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Peak effects and the solid vortex phase of aT* -phase SmLa0.8Sr0.2CuO4Àd single crystal
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The isothermal magnetization curves obtained from a superconductingT* -phase SmLa0.8Sr0.2CuO42d single
crystal have demonstrated the existence of distinct peak effect in a large temperature range, persisting up to the
vicinity of the superconducting critical temperature (Tc

on'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 aroundH2D indicating 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.

DOI: 10.1103/PhysRevB.64.134502 PACS number~s!: 74.72.Dn, 74.25.Dw, 74.25.Ha
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I. INTRODUCTION

The magnetic phase diagram of a vortex system in a
prate superconductor is known to exhibit a number of
triguing features which have become topics of extensive
oretical and experimental researches.1 These new features ar
generally understood to have their origins in the unusual
trinsic properties of the materials. Aside from the relative
high critical temperature, the most remarkable characteris
of the cuprate superconductors are the high degree of an
ropy associated with the layered structure, and the ther
fluctuation effects arises mainly from the short cohere
length. As a consequence, the rich and complicated vo
phase diagram must be analyzed on the basis of inter
between three basic energy scales, the vortex elastic en
(Eelastic), thermal fluctuation energy (Ethermal), and pinning
energy (Epinning).

1

One of the long standing research issues regarding
vortex ensemble in the cuprate superconductor is the ph
cal mechanism underlying the anomalous increase of ma
tization with increasing magnetic field applied parallel to t
c axis above the lower critical fieldHc1, the so called peak
effect or fishtail effect. This phenomenon has been obser
in a relatively clean and high quality single crystals
YBa2Cu3O72d ~YBCO!,2–7 Nd1.85Ce0.15CuO42d
~NCCO!,8–11 (La12xSrx)2CuO42d ~LSCO!,12–14

Bi2Sr2CaCu2O8 ~BSCCO!,15–21 (Bi,Pb)2Sr2CaCu2O8
~BPSCCO!,22–24 Tl-based compounds,15,25–28 and
HgBa2CuO4 ~HBCO!.29 The same effect has also been r
ported for the low-temperature superconductor~LTS! of
2H-NbSe2,30 intermetallic compound of CeRu2,31 as well as
organic materials such ask-(BEDT-TTF)2Cu(NCS)2 ~Refs.
0163-1829/2001/64~13!/134502~7!/$20.00 64 1345
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32,33! and the noncuprate oxide system of (Ba,K)BiO3.34

The peak effect was generally found to disappear ab
some characteristic temperature well belowTc for the highly
anisotropic high-Tc systems such as BSCCO, while it wa
found to persist up to a temperature approachingTc in the
less anisotropic highTc system such as YBCO and the low
Tc systems such as the 214 cuprate superconductors.
effect has been studied extensively, and attributed to me
nism varying from collective pinning,35 surface
barriers,8,15,16and lattice matching effect between the vort
and defect structures.18 Other mechanisms proposed in th
literature include the three-dimensional–two-dimensio
~3D-2D! crossover,19 crossover between elastic and plas
states,3 crossover between quasilattice vortex glass and
order vortex glass,36–38 and thermal-disorder induced inte
layer decoupling transition of the vortex pancake.22,39 In
spite of these wide ranging results, a unified understand
of the phenomenon is still lacking.

The 214 system of the cuprate superconductors with
relatively low Tc is known to exist in three different phase
namely, theT phase in the family of La22xMxCuO42d (M

5Ba, Sr, Ca!, theT8 phase in the family ofR22xAxCuO42d
(R5Pr, Nd, Sm, Eu, Tm;A5Ce, Th! and theT* phase in
the family of (M12x2yMx

8Sry)2CuO42d (M5La, Nd, Pr;

M 85Ce, Sm, Eu, Gd, Tb, Dy, Ho, and Y!. This system has
so far stood out as the only known cuprate system which
accommodate different types of charge carrier doping,
hole doping in theT andT* phases and electron doping
the T8 phase. With its moderately largejab compared to
other high-Tc cuprate superconductors, this system offer
unique advantage of experimental accessibility of the wh
©2001 The American Physical Society02-1
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range of magnetic phase up to its normal state. Given
additional advantage of having a single layer of CuO2, this
system serves as an ideal model for the much needed s
of structure-property correlation.

