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Onset of the fishtail peak in an untwinned YBgCu;0-_ 5 crystal
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Isothermal global magnetic measurements in a detwinned,@&®-_ 5 single crystal reveal a jump in the
slope of the increasing part of the virgin magnetization curves. This feature is broadened or even disappears at
low temperaturesT <15 K). At high temperaturesT(>75 K) and below theHs,(T) curve in the obtained
vortex-matter phase diagram, it is also hard to discern. The magnetic field at which this anomaly BHggurs (
decreases as the temperature increases. The observed feature may be attributed to a recently proposed disorder-
induced transitior{or crossoverfrom a relatively ordered vortex lattice to a highly disordered vortex solid.

[. INTRODUCTION point disorder, there is a transition that separates two distinct
solid phases: a weakly disordered quasilattice phase without
Extensive experimental studies in the past, includingtopological defects, named Bragg glass phase, and a highly
transportt™ magnetization,” ac-susceptibility™*' and disordered entangled solid present at higher fields. These two
calorimetric measuremerits® have established the exis- phases, together with the liquid phase, connect to a multi-
tence of a first-order melting transition of the Abrikosov vor- critical point. The transition lines between these phases are
tex lattice in YBaCu;O,_; (YBCO), Bi,Sr,CaCyOg, s determined by the interplay between three energy scales: the
(Refs. 14 and 15(BSCCO, and Lg_,Sr,CuQ, (Ref. 1§  vortex elastic energy, the energy of thermal fluctuations, and
high-quality single crystals. the pinning energy>®! It is the competition between the
In parallel with these studies, many theoretical and ex£€lastic and pinning energies that determines this new transi-
perimental efforts have been devoted to the properties of théon, provided that thermal energy can be neglected. The
solid state of the vortex lattice, in the presence of quenchegarticular line in the phase diagram that is related to this new
random disordet’~2! The most widely discussed feature is transiton must be lowered in field upon adding
the increase of the magnetization with the magnetic fieldmpurities?®“°Increasing the magnetic field increases the ef-
occurring in isothermal magnetization measureméhisso-  fective strength of random pinning through the reduced in-
called fishtail or second peak,). Depending on the density terlayer vortex interaction, making the system more two-
and strength of pinning centers, the temperature, and aniso#imensional and consequently more susceptible to disorder.
ropy of the compound, the irreversible magnetization neaSuch a field-driven transition corresponds to the destruction
the second peak displays different characteristics. For exof the Bragg glass by proliferation of topological defects
ample, the onset of the increase in the magnetization is verypon raising the field, which is equivalent to increasing the
sharp and sometimes is divided into two pe&k&he second  effective disorder, which favors dislocations.
peak has been observed in Y@®aL0,_; (Refs. 23-30) In the present work, we studied the region where the ir-
YBa,Cu,0q (Ref. 31, Bi,Sr,CaCuyOg, 5 (Refs. 32—39 TI  reversible magnetization starts to increase with the magnetic
based compound&Ref. 40, HgBaCuOQ,, 5 (Ref. 41-43,  field in the temperature regime<OT<T,. For this purpose
Nd; gCey 1CUO,_ 5 (Ref. 44, and in La_,Sr,CuQ, (Ref. We used magnetization and magnetic relaxation measure-
45) high-quality single crystals. Consequently, the secondnents for a detwinned YB&u;0; _ 5 single crystal. Our ma-
peak is a generic feature of anisotropic and relatively cleagor finding is a change in the slope of the increasing part of
high-temperature superconducting crystals. Local magnetizdhe m(H) curve, which can be attributed to a field-driven
tion measurements of Zeldowtal* on high-quality transition to a highly disordered vortex matter. The dc mag-
Bi,Sr,CaCy0g. 5 single crystals revealed that the onset ofnetization was measured with a commercial superconducting
the peak is very sharp, suggesting that it may indeed mark @uantum interference devi¢8QUID) magnetometefQuan-
phase transition. The smoothness of the peak in global me&m Design MPMS Il. The measurements were performed
surements may be a consequence of spatially averaging tt§ing a 2-cm scan length in order to keep the sample in a

inhomogeneous induction inside the sample. highly homogeneous magnetic field.
The expectation of such a transition is further supported
by theoretical studies of NattermafthGiarmarchi and Le Il EXPERIMENTAL RESULTS
Doussal®® Gingras and Hus& Ertas and Nelsorf Vinokur
et al.?! and Koshelev and Vinoku which predict a field- Our sample is an YB&ZL WO, _ 5 single crystal with di-
induced transition from a relatively ordered vortex lattice tomensions ~1.25x1.15x0.035 mni, which was grown
a highly disordered entangled vortex solid. with the self-flux method in a gold crucible. Thermal treat-

At low magnetic fields, in the presence of weak random-ment was made at 450 °C, in oxygen flow and ambient pres-
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FIG. 2. An expanded view of the virgin magnetization curves as
FIG. 1. Virgin magnetization curves as a function of the applieda function of the applied magnetic field, covering the field region
magnetic field of an YBgCu;0,_ 5 single crystal at several tem- Where them(H) curve changes slope abruptly. The arrows indicate
peratures. The inset shows an expanded view of the hysteresis lodpe location of the feature that is at the intersection of the dashed
atT=40 K in the field regime where the new feature is observedlines.
Also, the inset shows the hysteresis looprat83 K. The arrows
indicate the location of this feature. eral publications$?~38except from the change of slope in the
m(H) curve.
sure. Detwinning was performed at 400 °C in air under The new feature can be_defined as the point where _the
' . S aslope changes. However, this method introduces uncertainty
pressure~25 MPa; followed by additional annealing in j, getermining the location of this feature in the temperature
oxygen flow at 400°C and ambient pressure for three day§ange where it is hardly detectable. Consequently, we prefer
The transition temperature was determined to g {5 yse the derivativelnvdH. Figure 3 shows then(H)
~91.6 K (AT.=0.3 K). curve and the correspondirtgm/dH versusH curves at 50

