PHYSICAL REVIEW B, VOLUME 64, 134502

Peak effects and the solid vortex phase of &*-phase SmLg gSr, ,CuO,_ 5 single crystal
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The isothermal magnetization curves obtained from a supercondctipipase SmLggSr, ,CuQ,_ s single
crystal have demonstrated the existence of distinct peak effect in a large temperature range, persisting up to the
vicinity of the superconducting critical temperatufEX{~24 K). The magnetization curves also exhibit the
remarkable feature of zero-field peaking and its enhancement at lower temperature. Analysis of the associated
vortex phase diagram further establishes the role of geometrical barrier in the retardation of vortex penetration
at high temperature and that of surface barrier at lower temperature. The temperature dependence of the second
peak field is also found to conform with existing models at the appropriate temperature regimes. Additionally,
the irreversibility line shows a sign reversal of its slope at a field position ardiydindicating two-
dimensional melting at higher field. Nevertheless, the temperature dependent behavior of the second peak onset
field is at variance with other published results and defies explanation on the basis of existing theoretical
models.
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. INTRODUCTION 32,33 and the noncuprate oxide system of (Ba,K)Bi®
The peak effect was generally found to disappear above
The magnetic phase diagram of a vortex system in a cusome characteristic temperature well beldwfor the highly
prate superconductor is known to exhibit a number of in-anjsotropic high¥, systems such as BSCCO, while it was
triguing features which have become topics of extensive thefound to persist up to a temperature approachiipgn the
oretical and experimental research@hese new features are |ess anisotropic higf, system such as YBCO and the low-
generally understood to have their OriginS in the unusual in=|'c systems such as the 214 cuprate Superconductors_ This
trinsic properties of the materials. Aside from the relatively effect has been studied extensively, and attributed to mecha-
high critical temperature, the most remarkable characteristicgism varying from collective pinning, surface
of the cuprate superconductors are the high degree of anisadarriers®!51¢and lattice matching effect between the vortex
ropy associated with the layered structure, and the thermajng defect structuré§.Other mechanisms proposed in the
fluctuation effects arises mainly from the short coherenceiterature include the three-dimensional—two-dimensional
length. As a consequence, the rich and complicated vorteygp-2D) crossovet? crossover between elastic and plastic
phase diagram must be analyzed on the basis of interplagtates’ crossover between quasilattice vortex glass and dis-
between three basic energy scales, the vortex elastic energyder vortex glas&®—3® and thermal-disorder induced inter-
(Eetastid, thermal fluctuation energyEinerma), and pinning  jayer decoupling transition of the vortex pancaké® In
energy Epinning)-l spite of these wide ranging results, a unified understanding
One of the long standing research issues regarding thgf the phenomenon is still lacking.
vortex ensemble in the cuprate superconductor is the physi- The 214 system of the cuprate superconductors with its
cal mechanism underlying the anomalous increase of magneelatively low T, is known to exist in three different phases,
tization with increasing magnetic field applied parallel to thenamely, theT phase in the family of La ,M,Cu0,_ s (M
c axis above the lower critical fielt.,, the so called peak- _ ' : :
effect or fishtail effect. This phenomenon has been observe B:a&)rs rhgaggezupqariirctge frahm;)r:d()?ﬁé-rxéxchugg o
in a relatively clean and high quality single crystals of o L g P ]
YBa2CU307_5 (YBCO),2_7 Nd]_,SECQ)_]_E,CUO4—5 th? fam"y of (M 1_X_yMX8ry)2CUO4_5 (M:La, Nd, PI‘,
(NCCcO) 11 (La;_SK,),Cu0,_ 5 (LSCO),*" 4 M =Ce, Sm, Eu, Gd, Tb, Dy, Ho, and)¥This system has
Bi,Sr,CaCuO, (BSCCO,®>?*  (Bi,Pb),Sr,CaCy0Og SO far stood out as the only known cuprate system which can
(BPSCCO,%>**  Tl-based  compounds;®®>~%® and accommodate different types of charge carrier doping, i.e.,
HgBaCuQ, (HBCO).?® The same effect has also been re-hole doping in theT and T* phases and electron doping in
ported for the low-temperature superconducteTS) of  the T  phase. With its moderately largg,, compared to
2H-NbSe,* intermetallic compound of CeRfi* as well as  other highT,. cuprate superconductors, this system offers a
organic materials such as(BEDT-TTF),Cu(NCS), (Refs.  unique advantage of experimental accessibility of the whole
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range of magnetic phase up to its normal state. Given its Fr e e
additional advantage of having a single layer of Gu@is 0 f-----mmmmmmmmms oo g
system serves as an ideal model for the much needed stud
of structure-property correlation.

