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Peak effect in CeRy: History dependence and supercooling
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We present experimental results on single crystal GefRowing that the extent of the history dependence
of peak effect depends on the path followed in the space of fi¢ldand temperatureT(). The H,T) regime
over which the history effect is observed is larger if the vortex lattice is prepared by lowlefingh aboveT ¢
in constantH, i.e., by field cooling. We compare this history effect with the very recently reported history
dependence of peak effect in detwinned single crystals of YBaCuO and 2 H,Nb@alighting the similarities
and differences. We discuss the possibility of a first-order vortex solid-solid transition in,GeiRun the
realm of recent theoretical developments in the field of vortex matter.

[. INTRODUCTION order phase transition. Newer theoretical developni&tits
have also taken place in the field of vortex-matter physics

Recent theoretich* and experimentat’ studies based over the last few years in an attempt to understand the vari-
on highT¢ superconductoréHTSC’s) suggest the existence OUS field-disordgr—induced phenomena. This acti\{ity in vor-
of at least two distinctly resolved solid phases of vortex mati€x matter physics can even have deep correlations with a
ter which are distinguished from the high-temperature high/nore general area, namely, disorder-pressure-induced melt-
field vortex liquid. These two vortex solid phases are re[Ng or amorphization in real solids:
ferred to as low-field quasiordered solid or Bragg-glass and Very recently, the interesting history dependence of PE
high-field disordered solid or vortex glassee Ref. & The as been reported for naturally untwinned and detwinned
important question now is, what is the order of the thermo-i'ngle crystal s]:':lmglzs 2°f YBd@u%Oyl (YBCO) IW'th 6'|908 f
dynamic phase transition any) between the various vor- \y\6.99%7(§;e S. 24-2p and single crystal samples o
tex phases? The Bragg glass has long-range order and it%"'NbSQ' "~ We have earlier observed a very similar his-

expected to melt to vortex liquid at high temperature througﬁ:g 1 dligjeé]fgrl;?/egf hzge Isnu ?rioézﬁcté?ggggf@%(
a first-order transition. Experimentally, the indication of a, . P P

first-order transition usually comes via a hysteretic behaviorbe”eve that the "minor hysteresis loop” technique used in
: : y . y ) our early study of the history dependence of PE in CeRu
of various properties, not necessarily thermodynamic one

. . ) %Refs. 29-31 and also in the similar recent studies on
In HTSC samples also initial suggestions of a flrst-orderYBCO (Refs. 24—26 and 2H-NbSg (Refs. 27,28 belongs

melting transition came via distinct hysteresis observed i that class of experiments which can investigate the phase
transport property measuremefits. The confirmatory tests coexistence and supercooling across a first-order phase tran-
of first-order transition of course involve the detection of gjtjon.
discontinuous change in thermodynamic observables and the Interesting Fermi surface topology and enhanced Pauli
estimation of latent heat, and this has Subsequently beqﬁaramagnetism of CeBljnave given rise to various interest-
achieved for vortex lattice melting in HTSC materials ing possibilities, starting with an exotic naawave super-
through magnetizatidf*®and calorimetric measuremenifs. conducting ground stateto a field induced change in the
There also exists a less rigorous class of experimental testaicroscopic superconducting order parameter associated
which involves the study of phase coexistence and supemwith the onset of a Fulde-Ferrel-Larkin-Ovchinnik@~LO)
cooling across a first-order transition. This kind of experi-state>*~**The onset of FFLO state can cause softening of the
ment has also come out to be pretty informative for the firstyvortex lattice and in turn enhanced pinning and PR is
order melting transition of the Bragg glass in quite clear that if a field-induced first-order transition from a
Bi,Sr,CaCy0g. 5 (BSCCO.»® BCS state to FFLO state actually takes place in any system,
With the establishment of the first-order nature of thea PE with definite history effectgypically associated with a
Bragg glass to vortex liquid transition line, the focus in re-first-order transitiopnwill be observed, and this has been mo-
cent years has shifted to the Bragg glass to vortex-glass trativating us, possibly as a red herring, in our study of vortex
sition. In various HTSC materials a peak eff¢E) or fish  matter in CeRyl The question is can CeRactually sustain
tail is used to track this field induced transition from Bragga FFLO state? Our own macroscopic magnetiz&tiottand
glass to vortex glass, and this transition is observed to be mansport-property measuremetitsannot provide any proof
sharp transitiod-’ However, the exact nature of this for (or against the existence of the FFLO state, and at this
transition—whether it is a continuous or a first-ordermoment the global debate on this issue remains
transition—has not been established yet. Very recengnsettled33438-40
magneto-optics studies on single crystal samples of BSCCO [n the light of various recent developments described
claim the presence of phase coexistéfité and  above regarding vortex matter, we believe that results ob-
supercooling’ across the Bragg-glass—vortex-glass phaseained in CeRyshould be reexamined. In this paper we shall
transition. These in turn suggest the possibility of a first-do the following.
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(1) Present newer results on the history dependence of PiBhomogeneity is~0.01% over 1 cm diameter spherical vol-
in a single crystal sample of CeRuRecently we have ex- ume(DSV).
tended the classical theory for supercooling across first-order In contrast to the axial-VSM, the direction of sample vi-
phase transitions to the case when both field and temperaturgation in the transverse-VSM is perpendicular to the applied
are control variables and have shown how the observablgeld. No significant change is observed in the results by
region of metastability depends on the path followed in theyarying the sample vibration amplitude between 0.5 and 1.5
space of these two variabl&sWe show that our present mm: this rules out any distinct role of magnetic field inho-
experimental results are in consonance with these theoreticelogeneity. In any case the field inhomogeneity encountered
predictions, and hence reinforce the idea of a first-order tranhere is obviously much smaller than that encountered even in
sition from one kind of vortex solid to another. the 2 cm scan of SQUID magnetometer.