Up till now, most research works on this 214 system ha
been devoted to theT and T8 phases, presumably due
greater obstacle in obtaining a good quality single crysta
theT* phase. On the other hand, the study of theT* phase is
likely to provide additional insight to the understanding
the peak effect and other related properties due to its un
structure embedding two different phases in one system.
ing a hybrid ofT phase@(La12xSrx)2CuO42d# andT8 phase
(Sm2CuO42d), this system is expected to exhibit interesti
new features in its vortex phase structure and the assoc
transitional behaviors. This will in turn provide addition
experimental data for the study of structure-property corre
tion. With this hope in mind, we have undertaken the task
growing the single crystal ofT* phase SmLa12xSrxCuO42d
for the study of its vortex behavior. In this paper, we rep
the results of magnetic measurements of
SmLa0.8Sr0.2CuO42d single crystal, demonstrating the fishta
effect in a large temperature range belowTc . It will be
shown that most of these magnetization data do conf
with the existing models, while others, such as the onset fi
of the second peak effect, are clearly in need of further t
oretical and experimental studies.

EXPERIMENTS

Single crystals of SmLa0.8Sr0.2CuO42d were grown by the
traveling solvent floating zone~TSFZ! method using a four-
mirror furnace from Crystal System, Inc. A crystal with d
mensions of;2.032.030.9 mm3 and a mass of;23 mg
was obtained by cleaving the as-cut crystal in air along
ab plane. The superconductivity of the crystal was attain
by annealing the as grown crystal in 200 bar oxygen
600 °C for 7 days, followed by another heat treatment
300 °C for 3 days before being cooled slowly to room te
perature at a rate of 25 °C/hr. The onset of the critical tr
sition temperature after this oxidation process is found to
Tc

on'24 K with DTc'3 K as depicted by theM -T curve in
Fig. 1. Details on this crystal growth process, its oxidati
effect and structural characterization of the crystal will
published elsewhere.40

A series of isothermal magnetic measurements were
formed with the external magnetic fieldH applied parallel to
thec axis of the crystal using a commercial Quantum Des
MPMS-5 magnetometer. To ensure field homogeneity dur
the measurement, a scan length of 4 cm was used, and
measurement was started after cooling the sample in
field ~ZFC mode! to the predetermined temperature.

RESULTS OF MEASUREMENT

The data presented in Figs. 2–6 are the results of isot
mal magnetization loop measurement carried out over
temperature range from 2 to 20 K, at a temperature inte
of 1 K. TheM (H)T curves obtained clearly separate into tw
groups associated, respectively, with the temperature reg
13450
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of 9<T<20 K ~Figs. 2–4! and 2<T<8 K ~Figs. 5,6!. In
the higher temperature region, a distinct second peak is
served on each of the magnetization curves with varying
sition and magnitude. The position of this second peakHSP
together with those of the onsets of field penetrationHp , the
onset of the second peak effectHon as well as the irreversible
field H irr are indicated in Fig. 2 for easy identification. Th
penetration fieldHp is determined as the first minimum o
magnetization on the curve, the onset field of peak effectHon
as the first maximum and the second peak fieldHSP as the
second minimum on the curve. The irreversibility fieldH irr is
determined from theM (H)T curves as the point where th
difference between the values of the magnetization for

FIG. 1. Temperature dependence of magnetization
SmLa0.8Sr0.2 CuO42d single crystal after oxygen annealing an
slow cooling as described in the text, showing the screening~ZFC-
mode! and Meissner~FC-mode! effects.

FIG. 2. Isothermal magnetic-hysteresis loops of
SmLa0.8Sr0.2CuO42d single crystal measured at various tempe
tures between 9 and 12 K. The penetration fieldHp , the onset field
of the second peakHon, the second peak fieldHSP, and the irre-
versible fieldH irr are indicated by the arrowheads.
2-2
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PEAK EFFECTS AND THE SOLID VORTEX PHASE OF . . . PHYSICAL REVIEW B 64 134502
creasing and decreasing field begins to deviate from zer
within the accuracy of the experiment (6531026 emu!. We
note that a near perfect mirror symmetry between the asc
ing and descending branches of the hysteresis loop cle
features on all the curves in this temperature region. As
enter the lower temperature region (T,9 K!, the peak effect
on the ascending branch becomes weaker with decrea
temperature, while the mirror symmetry mentioned ear
fades away concurrently. In this temperature range, the p

FIG. 3. Isothermal magnetic-hysteresis loops of
SmLa0.8Sr0.2CuO42d single crystal measured at various tempe
tures between 13 and 17 K. The penetration fieldHp , the onset field
of the second peakHon, and the second peak fieldHSPare indicated
by the arrowheads. The inset shows the peak effect at zero fie
the hysteresis loop at 13 K, normalized byM value at the corre-
spondingHp .