Up till now, most research works on this 214 system have

been devoted to th@ and T’ phases, presumably due to 3
greater obstacle in obtaining a good quality single crystal of [
theT* phase. On the other hand, the study of tiephaseis ¥ [ P ]
likely to provide additional insight to the understanding of — [ o ]
the peak effect and other related properties due to its unique E [
structure embedding two different phases in one system. Be
ing a hybrid of T phas€ (La; _,Sr,),Cu0,_ 5] andT’ phase i ¢ H//c = 1 Oe
(Sm,CuQ,_ ), this system is expected to exhibit interesting [ ZFC ;
new fgatures in |t§ vortex _phase 'structure anq the as;pmate -10 5 10 15 20 25 20 35 20
transitional behaviors. This will in turn provide additional

experimental data for the study of structure-property correla- T (K)

tion. With this hope in mind, we have undertaken the task of

rowing the single crystal of* phase SmLa ,Sr,CuQ,_
g 9 9 y P 2k N SmbLg gSry, CuO,_s single crystal after oxygen annealing and

for the study of its vortex behavior. In this paper, we report ( N ;
the resul%/s of magnetic measurepmznts of P aslow cooling as described in the text, showing the scree(df@-

SmLg ¢Sty ,CuQ, _ 5 single crystal, demonstrating the fishtail modg and MeissnefFC-modg effects.

effect in a large temperature range beldw. It will be

shown that most of these magnetization data do conform®f 9<=T<20 K (Figs. 2—4 and 2<T<8 K (Figs. 5,6. In

with the existing models, while others, such as the onset fielthe higher temperature region, a distinct second peak is ob-
of the second peak effect, are clearly in need of further theserved on each of the magnetization curves with varying po-

T~ 24K ]

0 ‘emu)

FIG. 1. Temperature dependence of magnetization of

oretical and experimental studies. sition and magnitude. The position of this second peEak
together with those of the onsets of field penetratign the
EXPERIMENTS onset of the second peak effétf, as well as the irreversible

field H;, are indicated in Fig. 2 for easy identification. The
Single crystals of SmLgSr ,CuQ, - 5 were grown by the  penetration fieldH,, is determined as the first minimum of
traveling solvent floating zon€T'SF2) method using a four- magnetization on the curve, the onset field of peak effggt
mirror furnace from Crystal System, Inc. A crystal with di- as the first maximum and the second peak fidlgh as the
mensions of~2.0x2.0x0.9 mn? and a mass 0f-23 mg  second minimum on the curve. The irreversibility fiélg, is
was obtained by cleaving the as-cut crystal in air along thejetermined from thevl(H)+ curves as the point where the
ab plane. The superconductivity of the crystal was attainediifference between the values of the magnetization for in-
by annealing the as grown crystal in 200 bar oxygen at
600°C for 7 days, followed by another heat treatment at
300 °C for 3 days before being cooled slowly to room tem-
perature at a rate of 25 °C/hr. The onset of the critical tran- r
sition temperature after this oxidation process is found to be 4r
To"=~24 K with AT ,~3 K as depicted by th#/1 -T curve in .
Fig. 1. Details on this crystal growth process, its oxidation 2
effect and structural characterization of the crystal will be = AR :
published elsewher®. g 0 O meereRegeee
A series of isothermal magnetic measurements were per’g Y
formed with the external magnetic field applied parallelto T -2 F
the c axis of the crystal using a commercial Quantum Design =
MPMS-5 magnetometer. To ensure field homogeneity during -4 |
the measurement, a scan length of 4 cm was used, and ea -
measurement was started after cooling the sample in zerc  g[
field (ZFC mode to the predetermined temperature. I