(2) Compare our results on CeRwith the recently re- In magnetization hysteresis measurements, we draw an
ported history dependence of PE in single crystal samples @§othermal magnetizatiofM) versus field(H) curve by cy-
YBCO (Refs. 24,26 and 2H-NbSg (Refs. 27,28 and point  cling H between*H, at various temperatured) below
out the similarities and differences between these disparatg. . TheT’s of interest are reached by cooling throufhin
classes of materials. The relevance of the results on the phaggsence of any applied field, i.e., in the zero-field-cooled
coexistence and supercooling in BSCQRefs. 16,17 will  (ZFC) mode. From variousi points on this isothermav-H
also be discussed. curve (or envelope curve a minor hysteresis loopMHL )

(3) Discuss a possible origin of a first-order transition can be drawn either by decreasidgrom the ascending field
between two kinds of vortex solid in CEBL‘Nlthln the branch of theM-H curve (Or lower enve|ope Cur\)eor by
realm of the recent theoretical developmefits:! increasingH from the descending field branchr upper en-

Preliminary results of the present work have been prevelope curvgé We designate these MHL's as (MHk.
sented in the recently held LT-22 conference in Helsfiki. One can also initiate MHL'’s from varioud points obtained
by field cooling(FC) throughT. In such a case thd value
at the startingH point normally lies between the upper and
lower envelope curvessee Ref. 29, and references cited