FIG. 4. Isothermal magnetic-hysteresis loops of
SmLa0.8Sr0.2CuO42d single crystal measured at various tempe
tures between 18 and 20 K. The penetration fieldHp , the onset field
of the second peakHon, and the second peak fieldHSPare indicated
by the arrowheads. The inset shows the peak effect at zero fie
the hysteresis loop at 18 K, normalized byM value at the corre-
spondingHp .
13450
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etration fieldHp appears more similar to a kink instead of
peak, similar to the result reported for Tl2Ba2CuO6 single
crystal.26 A closer look at the field aboveHp reveals a cur-
vature change located slightly aboveHp . This is identified as
the onset of a second peak field, determined as the poin
inflection satisfyingd2M /dH250 as illustrated by the inse
in Fig. 6.

In order to facilitate the following analysis and discussi
of the experimental results, the characteristic fields (Hp ,
Hon, HSP, andH irr) on each magnetization curve have be

-

in

-

in

FIG. 5. Isothermal magnetic-hysteresis loops of
SmLa0.8Sr0.2CuO42d single crystal measured at various tempe
tures between 2 and 5 K. The second peak fieldHSP is indicated by
the arrowhead. The inset shows the peak effect at zero field in
hysteresis loop at 5 K, normalized byM value at the corresponding
Hp .

FIG. 6. Isothermal magnetic-hysteresis loops of
SmLa0.8Sr0.2CuO42d single crystal measured at various tempe
tures between 6 and 8 K. The penetration fieldHp , the onset field
of the second peakHon, and the second peak fieldHSPare indicated
by the arrowheads. The inset shows the low-field part of the cu
at 7 K, indicating the characteristic fieldsHp , Hon, andHSP on the
curve ~see text for details!.
2-3
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converted point by point for each temperature into theH-T
phase diagram. The result is given in Fig. 7, which indica
the separation of the entire solid phase area into a numb
distinct regions bounded by the associated ’’phase line
These experimental curves are the objects of our analysis
discussion on the basis of existing models.

ANALYSIS AND DISCUSSION

We note that the data of penetration field in Fig. 7 show
general trend of increasingHp with decreasing temperature
It is well known that this general temperature dependent
havior of Hp has been theoretically predicted by the surfa
barrier model41 as well as the geometrical barrier mode42

and experimentally verified in several systems10,11,15,29,43and
different temperature ranges.8,20,21,44 The surface barrier
model predicts for a strongly layered system a functio
relation of the formHp(T).Hc exp(2T/T0) whereT0 is a
constant. For a less anisotropic~quasi-3D! system, this
model yields the approximate expressionHp(T)
}(Tc-T)3/2/T for Hp,Hc . On the other hand, the geometr
cal barrier model leads to a penetration fieldHp having the
temperature dependence given byHp(T)5Hp(0)(12T/Tc),
which is expected to be dominant at elevated temperat
The results of best fit to our data on the basis of these mo
are depicted in the figure. It is seen that the data forT>14 K
are closely fitted by the geometrical barrier model w
Hp(0)5116 Oe andTc526.3 K which begins to deviate
from the data below 14 K. This result confirms previo
observations on Nd1.85Ce0.15CuO42d ~Ref. 8! and
Bi2Sr2CaCu2O8 ~Refs. 20,21,42! crystals in the elevated
temperature regime.

In the lower-temperature regime where the bulk pinn
and surface barrier are supposed to be important we h

FIG. 7. The magnetic phase diagram of a SmLa0.8Sr0.2CuO42d

single crystal, showing the temperature dependencies of penetr
field Hp , onset fieldHon, second peak fieldHSP and the irrevers-
ible field H irr . The theoretical fits of these transition lines are in
cated by either the dotted, dashed, and solid lines for easy dis
tion. See text for discussions.
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found a good fit with the exponential function withHc

5377 Oe and T057.5 K, as observed previously o
Bi2Sr2CaCu2O8,15,20,21 Tl2Ba2CaCu2O8,15,43

Nd22xCexCuO42d ,8,10,11 and HgBa2CuO4 ~Ref. 29! crys-
tals, but failed to fit the quasi 3D relation in contrast
previous observation reported on Bi2Sr2CaCu2O8 by Ni-
deröst et al.44 It must be noted, however, that perceptib
deviation from the exponential function does occur at
lower end of the temperature range. This may well be att
uted to the significant bulk pinning at low temperature bel
5 K explaining the need of a higher external field for
effective penetration into the sample. It is not clear whet
this deviation mainly manifest the effect of bulk pinning
may have some contribution from the measurement c
ducted at a faster pace below 5 K aspointed out in an earlier
report.44