N

o

3

M (10%emu)

A

RESULTS OF MEASUREMENT H (kOe)

The data presented in Figs. 2—6 are the results of isother- i, 2. |sothermal magnetic-hysteresis loops of a
mal magnetization loop measurement carried out over themLa, ;Sr,,CuO,_s single crystal measured at various tempera-
temperature range from 2 to 20 K, at a temperature intervaures between 9 and 12 K. The penetration fidlg, the onset field
of 1 K. TheM(H)+ curves obtained clearly separate into two of the second peaK,,,, the second peak fielHsp, and the irre-
groups associated, respectively, with the temperature regiongrsible fieldH,, are indicated by the arrowheads.
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FIG. 3. Isothermal magnetic-hysteresis loops of a FIG. 5. Isothermal magnetic-hysteresis loops of a
SmLa gSr ,CUO,_ 5 single crystal measured at various tempera-SmLg ¢Sty ,CuQ,_ 5 single crystal measured at various tempera-
tures between 13 and 17 K. The penetration fi¢}d the onset field tures between 2 and 5 K. The second peak fiéid is indicated by
of the second peald,,,, and the second peak figiti;pare indicated  the arrowhead. The inset shows the peak effect at zero field in the
by the arrowheads. The inset shows the peak effect at zero field ihysteresis loop at 5 K, normalized b value at the corresponding
the hysteresis loop at 13 K, normalized by value at the corre- H,.
spondingH,, .

_ o _ _ etration fieldH, appears more similar to a kink instead of a
creasing and decreasing field begins to deviate from zero tgeak, similar to the result reported for,Ba,CuQ; single
within the accuracy of the experiment6x 10" ° emu. We  crystal?® A closer look at the field abovel, reveals a cur-
note that a near perfect mirror symmetry between the ascengature change located slightly abadg . This is identified as
ing and descending branches of the hysteresis loop clearbye onset of a second peak field, determined as the point of
features on all the curves in this temperature region. As Wenflection satisfyingd?M/dH?=0 as illustrated by the inset
enter the lower temperature regioh<9 K), the peak effect iy Fig. 6.
on the ascending branch becomes weaker with decreasing |n order to facilitate the following analysis and discussion
temperature, while the mirror symmetry mentioned earliefof the experimental results, the characteristic fielé, (
fades away concurrently. In this temperature range, the Pem ., Hep, andH,,) on each magnetization curve have been
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FIG. 4. Isothermal magnetic-hysteresis loops of a FIG. 6. Isothermal magnetic-hysteresis loops of a
SmLa gSrp ,CuQ,_ 5 single crystal measured at various tempera-SmLg, gSi, ,Cu0O,_ s single crystal measured at various tempera-
tures between 18 and 20 K. The penetration fi¢}d the onset field  tures between 6 and 8 K. The penetration fiellg, the onset field
of the second peald,,,, and the second peak fielti;pare indicated  of the second peald,,, and the second peak figitkp are indicated
by the arrowheads. The inset shows the peak effect at zero field iny the arrowheads. The inset shows the low-field part of the curve
the hysteresis loop at 18 K, normalized by value at the corre- at 7 K, indicating the characteristic fielt, , H,,, andHgpon the
spondingH,, . curve (see text for details
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AR A A found a good fit with the exponential function witH.