In contrast to the polycrystalline samples of CgRised  therein. An MHL can be initiated from such FE& points
in our earlier studied—3* showing history effects associated either by increasing or by decreasikig We designate these
with PE, in the present study we use a single crystal samplMHL’'s as (MHL)gc. Within the realm of a single-
of CeRy (T¢c=~6.1 K). The details of the preparation and component Bean’s critical state model, all these MHL’s
characterization of this sample can be found in Ref. 43. Magtboth ZFC and FCare expected to saturate by reaching the
netization measurements were performed using a commeenvelope curvé® Such a behavior has actually been ob-
cial SQUID magnetometgiQuantum Design MPMS5We  served experimentally in various type-ll superconductors.
have usd a 2 cmscan length in the “fixed-range” mode to The same is also observed in &llregimes, except a finite
minimize the sample movement in the inhomogeneous fieldield regime encompassing at least a part of the PE regime, in
of the superconducting magnet. In the “autorange” modevarious samples of CeRuRef. 29 including the present
the sample goes through multiple movements while the syssingle crystal sample. In this latter regime the MHL's do not
tem software searches for the most sensitive gain useful fd?ehave in accordance with the critical state models, and we
the signal level detected. We carried out a separate prelimpave used this anomalous behavior of MHL’s to study the
nary run using the autorange mode to identify the appropriaténteresting history dependence of PE in CeRu® Very
gain for the given experimental conditions and then persimilar technique involving the (MHLp:c has very recently
formed a final run in the “fixed-range” mode. In the case of been used to study the history dependence of PE in single
2 c¢m scan length, the field inhomogeneity in an applied fielccrystals of YBCO(Refs. 24—2Band 2H-NbSg?"?8
of 20 kOe is=~2 Oe. We have concluded earftéthat in an Apart from tracking the history dependence of PE the
isothermal field scan, as long as the field for full penetratiorstudy of MHL's can provide us with at least two more useful
at a particular field value is substantially larger than the fieldtems of information in our present kind of study. First, it
inhomogeneity during the sample measurement, the error iprovides a way of estimating the field for full penetration at
the results in the particular type of measurements reported particularH of interes?®*4The field inhomogeneityH of
here will be negligible. The same view has now been puthe magnet causes the sample to effectively follow an MHL
forward very recently in Ref. 28. In spite of all these crossduring measurements with a SQUID magnetom&&ince
checks, in the light of general douft4® concerning the SH rises with scan length, MHL’s allow one to estimate the
measurement procedure using commercial SQUID magneta@fror SM in measurements made with various scan lengths.
meters, it has become important to reproduce the observedne can then choose a scan length such éhtis much
history effects using other techniques which minimize thesmaller than the magnetization hysteresis or, equivalently,
sample movement. In a recent wbfkve have shown the SH is much smaller than the field for full penetration. Sec-
existence of the history dependence of PE in the isothermaind, a fair amount of information regarding the influence of
field variation of magnetization in polycrystalline samples ofsurface barrier can be obtained from the nature of the ap-
CeRy using an axial-VSM(Oxford Instruments In the  proach(linear or nonlinearof these MHL'’s to the envelope
present work we have used a transverse-V@ford In-  curve® These two items of information are useful even
strument$ to get supporting results. In this transverse VSMwhere theM-H curves are in accordance with the critical
the sample is placed in the center of the pick-up coil and thestate modelé® Thus the technique of MHL’s has universal
superconducting magnet assembly, where the magnetic fielbplicability in determiningi) the effect of field inhomoge-
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0.002 surement[see inset of Fig. (b)]. This field-induced en-
0001 T=4.5K (a) hanced magnetization irreversibility in the high field regime
. is the so-called peak effe€PE) and this is the subject of
0.0004 ) main interest in the present work. We note that in Fig. 1 the
_ ] N 4 “f onset fieldH} of the PE in the ascending field cycle is dis-
g 000 L tinctly different from the fieldH} where the PE ceases to
S oo N sooo] Hy o exist in the descending field cycle. Note thaf and Hj
= ] W 0'0005 RO obtained from the SQUID and VSM measurements are a bit
00031 44 A o'm: : : different. We attribute this quantitative difference (id the
1 I L R difference in the magnetic field inhomogeneity encountered
0004+ “a 00051 - £ during SQUID and VSM measurements) possible minor
0,005 ] 2:10 H difference in temperature in two different machines. Also the
I 15000”16300 17000 15000 19300 2000 21000 22000 magnitude of measurelll is smaller in the VSM measure-
©00064——— - HOo =~ ment which we attribute to different sample orientation and
0 5000 10000 15000 20000 25000 30000 35000 the associated demagnetization factor. However, it should be
H (Oe) noted that the actual measurement time involved in a VSM
0.001 measurement, where the field is swept with a constant rate
’ (100 Oe/s in the present casie faster than in a SQUID
measurement where the field is stabilized with a pause time
0.000 (10 sec in the present caskefore each measurement. In
systems with finite magnetization relaxation, a faster mea-
surement with VSM would yield larger magnetization value.
=0.001 This is actually observed in the field regime just below the
g PE where magnetization hysteresis obtained with VSM mea-
< surements is perceptibly highgsee Figs. (a) and Xb)].
=0002- We shall now present results obtained in the form of
MHL'’s measured at closely spaced field intervals, after pre-
paring the vortex lattice within the following experimental
-0.003 protocols.
; S (1) Zero field cool(ZFC) the sample to the temperature of
oo0s b 15000 16000 000 IR Oy e o0 measurement, switch on a field less thai.,, and then
0 5000 10000 15000 20000 25000 30000 35000 increase the field isothermally to reach various points on the

