the peak position,j of the PE, presumably
thermal fluctuations start to stiffen the FLL, thereby building due to the fact that the FLL prepared in any manner almost
up the stresses. The system thus fails to drive out the dislazompletely amorphizes at the peak position and the vortex
cations in order to heal back to the ZFC state. Instead, itystem loses order in equilibrium.
shatters further to release the stresses and reaches a different
metastable state. To reach back to the ZFC state from this
metastable state, one needs to shake the FLL vigorously by
an external driving forc& This characteristic hysteretic be-
havior across th@, transition is definitely novel; it is not Within the LO framework of collective pinning, the di-
usually seen across a typical first-orderelting transition = mensionality(D) of the collective pinning is determined by
in the absence of disorder. the relative magnitude of longitudinal correlation lendth
The difference between the vortex states formed duringf a Larkin domain with respect to the thickned=f the
the cooldown fromT>T, (from T, in Fig. 5 and the one sample’®** Thus a transition from three-dimensior@D)
which evolves during the FC warm up mode probably origi-to 2D behavior is predicted, wheln.=d/2. The estimated
nates from the slow dynamit&>?® of the order-disorder value of L(0) {Lc(0)=&(0)[jo(T)/j<(0)1¥3 from the
transformation across the,, and theT,. We believe that jo/]j ratio for CaRh,Snyzis 1.6 um, which is much smaller
aboveT,, the FLL transforms into a completely pulverized thand/2 of the present crystal. We have therefore estimated
state, which is so disordered that the FLL correlations bethe field dependence of the longitudinal and transverse cor-
yond the first few nearest-neighbor intervortex spacings areelation lengthsl.(H) andR.(H) within the framework of
immaterial. Thus, if the FLL is cooled down from such a 3D collective pinning, at 4.5 K using various superconduct-
disordered state€l(>T,), one cools in the liquidlike correla- ing parameters calculated from isotropic GL thedof.
tions and the FLL remains in an amorphous staeaper- Table ).
cooled statedown to a much lower temperatutthan that The longitudinal and the transverse correlation lengths are
during the FC warmup cycleThe above scenario leads us to connected by the equatidA. Angurel et al*)
conclude that afT,;, the FLL transforms from a gﬁaﬁa%rly
defect-free ordered lattice, such as a Bragg glass e, — 120 _h)12R2
to a highly defective plastically deformed lattfée*®46-4° Le= (CalCod) "R~ (20218 (W=D RE, - (3
with full of topological defects analogous to a vortex glasswherec66 andc,, are the shear and the tilt moduli, respec-
phase. Then aI, the vortex glass phase further transformsyjyely, ¢ is the coherence length, afdis the reduced field
into a completely amorphous but pinned phase#0),  parameterH/H,,. Substituting the expressions fogs and
above which the lattice is no longer correlated and loses itg , (Ref. 40 in the above equation and incorporating it with

. . . . . 4.
history an_d memory. The vanishing of the pinning occurs ape | o equation for collective pinninfEq. (2)], one can
an even higher temperature marked as the irreversibility teMgatermineR. andL . as
C Cc

peratureT;,, .

The path dependence in thé(T) response folf <T, is
a thougir)]t provopking result. It l?](ig tzeen 2h89\that the n%ag- Re=[Wob(1-b)?J/{2y2/m& bl (1~ D)V 1H)Y,
netization in the ZFC stateMzrc) differs from magnetiza- )
tion in the FC stateNlc) up toT;;, , and hence one could
produce a hierarchy of states whose bulk magnetization val-L.={22/w&[b/(1—b)]¥2 ¥ Wyb(1—b)Y21Y2(1/3.H).
ues lie in between the ZFC and the FC states. In the ZFC (5)

C. Determination of R, and L
by the collective pinning analysis
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FIG. 8. Plot of the computed values of the ratiRs/a, and

L./d versus field aff =4.5 K for CgRh,Sn;3. FIG. 9. Vortex phase diagram for gRh,Sn;; depictingH.;,
(Hpi Tp), (Hp,Tp), (Hirr , Tirr), and He,, Te) lines. For nomen-