105? = H 3 =377 Oe andT,=7.5 K, as observed previously on
i ., : : 1  Bi,SrL,CaCy0,, 504 Tl,Ba,CaCuyOg, 1543
. e - H, fexp(b/T) e 1] Ndz,xCQ(CgO4,5,8'1_°'11 and HgBa&CuQ, (Ref. 29 crys-
.- 3 tals, but failed to fit the quasi 3D relation in contrast to
‘-5§ previous observation reported on,Bi,CaCyOg by Ni-

dercst et al** It must be noted, however, that perceptible
deviation from the exponential function does occur at the
lower end of the temperature range. This may well be attrib-
uted to the significant bulk pinning at low temperature below
5 K explaining the need of a higher external field for its
effective penetration into the sample. It is not clear whether

________ ) “\“‘ -

- H_eXp(T /) ! P : : -
- ~..?:?(p( /M this deviation mainly manifest the effect of bulk pinning or
N I~Hﬂ(|0)(1:T/TCI) . . ] may have some contribution from the measurement con-
0 S 6 8 10 12 14 16 18 20 22 o4 ducteqmatafaster pace bel® K aspointed out in an earlier
T (K report.
(K) LA Further, let us turn our attention to the insets of Figs. 3, 4,

and 5, where the descending magnetization curves exhibit
FIG. 7. The magnetic phase diagram of a Sg¥S#%,Cu0,-s  sharp peaks at a negative field close to zero. The “zero-field”

single crystal, showing the temperature dependencies of penetratigfeaks observed in magnetization curves of high-temperature
field H,, onset fieldH,,, second peak fieltsp and the irrevers-  syperconductofs were theoretically explained by Zeldov
ible field Hy, . The theoretical fits of these transition lines are indi- ot 5. as an important effect of geometrical barrier in the
c_ated by either the' dotteq, dashed, and solid lines for easy dis“”%‘ample, which becomes significantly enhanced in the pres-
tion. See text for discussions. ence of Bean Livingston surface barf@rOur data of the

zero-field peak as displayed in those insets in terms of its
converted point by point for each temperature into thd  normalized value with respect to magnetization at the corre-
phase diagram. The result is given in Fig. 7, which indicatespondinng also show its enhancement at lower tempera-
the separation of the entire solid phase area into a number @fire where the surface barrier is expected to become opera-

distinct regions bounded by the associated "phase lines.tive. These observations constitute a clear support for the
These experimental curves are the objects of our analysis anfleoretical description of Zeldost al*?

discussion on the basis of existing models. We turn next to théH,, curve located slightly above , .
As mentioned earlier, this curve marks the onset of the fish-
ANALYSIS AND DISCUSSION tail effect which is commonly associated with a transition

between two solid phases. A recent model proposed by Giller

We note that the data of penetration field in Fig. 7 show aet al® describes the effect as a disorder-induced transition,
general trend of increasing, with decreasing temperature. taking place at a field determined by the competition be-
It is well known that this general temperature dependent between the vortex elastic energy.icand the pinning energy
havior ofH, has been theoretically predicted by the surfaceEning.- The elastic interaction at low field governs the struc-
barrier modél' as well as the geometrical barrier mdtfel ture of the vortex solid leading to the formation of a quasi-
and experimentally verified in several systéfid152%4%nd  ordered latticgBragg glass while disorder becomes domi-
different temperature rang&€°?14* The surface barrier nant at high field where the interaction between the vortices
model predicts for a strongly layered system a functionaknd the pinning centers results in an entangled defidtex
relation of the formH ,(T)=H.exp(~T/Ty) whereT, is a  glas3.**~**°According to this model, the characteristic cross
constant. For a less anisotropiquasi-3D system, this over field H,, has a temperature dependence of the form
model yields the approximate expressiorH (T) Hon(T)=Hon(0)[1—(T/T)*1%% We have found that this
*(Te-T)*3T for Hp<H.. On the other hand, the geometri- functional relationship, showing an opposite curvature,
cal barrier model leads to a penetration fielg having the ~ can hardly fit our data, as was reported previously for
temperature dependence giventby(T)=H,(0)(1-T/T;), the systems of NgsCe15CuUO,_ s (Ref. 1) and
which is expected to be dominant at elevated temperaturéBi,Pb),Sr,CaCy0g, 5.2 On the other hand, our data in the
The results of best fit to our data on the basis of these modetemperature range of 4—20 K are much better fitted by an
are depicted in the figure. It is seen that the datalferl4 K exponential function ofH,(T)=H_,exp(./T), with H,
are closely fitted by the geometrical barrier model with=50 Oe andT,=11 K. It is worth noting that this curve
Hp(0)=116 Oe andT.=26.3 K which begins to deviate extrapolates at both ends of the temperature range toward the
from the data below 14 K. This result confirms previousHgp field at temperatures where the peak effect is supposed
observations on N&LCe £LCu0,_s (Ref. 8 and to disappear completely. We recall that this is precisely the
Bi,S,CaCyOg (Refs. 20,21,4P crystals in the elevated phenomenon depicted in Fig. 5. This exponential
temperature regime. T-dependent behavior is nevertheless in dire contrast to the