H (Oe) lower envelope curve. (MHL)'s are drawn by reducing
the field isothermally.
FIG. 1. Magnetizatior{M) vs field (H) plot for CeRy at 4.5 K (2) After the above step, increase the field to a value
obtained with(a) a SQUID magnetometer antb) a vibrating ~ 9reater tharHc, and then reduce the field to reach the vari-
sample magnetometer. See text for details. The insets highlight tHaUS POINts on the upper envelope curve, while maintaining

peak-effect regime. the isothermal condition. (MHL)-c's are drawn by increas-
ing the field isothermally.

neity of the magnet on a measurement giayl the impor- (3) Field cool(FC) the sample in variougpositive) fields

tance of surface barrier in the magnetization study. from a temperature substantially abolg. After stabilizing

While presenting newer results, the present study on &he temperature of interest the (MHIgs can be drawn both
single crystal sample of CeRuising both SQUID magneto- by increasing and decreasing the field isothermally.
meter and VSM, provides also a cross check on our earlier The MHL'’s at the onset of the PE regime obtained within
result$®~* obtained on polycrystalline samples mainly usingthe above experimental protocols do not conform with the
a SQUID magnetometer. This will put the experimental situ-Critical-state models; they do not show the expected merger

ation regarding the PE in CeRon a more firm ground. with the envelope curvésee Fig. 2 While the (MHL)zec's
initiated from the lower envelope curve ldt=18.25, 18.75,
IIl. RESULTS AND DISCUSSION and 19 kOe saturate without touching the upper envelope