Further, let us turn our attention to the insets of Figs. 3
and 5, where the descending magnetization curves exh
sharp peaks at a negative field close to zero. The ‘‘zero-fie
peaks observed in magnetization curves of high-tempera
superconductors45 were theoretically explained by Zeldo
et al. as an important effect of geometrical barrier in t
sample, which becomes significantly enhanced in the p
ence of Bean Livingston surface barrier.42 Our data of the
zero-field peak as displayed in those insets in terms of
normalized value with respect to magnetization at the co
spondingHp also show its enhancement at lower tempe
ture where the surface barrier is expected to become op
tive. These observations constitute a clear support for
theoretical description of Zeldovet al.42

We turn next to theHon curve located slightly aboveHp .
As mentioned earlier, this curve marks the onset of the fi
tail effect which is commonly associated with a transiti
between two solid phases. A recent model proposed by G
et al.9 describes the effect as a disorder-induced transit
taking place at a field determined by the competition b
tween the vortex elastic energyEelasticand the pinning energy
Epinning. The elastic interaction at low field governs the stru
ture of the vortex solid leading to the formation of a qua
ordered lattice~Bragg glass!, while disorder becomes domi
nant at high field where the interaction between the vorti
and the pinning centers results in an entangled solid~vortex
glass!.36–38,9According to this model, the characteristic cro
over field Hon has a temperature dependence of the fo
Hon(T)5Hon(0)@12(T/Tc)

4#3/2. We have found that this
functional relationship, showing an opposite curvatu
can hardly fit our data, as was reported previously
the systems of Nd1.85Ce0.15CuO42d ~Ref. 11! and
(Bi,Pb)2Sr2CaCu2O81d .24 On the other hand, our data in th
temperature range of 4 –20 K are much better fitted by
exponential function ofHon(T)5Ha exp(Ta /T), with Ha
550 Oe andTa511 K. It is worth noting that this curve
extrapolates at both ends of the temperature range toward
HSP field at temperatures where the peak effect is suppo
to disappear completely. We recall that this is precisely
phenomenon depicted in Fig. 5. This exponent
T-dependent behavior is nevertheless in dire contrast to
exponential dependence ofHon(T)5H0 exp(2T/T0) reported
for Tl2Ba2CuO6 ~Ref. 27! and HgBa2CuO4 ~Ref. 29! sys-

ion

c-
2-4
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tems. To the best of our knowledge, explanations of th
different results are not available from the existing theor
cal models.

The data of second peak fieldHSP(T) is examined on the
basis of thermal decoupling theory.22,39,46–49This theory pre-
dicts the suppression of superconducting long-range orde
the direction of the applied field due to thermal fluctuation
the pancake vortices, leading to the decoupling of the p
cake vortex layers. In the (Sm,La,Sr)2CuO4 crystal, the
moderate value of anisotropy parameterg satisfies the con-
dition jab!gs!lab , where jab and lab are the in-plane
coherence length and penetration depth, respectively, whs
is the CuO2 interlayer distance. Assuming a mean-field te
perature dependence oflab

2 (T)5lab
2 (0)/(12T/Tc) , the de-

coupling field Hd is then given by46,47 Hd(T)
5F0

3/@16p3ekBm0sg2Tlab
2 (T)#, with F0 denoting the

flux quantum (2.07310215 Wb!, kB the Boltzmann
constant (1.38310223 J/K!, and m0 the permeability
of free space (4p31027 H/m!. Based on this model the
second peak field is supposed to have a tempera
dependence of HSP(T)5HSP* @(Tc /T)21# with HSP*
5F0

3/@16p3ekBm0sg2Tclab
2 (0)#. This function can be

nicely fitted to the data points with the value ofHSP* 5430 Oe
and Tc524.6 K. This result indicates that the second pe
effect, weakening at high temperatures in theT* phase of
SmLa0.8Sr0.2CuO42d , has its origin in the thermal disorde
induced interlayer decoupling. A similar analysis was
ported on an overdoped (Bi,Pb)2Sr2CaCu2O81d ~Ref. 22!
and qualitatively on Tl2Ba2CuO6 ~Ref. 27! single crystals.
Substituting the parameters in the theoretical expression o
HSP* by the values5c'12.60 Å obtained from the refine
ment analysis of XRD pattern,40 we arrive at the zero tem
perature in-plane penetration depth oflab(0)'3634 Å. This
value is very close to that ofT phase La1.875Sr0.125CuO42d.50

It must be stressed nevertheless, that the lower-tempera
part of the second peak data (T<5 K! is better described by
an exponential function ofHSP(T)55500 exp(2T/4) in con-
formity with the expressionHSP(T)5HSP(0)exp(2aT/Tc) as
adopted in the previous analysis of Tl-based sin
crystal26,28 and (Bi,Pb)2Sr2CaCu2O81d single crystal.24 This
different behavior in the lower-temperature region (T<5 K!
is most likely a manifestation of a different pinning mech
nism as a consequence of diminishing role of thermal ene