In the lower-temperature regime where the bulk pinningexponential dependence ldf,(T) =Hy exp(—T/Ty) reported
and surface barrier are supposed to be important we haver Tl,Ba,CuQ; (Ref. 27 and HgBaCuO, (Ref. 29 sys-
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tems. To the best of our knowledge, explanations of thes
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tayer-superconductor (JCLS model with moderate

different results are not available from the existing theoreti-anisotropy’” It is tempting at this point to consider the em-

cal models.
The data of second peak fieltls(T) is examined on the
basis of thermal decoupling thed?2%®~4°This theory pre-

pirical formula proposed by Kitazawet al.>* which relates
the anisotropy parametey to the measured irreversibility
field H,(T), namely,H;,(T)=334004%(1—T/T,)™. This

dicts the suppression of superconducting long-range order impirical equation is based on the consideration that the cu-
the direction of the applied field due to thermal fluctuation ofPrate HTSC compound can be viewed universally as a sys-

the pancake vortices, leading to the decoupling of the panem ©

cake vortex layers. In the (Sm,La,§0u0, crystal, the
moderate value of anisotropy paramejesatisfies the con-
dition &,p<ys<<\,,, Where &,, and \,;, are the in-plane
coherence length and penetration depth, respectively, while
is the CuQ interlayer distance. Assuming a mean-field tem-
perature dependence ®f,(T)=\2,(0)/(1-T/T) , the de-
coupling field Hq is then given b§P4" Hy(T)
=®3/[16m°eks oSy’ TAZ(T)], with @, denoting the
flux quantum (2.0%x10 ¥ Wb), ks the Boltzmann
constant (1.3810°2% J/K), and uo the permeability
of free space (4x10 7 H/m). Based on this model the
second peak field is supposed to have a temperatu
dependence of HgyT)=HE{(T./T)—1] with H%p
=®3/[167°eksuoSY?TA2,(0)]. This function can be
nicely fitted to the data points with the valuetef,= 430 Oe

I

f alternating insulating/blocking and superconducting
layers® In such a system, the associated anisotropy is ex-
pected to control various electromagnetic phenomena includ-
ing flux pinning strength. Equating the multiplicative factor
in this equation with theH;,(0), obtained above from the
constant factor of the irreversibility line in the higher-
temperature region, yields the valuepf47 which lies be-
tween those of (La,SsCuQ,_ 5 system (y=14-63) (Ref.
54) and (Nd,Ce)CuQ,_ 5 system y=30-100)>°

A rough estimation of dimensional crossover fi¢RD-
quasi 2D crossover H,n following the approximate
formuld’ H,p~®,/\3 with \;=ys and y~47 yields the
value H,5,~6000 Oe. Looking at théd-T phase diagram,
fhis H,p value is located approximately at the field where the
H;, curve undergoes sign reversal in its slope, marking the
onset of weakening interlayer coupling and indicating 2D
melting at higher field. This view is consistent with steep rise

and T,=24.6 K. This result indicates that the second peakyy H,(T) for H>H,p, approaching the well known theo-

effect, weakening at high temperatures in ffie phase of
SmLg gSry CuQ,_ 5, has its origin in the thermal disorder-

retical prediction of field independent melting lirk,(T) for
the strongly layered 2D systethAlthough the dimensional

induced interlayer decoupling. A similar analysis was re-crossoverH,, given above is strictly valid only in the low-

ported on an overdoped (Bi,Pi9r,CaCyOg, s (Ref. 22
and qualitatively on TBaCuQ; (Ref. 27 single crystals.
Substituting the parameterin the theoretical expression of
& by the values=c~12.60 A obtained from the refine-
ment analysis of XRD pattelf,we arrive at the zero tem-
perature in-plane penetration depth\qf,(0)~3634 A. This
value is very close to that af phase Lag7sSK 1,4CU0,_ 5.%°

temperature region far away froiry,, the near coincidence
betweenH,p and the curvature reversal bf, (T) is never-
theless an interesting point to note in the context explained
above.