curve[see Fig. Pa)], the (MHL)zeC's initiated from the up-

Figure 1 showsv-H plots of the CeRypsingle crystal at per envelope curve d=18.4 kOe overshoots the lower
T=4.5 K, obtained using both a SQUID magnetometer ancenvelope curve before reaching saturatfeee Fig. 2b)].
VSM. TheseM-H curves are obtained by isothermally cy- The (MHL)gc's obtained following the FC path also over-
cling H between *25 kOe. Since H¢e, (4.5 K) shoot the envelope curisee Fig. 2c)]. For the sake of
~21.5 kOe is less than 25 kOe, these provide the envelopearity and conciseness we show only few representative
hysteresis curve within which all the MHL'’s should be con- MHL's.
tained. This envelop-H curve shows two distinct irre-  We have earlier reportéd®® anomalous behavior of
versible regimes separated by an almost reversible regim@MHL) ,--'s obtained within the protocol No. 1 in polycrys-
(see Fig. 1L While this intermediate regime appears quitetalline samples of CeRu Tenya et al>* have reported
reversible in the SQUID measuremefgee inset of Fig. anomalous (MHL)ec's under protocol No. 2. Ravikumar
1(a)], perceptible irreversibility is observed in the VSM mea- et al. (Ref. 52 and ourselve$Ref. 31(b)] reported anoma-
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h.0015 T lous (MHL)gc's under protocol No. 3 in single crystal and
T=45K ‘““i £ @ polycrystalline samples of CeRurespectively. Actually the
000101 NS g anomalous character of the (MHig. initiated from the up-
per envelope curve was visible in a relatively less prominent
000051 " . manner in our earlier studies of polycrystalline samples as
| a aasant a well [see Fig. 3 of Ref. 3B)]. However, from our standard
00901 . . cross checks we were not sure whether the observed result
4 was beyond error bar, hence did not emphasize much on that.
000081 ‘ (On the other hand we were aware of the metastable charac-
a ter of those (MHL)}gc's drawn from the upper envelope
MHL,,,. from lower curve, since they readily shattered on field cyclisge Fig. 3
aoote envelope curve of Ref. 31(@].) In the present work all the three different
1o 175 180 185 190 195 200 205 210 kinds of (MHL)s are shown on the same sample of CeRu
H (kOe) We shall now reproduce all these anomalous aspects of
MHL's in the vicinity of PE using a transverse VSM. Figure
T4 SK e, ®) 3 shows the anomalous nature of the two (MEids drawn
) a from the lower envelope curve Bt=19.25 and 20 kOe, and
. A two (MHL) g¢'s drawn by reducing the field & =17.25 and
s oo0s. N “a g a b 19 kpe. In this transverse VSM it is relatively difficult to
M‘A . stabilize the temperature far<10 K and actual tempera-
oot * . A ture can vary byt 0.025 K between different runs and some
time even during a single complete run. This leads to a slight
0005, N scatter in the data, but from multiple runs of the same ex-
‘Jh - periment we ensure that the observed anomalous features are
o certainly well beyond the error bars. For the two kinds of
MHL,,., from upper MHL's described above we need to obtain the envelope
o0t I emflopec'mve ' M-H curve in a separate experimental cycle. However, the
170 175 180 185 190 195 200 205 210 anomalous nature of the (MHL):'s drawn from the upper
H (kOe) envelope curve can be highlighted from a single experimen-
tal cycle. For this purpose we increase the field isothermally
A © to field values well abovéd ., (thus drawing the lower en-
a 4 velope curve and then reach the various field points of in-
‘ terest on the upper envelope curve by isothermal reduction of
fap g 0 4] the field. From such field points we draw (MH}:'s by
reversing the field sweep direction. In Fig. 4 we show the
MHL’s initiated from the upper envelope curve &
=18.75 and 19.25 kOe and they distinctly overshoot the
0.0005 ] . lower envelope curve before saturation. These representative
s a MHL'’s provide support to the results obtained earlier with
000104 gﬁp “anat the SQUID magnetometer. Various envelope curves and
g MHL's presented in Figs. 3 and 4 are obtained with field
00015 I sweep rate 100 Oe/sec. We have also checked the qualitative
170 175 180 185 190 195 200 205 210 aspects of our results by varying the field sweep rate between
H (kOe) 20 and 200 Oe/sec.
Interesting history effects associated with the PE have
FIG. 2. Forward legs of various minor hysteresis lo0d#iL)  peen reported recently in detwinned and naturally untwinned
at 4.5 K obtained with a SQUID magnetomet&). Open triangles single crystals of YBCG*25These history effects in YBCO
denote (MHL)c initiated from the lower envelope curve &t are exactly in the same form of anomalous isothermal
=18.25, 18.75, and 19 kOe; they saturate without touching thE(MHL) ,ec’s drawn from the upper and lower enveloleH
upper envelope curve. (MHL)c initiated from 19.3 kOe saturates curve of CeRy as shown in Figs. @), 2(b), 3@, and 4. In
on touching the upper envelope curyb) Open triangles denote these reports, however, there is no ,ment’ion o,f any measure-
(MHL) zc initiated from the upper envelope curveldt=18.4 and a6 1ving MHLs in a field cooled vortex state. In case
18.75 kOe. The (MHL)gc initiated atH =18.4 kOe overshoots the of 2H-NbSe, however, history effects in the form of. anoma-

lower envelope curvec) Open triangles denote (MHL} initiated . .
on decreasing field fornld=17.5, 18.4, and 19.6 kOe after field lous MHL's are ggéserved under bOth_ ZF(_: gnd FC exp_erl-
872 and those are quite similar to the his-

cooling. The starting points of these MHL's are marked with méntal protocol .
crosses. While the first two MHL's overshoot the upper envelopdory effects obse'rved in CeRu _
curve, the one initiated 41 =19.6 kOe behaves normally, namely ~ We have earlier associated these anomalous features in
it saturates on touching the upper envelope curve. We also showolycrystalline samples of CeRuwvith a field-induced first-

one (MHL)qc (represented by open squardsitiated from H  order transition to a superconducting mixed state with en-
=18.4 kOe by increasingl. See text for details. Filled triangles hanced pinning properti€S-31While the multivaluedness in
represent the envelope curve. the saturation of the (MHLy) in the ascending field cycle
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FIG. 3. Forward legs of various minor hysteresis loglL )