Figure 8 summarizes the computed data for the field declature, see text.
pendence of the ratid?./ay andL./d for the FLL at 4.5 K
in both the ZFC and the FC modes. For the ZFC mode, bot@nd theH(T) in the dc magnetization data is drawn as
R./a, and L./d initially increase with the field up to the (Hpi.Tp) line in Fig. 9. This line marks the onset of shat-
onset fieldH,, of the PE. But, betweehi, andH,, they  tering of the FLL as the pinning energy overcomes the elas-
decline rapidly, which indicates that the elastic energy delic energy resulting in a transition from an elastic solid simi-
cays much faster than the pinning energy asRhend the lar to a Bragg glass phase to a plastically deformed vortex
field H,, the ratioR./ag— 1, which supports the view that Position of the PEmarked as i, ,T,) line in Fig. 9 pro-
the FLL gets completely amorphized as the shear moduluducing a near collapse of the Larkin domain and the com-
Ces COllapses. However, for the FC state, both Byda, and ~ Plete amorphization of the FLL, thereby representing a trans-
theL./d show weaker dependence up tol8, after which formation to a highly viscous pinned amorphous state.

they start to decrease gradually, reaching the amorphous !f we choose to identify i, ,T;) line in Fig. 9 with the
limit nearH,. FLL melting curve 8, T), given by the relatiof?

Bim=Bm(C/G)H2(0)(T./T)?

D. Vortex phase diagram )
X{1=(T/Te)~[Bm/Hc2(0) 1}, (6)

Collating all the ac susceptibility and dc magnetization
data(including those from Ref. 24we can finally construct then the Lindemann numbey is found to be~0.1, which is
a vortex phase diagram for gRh,Sny; as shown in Fig. 9. reasonable in the context of similar estimates for Geand
The lower critical field lineH.;(T) has been obtained from NbSe.?® In Eq. (6), we usedG; andH,(0) as 1.3 10’
an analysis of the isothermal dc magnetization measuremengéd 4.5 T, respectively, andl,, was taken as 5.6 from Ref.
performed at low field$! The H, line has been derived 38. For higher fieldgi.e., aboveH,, line), the critical cur-
from the values obtained from the ac susceptibility as well agent density vanishes as identified by the vanishing of the
the dc magnetization data. The regime in the magnetic phas@steresis in the dc magnetization data. The irreversibility
diagram enclosed by these two lines identifies the mixedine marks a crossovepresumably dynamjdrom a pinned
state of a type-ll superconductor. After the discovery ofamorphous to an unpinned amorphous state.
high-T. superconductors an extra line, designated as an irre-
versibility line, has been introduc&tiin the phase diagram
of type-1l superconductors, which marks the predominance
of the influence of thermal fluctuations on the vortices. In  In summary, the peak effect, an anomalous upturn in the
weakly pinned systems, the competition and interplay beeritical current density of superconductors, has been investi-
tween the statidquenched random pinningand dynamic gated in detail for the superconducting systemRlaSn;;
(thermal fluctuationsdisorder and the elasticity of the lattice via isofield ac and isothermal dc magnetization measure-
create a richer phase diagram comprising a few more linements. A structure in the peak effect region, comprising two
within the mixed phase. These lines reflect how the nearlyirst-order-like jumps at the onsef §) and the peak ;)
defect-free(very smallj./j, ratio) elastically deformed vor- positions of the PE, has been observed in the isofield ac
tex lattice gets disordered in steps. The onset of the PEsusceptibility measurements. Our ansatz about this two-peak
which is identified with theT ,(H) in ac susceptibility data structure is that the first peak reflects the commencement of a

V. CONCLUSION
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pinning induced stepwise shattering of the FLL through thecomparable to the penetration depth, which measures the
sudden shrinkage of the correlatigbarkin) volume V. at  range of the electromagnetic interaction between the vorti-
Tpi.2>* The thermal cycling across th&,, reveals an open ces. Finally, the vortex phase diagram of,RB,Shy3 is con-
hysteresis loop across it, which is a spectacular manifestatiogtructed which shows close resemblance to phase diagrams
of the shattering phenomenon of the FLL. The macroscopigrawn earlier for CeRuand 2H-NbSe.23 This could further
current densityl, of CasRh,Sny3 shows pronounced thermo- |ead to the establishment of a generic phase diagram for all
magnetic history dependence beldy, which reveals the conventional low type-Il superconductors in the presence

role played by quenched random disorder on the FLL. Theyf quenched random disorder and thermal fluctuations.
disappearance of history dependence abbyeeflects the

absence of memory of any previous history and the complete
amorphization of the FLL. The two-peak structure becomes
inconspicuous below a certain dc field indicating a possible
crossover from an interaction dominated regime to a pinning The work at University of Warwick was supported by a
dominated regime when the lattice constapt becomes research grant from EPSRC, U.K.
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