The estimation of the out-of-plane penetration depth at
zero temperature ;(0) based on the estimated anisotropy
parametery and zero temperature in-plane penetration depth

It must be stressed nevertheless, that the lower-temperatuge, (0) according to the general formulg= X/ 4 yields

part of the second peak datd<5 K) is better described by
an exponential function dfl g T) =5500 exp(T/4) in con-
formity with the expressiof gg(T) =Hgd0)exp(aT/T,) as

Nc(0)=~17.08um. This value is smaller than the one ob-
served from optical measurement obtained from the same
batch of crystals under different oxygen annealing treatment,

adopted _in the previous analysis of Tl-based singlenamelya (3K)~45 um.>” We are inclined to attribute this

crystaf®?®and (Bi,Pb}Sr,CaCyOg. 5 single crystaf* This
different behavior in the lower-temperature regidn<(5 K)
is most likely a manifestation of a different pinning mecha-

discrepancy to different carrier doping levels in these two
crystals, in congruence with different anisotropy parameters
and different critical temperatures. The crystal used for opti-

nism as a consequence of diminishing role of thermal energysal measurement is known as a strongly underdoped sample

The temperature dependence of the irreversibility line(T_~16 K), while our sample is approximately in the opti-
Hi(T) as depicted in Fig. 7 shows a curvature reversaina| doping state 72"~ 24 K).
around 10 K, from negative curvature at higher temperature-

low field region to positive curvature at lower temperature-

CONCLUSION

high field region. The data in the higher temperature region

(10=T=20 K) displays an excellent fit to the theoretical
curve given byHi, (T)=H;(0)(1—T/T)*? with H;,(0)
=15 kOe andT.=22.5 K. This temperature dependency is

We have demonstrated from the isothermal magnetization
data of SmLggSry ,CuQ, 5 single crystal withTo"~24 K
that this system exhibits the well known peak effect in a

supposed to indicate the dominance of thermal effect as préarge temperature range, extending from 2 to 20 K. Addition-

dicted by the giant flux creep models of Yeshutuand
Tinkham?? In the lower temperature regio € 10 K), the

ally, the magnetization data also reveal remarkable zero-field
peak throughout most of the same temperature range, with

Hi. curve exhibiting positive curvature is very well fitted by perceptible enhancement at lower temperatures. Analysis of
an exponentially dependence of the form;, (T) the magnetic phase diagram derived from these data on the
=H,expb/T), with H,,=2500 Oe ando=11 K. This be- basis of an existing models clearly indicates the role of geo-
havior has been suggested in the quasi 2D Josephson coupletrical barrier in the retardation of vortex penetration at
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elevated temperature range, and that of surface barrier ghjue between those af and T’ 214 systems, and thereby
lower temperature. We have also found that most of the datgrovide further indication of the different features occurring

in various temperature and field regions can be well dein this T* phase compared to the other 214 compounds.
scribed with the existing theoretical models. In particular, a

slope change of. the |rrever5|b|I|ty.I|ne at the flgld. position ACKNOWLEDGMENTS

aroundH,p confirms the 2D melting characteristics Ht

>H,p. One exception is the temperature dependent behav- We are grateful to FOM-ALMOS for the use of sample
ior of the second peak onset fietth,(T) which appears to preparation and characterization facilities. This work
defy explanation by any model known to the authors. Furwas carried out under the cooperation of the Van der
ther, estimations of the anisotropy parameter and penetratidVaals—Zeeman Institute and Jurusan Fisika ITB supported
depth at zero temperature have also been made, yieldingky KNAW under Project No. 95-BTM-33.
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