FIG. 4. Minor hysteresis loops (MHL}c drawn at 4.5 K(ob-
at 45 K obtained with a vibrating sample magnetomete).  tained with VSM after increasingH isothermally from 0 to well
(MHL) z¢¢ initiated from the lower envelope curve 8=19.25  apoveH, (thus drawing the lower envelope cuhand then reach-
(open circle and 20 kOe(open trianglg as in the case of SQUID  ing the various field points of interest on the upper envelope curve
magnetometer measurements the MHL's saturate clearly below thgy jsothermal reduction ofi. The MHL's are drawn by reversing

upper envelope curve and meet the envelope curve after crossiffe field sweep direction afa) H=18.75 kOe and(b) H
the peak-effect regimgb) (MHL) ¢ initiated on decreasing field

=19.25 kOe. The envelope curve is represented by open triangles
form H=17.25(open circleé and 19 kO&open triangle after field

and the (MHL)c by filled triangles. The MHL'’s distinctly over-

cooling; they overshoot the envelope curve. Crosses mark the staghoot the lower envelope curve.

ing points of the (MHL}'s. Filled triangles represent the envelope

curve. source of fluctuations in the supercooled sfat&Ve have
predicted that a disordered phase can be supercooled up to

was attributed to the nucleation and growth of the high fieldthe limit of metastabilityT* (H) only if T is lowered in con-

phase, the overshooting of the envelddeH curve by the

stantH. If the T¢(H) line is crossed by loweringl at con-
(MHL) ze¢'s in the descending field cycle and by the stantT, then supercooling will terminate @g(H) which lies

(MHL) ¢, was thought to be a result of supercooling of theabove theT* (H) line** If T¢ falls with rising field, then
high field phase across the proposed first-ordef To(H)-T*(H)] rises with rising field"* As narrated below
transition?~3! The present results on a good quality singleboth these predictions are experimentally found to be true in
crystal of CeRy reinforce this picture. CeRy. We have found that the anomalous features in
We shall now provide evidence to support the conjecturd MHL) - in CeRyY continue to exist in aH,T) regime
of a first-order phase transition in CeRiExtending the clas-

which is well below the PE regime. In this regime the
sical theory for supercooling across first-order phase transiMHL) ,ec's show normal behavior as expected within the

tions to the case when both field and temperature are contratitical state models. This clearly suggests that the FC vortex
variables, we have shown theoretically that the observablstate can be supercooled more than the isothermal ZFC state
region of metastability depends on the path followed in thisCollating theH values where the various MHL's first show