The temperature dependence of the irreversibility l
H irr(T) as depicted in Fig. 7 shows a curvature rever
around 10 K, from negative curvature at higher temperatu
low field region to positive curvature at lower temperatu
high field region. The data in the higher temperature reg
(10<T<20 K! displays an excellent fit to the theoretic
curve given byH irr(T)5H irr(0)(12T/Tc)

3/2 with H irr(0)
515 kOe andTc522.5 K. This temperature dependency
supposed to indicate the dominance of thermal effect as
dicted by the giant flux creep models of Yeshurun51 and
Tinkham.52 In the lower temperature region (T,10 K!, the
H irr curve exhibiting positive curvature is very well fitted b
an exponentially dependence of the formH irr(T)
5Hm exp(b/T), with Hm52500 Oe andb511 K. This be-
havior has been suggested in the quasi 2D Josephson co
13450
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layer-superconductor ~JCLS! model with moderate
anisotropy.53 It is tempting at this point to consider the em
pirical formula proposed by Kitazawaet al.,54 which relates
the anisotropy parameterg to the measured irreversibility
field H irr(T), namely,H irr(T)533 400/g2(12T/Tc)

m. This
empirical equation is based on the consideration that the
prate HTSC compound can be viewed universally as a s
tem of alternating insulating/blocking and superconduct
layers.55 In such a system, the associated anisotropy is
pected to control various electromagnetic phenomena inc
ing flux pinning strength. Equating the multiplicative fact
in this equation with theH irr(0), obtained above from the
constant factor of the irreversibility line in the highe
temperature region, yields the value ofg'47 which lies be-
tween those of (La,Sr)2CuO42d system (g514–63) ~Ref.
54! and (Nd,Ce)2CuO42d system (g530–100).56

A rough estimation of dimensional crossover field~3D-
quasi 2D crossover! H2D following the approximate
formula47 H2D'F0 /lJ

2 with lJ5gs and g'47 yields the
value H2D'6000 Oe. Looking at theH-T phase diagram,
this H2D value is located approximately at the field where t
H irr curve undergoes sign reversal in its slope, marking
onset of weakening interlayer coupling and indicating 2
melting at higher field. This view is consistent with steep r
of H irr(T) for H.H2D , approaching the well known theo
retical prediction of field independent melting lineHm(T) for
the strongly layered 2D system.53 Although the dimensiona
crossoverH2D given above is strictly valid only in the low
temperature region far away fromTc , the near coincidence
betweenH2D and the curvature reversal ofH irr(T) is never-
theless an interesting point to note in the context explai
above.

The estimation of the out-of-plane penetration depth
zero temperaturelc(0) based on the estimated anisotro
parameterg and zero temperature in-plane penetration de
lab(0) according to the general formulag5lc /lab yields
lc(0)'17.08mm. This value is smaller than the one o
served from optical measurement obtained from the sa
batch of crystals under different oxygen annealing treatm
namelylc(3K)'45 mm.57 We are inclined to attribute this
discrepancy to different carrier doping levels in these t
crystals, in congruence with different anisotropy paramet
and different critical temperatures. The crystal used for o
cal measurement is known as a strongly underdoped sam
(Tc'16 K!, while our sample is approximately in the opt
mal doping state (Tc

on'24 K!.

CONCLUSION

We have demonstrated from the isothermal magnetiza
data of SmLa0.8Sr0.2CuO42d single crystal withTc

on'24 K
that this system exhibits the well known peak effect in
large temperature range, extending from 2 to 20 K. Additio
ally, the magnetization data also reveal remarkable zero-fi
peak throughout most of the same temperature range,
perceptible enhancement at lower temperatures. Analysi
the magnetic phase diagram derived from these data on
basis of an existing models clearly indicates the role of g
metrical barrier in the retardation of vortex penetration
2-5
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elevated temperature range, and that of surface barrie
lower temperature. We have also found that most of the d
in various temperature and field regions can be well
scribed with the existing theoretical models. In particular
slope change of the irreversibility line at the field positi
around H2D confirms the 2D melting characteristics atH
.H2D . One exception is the temperature dependent beh
ior of the second peak onset fieldHon(T) which appears to
defy explanation by any model known to the authors. F
ther, estimations of the anisotropy parameter and penetra
depth at zero temperature have also been made, yieldi
d
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value between those ofT and T8 214 systems, and thereb
provide further indication of the different features occurri
in this T* phase compared to the other 214 compounds.
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