space of two variables, with variation of field providing a the anomalous behavior at variolisn our SQUID magne-
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20 its sensitivity to any environmental fluctuatidhln a very
recent study of magnetization in untwinned single crystal of
YBCO using a micro-Hall probe, history effects in FC mea-
surements have now been report2dh relatively compli-
cated H,T) phase diagram of YBCQRef. 54 needs a con-
trived path to ensure proper FC measurenmétsd this may
be the reason why FC measurements were not reported in
earlier studie*2%1n contrast to the suggestion that the ob-
served history effects are properties of the high field plastic
vortex lattice?*?% it is asserted that both the low field and
the high field vortex lattice are robust in nature, and the
history effects and metastability are associated with the tran-
sition regime from the low field to high field pha&&This
] recent observation makes the possibility of a first-order tran-
el . . . ' ' sition in YBCO much stronger, and hence the similarity with
44 45 46 47 48 49 50 51 52 53 54  CeRuy.
T(K) In ZH-NbSQ (as we_II as CeRy) the history effects _ob-
served in FC magnetization measurements were originally
FIG. 5. Experimenta”y obtained -T phase diagram of CeBu attributed to the eXiStence Of the multivalued nature Of the
highlighting the history dependence in the peak-effect regime. Seéfitical current densityc(H,T) (Ref. 52. This is in contrast
text for details. with our view where we explain the same features in GeRu
in terms of field induced supercooling of the high field vor-
tex state with enhanced pinning across a first-order transition
[Ref. 31b)]. History dependence of the pinning properties
rises naturally within such a pictufRef. 31b)]. The more
ecent work on 2H-NbSe(which involves both FC and ZFC
, . ) ) i X measurementshowever, proposes that the PE phenomenon
terminates in the isothermal descending field cy®@s in  aks a phase transformation between an ordered vortex
fact -e.arl?lgzg“ tafen as an indication of a first-order ggjig and a fully disordered vortex state that is stable above
transition:=" Hq(T) and He(T) lines are akin to the the characteristic fielt poq T).2% (Hpeax represents the field
To(H) and T*(H) lines, respectively, in our theoretical yajue where the magnetization hysteresis in the PE regime
study”™* ExperimentallyHf at a particular temperature is reaches its maximum valyeThe experimentally observed
defined as thél value down to which the anomalous behav-jump in equilibrium magnetization of 2H-NbS€Ref. 27
ior in the (MHL)gc's is observed. Similarly beloviH (T)  (as was observed earlier in CeRiRef. 30) is used to sup-
(defined earligrthe (MHL)zec's drawn from the upper en- port the belief that PE here is probably associated with a
velope curve show normal behavior, namely, they mergdirst-order phase transiticfi. However, the first-order transi-
with the lower envelope curve without any overshooting. Astion is proposed to have a hierarchy of metastable stités.
shown in Fig. 5 theHE(T) line is lying distinctly below the is to be noted here that the history effects in 2H-Nb&sase
HZ (T) line and[H} (T)-HEL(T)] increases with the increase to exist exactly atheal(T).28 In fact the locus of the
in H. Although anomalous behavior of (MHE)c's and  HpeaT) has been taken as the counterpart of the spin-glass
(MHL) ec's in CeRy, has been highlighted by various groups transition temperatur&. In our studies of various CeRu
during last three yearS 3152%2%the path dependence of this samples including the present single crystal, no such definite
anomalous behavior irtH,T) space has not been reported socorrelation has been observed with.,(T). Depending on
far. These results, which are in accordance with our theorethe temperature of measurement, theegime showing his-
ical prediction** will provide further support for the exis- tory effects in CeRy can terminate below or above
tence of a first-order transition in the vortex matter phaseéH ¢,(T). Similar behavior has also been observed in single
diagram of CeRu crystal samples of YBC@® While the history effects in
The observed history effects in YBCO are interpreted inYBCO with high oxygen concentration are seen in the
terms of a transition from a low field elastic vortex lattice to regime well aboveH ,.,(T), in samples of YBCO with low
a high field plastic vortex lattic&~2° We have previously oxygen content history effects are confined to kheegime
discussed this mechanism in the context of PE in polycryswell belowH ,.,(T). These observations actually have led to
talline samples of CeRuand argued that a first-order tran- the speculation that the manifestation of PE in YBCO and
sition probably has an edge over this mechanism in explain2H-NbSe may be different®
ing the history dependent phenomena associated with PE Contrary to our earlier suggestion based on bulk magne-
[see Ref. 3(b)]. Since then our view point has been rein- tization study?! a very recent magneto-optical study in good
forced by the transport study of the PE on a single crystasingle crystals of BSCCO has claimed that the solid-solid
sample of CeRu®’ We have shown that the FC state at thetransition in the vortex matter is indeed a first-order transi-
vicinity of the PE regime is metastable in nature and it cartion accompanied by supercoolihglf this claim turns out to
be shattered easily with a small field cyclifgpe Refs. 3b)  be true, it is possible that the supercoolét, T) regime in
and 37. This observation can be relatively easily explainedBSCCO is quite narrow and/or fragile. So in our magnetiza-
in terms of the metastable nature of a supercooled state arihn measurement we have either missed the supercooled re-

18

16

14

H (kOe)

tometer measurements, in Fig. 5 we presenHal( phase
diagram. The distinct identity of thiel% (T) line (which in-
dicates the onset of the PE regime in the isothermal ascen
ing field cycle and theH (T) line (at which the PE regime
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gime and/or the fluctuation induced during the measurementears®®®and has come under closer scrutiny recently in the
procedure might have shattered the supercooled phase. context of vortex-solid®=%! Frey, Nelson, and Fish&rsug-

At this juncture we must point out some important differ- gested that in the low-temperature—high-field regime of vor-
ence in the history effects associated with PE in GgRu tex matter, topological defects in the form of vacancies and
YBCO, and 2H-NbSg The history effects associated with interstitials can start proliferating leading to an intermediate
PE were observed only in naturally untwinned and de-supersolid state. The vortex supersolid is characterized by
twinned single crystals of YBCO and vanish quite readilythe coexistence of crystalline order and a finite equilibrium
with the change in oxygen stoichiomeff These results ~density of vacancy and interstitial defects® The vortex
suggest that the characteristic features associated with tisglpersolid then can transform continuously into a vortex lig-
vortex solid-solid transition in YBCO are quite sensitive to uid state?>®* The vortex liquid state is characterized by un-
the increase in the defect concentration. In 2H-Nbge  bound dislocation loops as well as finite density of vacancy
cleanest sample of 2H-Nb$shows a sharp PE devoid of and interstitial$° The exact nature of the transition from a
any associated history effeé&Pronounced history effects defect free vortex solid to supersolid transition is not quite
appear only with the increase in the defect concentrafisn. ~ clear and possibility exists for both a continuous and a first-
is also known that for a pure sample 2H-NpSbe PE is order transition’’ Caruzzo and Yt have also considered the
more enhanced near the transition temperature. It is merRossibility of a first-order transition to a supersoftened solid
tioned in Ref. 27 that the critical currentlf) in the PE induced by interstitial and vacancy line defects in vortex
regime enhances with the increase in temperature from 6.4 f@ttice. Although Caruzzo and Yimainly discuss the cases
7.05 K for the 2H-NbSgsample used in that study. The PE Of phase transitions as a'function of temperature, their theo-
and the associated history effects are quite robust in geRJetical approach actually is based on earlier works on disor-
and are observed with all the characteristic features in goo#€r induced softening and first order wransition in real
quality single crystal, polycrystal, off-stoichiometric poly- Solids’* A supersoftened solid can be quite relevant in our
crystal and Nd-doped polycrystal samples of Present discussion on the field-disorder-induced transitions
CeRuy,.29-31:38:3956They are definitely not as sensitive to the in Vortex solids of various superconductors.
defect concentration as in the case of YBCO. The correlation |t Will not be totally out of place to mention here that
of PE and the associated features with the defect structure fi£fect induced melting and solid state amorphization is a
CeRy does not follow the trend of 2H-NbSeeither. Al-  distinct possibility in regl solids and has remained a subject
though quite robust in nature in general, both the PE and thef continued interest** A first-order transition in such
associated history effects in CeRare more sharp in rela- Cases can be characterized by a discontinuous increase in
tively good single crystals than those observed in the mor&@0int defects.
disordered samples. And, it should be mentioned here that
the doping with nonmagnetic elements like La and Lu
readily destroys the PE in CeRY¥ Also unlike in IV. CONCLUSION

2H-NbSg, the PE in all types of CeRwsamples is always  Based on our results concerning history dependence of
enhanced with the decrease in temperattiré:*"***The  pE \ye suggest the existence of a first-order phase transition
negative dynamic creep at the onset of PE regime of YBCGyom one kind of vortex solid to another in the vortex matter
and 2H-NbSg [as reported recentlyRef. 23], is not ob-  phase diagram of CeRuThe high-field phase can be super-
served with identical measurements on CgRut should be  cqoled by reducing either of the two control variables ¥iz.
mentioned here that while the PE_ ceases to exist above g T. The extent of supercooling observed depends on the
temperaturd*~0.92T ¢ (Ref. 33,34 in all kinds of samples  path followed in this space of two variables. In the light of
of CeRy, there is no reportto our knowledggso far of a  yery recent observation of history dependence of PE in de-
vortex-solid to vortex-liquid melting transition in CeRu twinned sample of YBCO both in the ZF®efs. 24—26,58

We shall now discuss some recent developments in thgnd FC measuremeritsjt will be now of interest to check
field of vortex matter physi&é_‘leince they appear relevant eyperimentally for a similar,H) path dependence and pos-
to our experimental results in CeRuAt low temperatures  sipjlity of a first-order solid-solid phase in the vortex phase
and at high fields disorder dominates in vortex matter anjiagram of YBCO. With the history effects observed in
topological defects proliferate, resulting in highly disordered, H-NbSe both in ZFC and FC measurements, it will now be

solid. We shall now explore the possibility of a disorder qyite instructive to check for the extent of the path depen-
induced first-order transition in the vortex matter which cangence of the history effects in this system as well, and iden-

lead to a softening of the vortex lattice. PE’s will be used aSify the HX (T) andHX(T) lines.

an observable effect of such lattice softenirighis is in

contrast with the field induced FFLO state where the lattice

softgning is due to a microscop'ic change Iin the supercon- ACKNOWLEDGMENTS
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