Figures 1 and 2 show the virgin magnetization curves ol - qnydH first increases from negative values up to zero,
5<T=87 K. Figure 2 is an expanded view of Fig. 1 that

displays clearly the new feature. The magnetization curve at
5 K shows a large peak at the fiett},, known in the litera- -6
ture as the first peak. The first peak corresponds to the state

H (kOe)

where the flux penetrates completely in the interior of the g
single crystal. ForH>Hy,, |m| decreases up to approxi- KT g
mately 30 kOe, where it starts increasing slowly with a rate o 3
of 1x10 ¢ emu/Oe. Since our SQUID magnetometer is = ﬁ
limited to 55 kOe, we cannot explore further the magnetiza- £ S
tion curve at this temperature. The 10 K measurement is 18 =
similar to that at 5 K. At 20 K, the magnetization curve E
=]

clearly shows a new feature: a drastic change in the slope in
the increasing part of the magnetization(H)| curve. It is
followed by a monotonic increase fifi| up to the fieldHp,
beyond which a further increase of the magnetic field leads
to a decrease dim|. As the temperature is raised, the mag-
netization curves continue to present the new feature with
H¢p and Hy, moving to lower values, andim| decreasing FIG. 3. An expanded view of the virgin magnetization curve and
rapidly with temperature for constant magnetic field. Theits derivativednvdH as a function of the applied magnetic field at
overall behavior described above has been reported in sef=50 K.
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seems that fof =T;,, the magnetic moment is reversible. Of
course such an estimation of the irreversibility line depends
on the resolution of magnetometer. The melting line is de-
fined by the locus of pointsH,T,,) where them(T) curves,
T 1 in the reversible regiméaccording to the previous defini-
tion) show a jump after subtracting a linean(T) variation
belowT,,. We note that the anomaly at the melting tempera-
ture is difficult to be traced in our experimental curves for
H=<10 kOe, probably due either to resolution limitations of
our SQUID, or to the existence of a lower critical poiff®
The curve defined from the pointsT(H3) decreases
slowly with increasing temperature &$3(T)=HgT“ with
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decreases all ,,=H2;, T with HS, =176+2 kOe andg
=—-1.09t£0.01. The second magnetization peak curve
Hs((T) displays a change in the slope®t=84=1 K, im-
plying a change of temperature dependence. The second
magnetization peak curvelg(T) for T<T* can be de-
scribed with a power-law relatior s T) = H3(1-T/T,)",
with »=1.23 andH2,=76.45 kOe. FoiT>T*, the relation
Hsp(T)=601—(T/T.)*]** proposed by Abulafi@t al>® is
more appropriate. It is interesting to note that tHe(T)
curve tends toward the point at which tié(T) curve
changes its temperature dependence. This means that the
change of the vortex matter marked Hy(T) should disap-
: pear at this point.

' ' . In order to understand better the physical origin underly-
65 70 75 80 8 90 95 100 ing this change of slope occurring in thg(H) curve atHs,
(b) T (K) we employed relaxation measurements of the irreversible
magnetization. Specifically, we performed relaxation mea-
YBa,Cu0, 5 single crystal. Open circles denote the field, de- surements for several fields at 10 K \_Nhere the new featu_re is
fined as the field whenm(H) changes slope abruptly. Open squaresnOt present, and at 40 K, Wher_e itis. In "_1" the r(_alaxatlon
representd ;,, defined as the field wheten(H)| displays a local Measurements the crystal was first cooled in zero field to the
minimum. The solid lines represent a fit H; andH ;, (see main ~ desired temperature, and then the magnetic field was raised

text). The solid squares denote the irreversibility line, while opento the desiredH; with a ramp rateR=H,~100 Oe/s. After
dotted circles show the melting line. Filled circles represent thethe field was stabilized tél;, the relaxation ofm(t) was
second magnetization pedk: is the temperature where thig(T) measured within the time Windovng:102$t$tfz104 S.
curve exhibits an anomaly. The inset showslthg(T) line nearthe  From the normalized relaxation rat8=d In[—m(t)]/dInt,
Tc, clarifying the anomaly in théio(T) curve. The solid line in e calculated the pinning potential as a function of the mag-
the inset is a fit with the relatiohls,(T) =601~ (T/T)“I* (b)  netic field at constant temperature. Figures 5 and 6 are semi-
Representative temperature variations of the magnetic moment Ulsgarithmic plots of then(t) variation (relaxation of magne-
de_r 55 and 40 kOe. The arrows mark the irreversibility and melt'ngtization) at T=10 and 40 K, withH|c axis and for 6.5
points. <H,<50 kOe, and £H;<50 kOe, respectively. The in-
where the first peak of the virgin magnetization curve occursverse relaxation rate, which in the framework of the interpo-
Subsequently, it increases further and then drops to zer@tion formula is equal t&§ ~'=U./kgT+ u In(t/to) at small
again. At this point, we defin®l,,. ForH>H,,,, dm/dH  time intervals, can give an estimation 0f /kgT. For very
decreases until pointA and then, in an intervalAH  long periods of time, the slope & ~* can lead to an esti-
~1.8 kOe, jumps to a nearly field independent value atmation of u.
point B (Fig. 3). We locate the new feature at the middle of At 10 K, the S™* vs Int curves(not shown are nearly
the intervalAB. The curves at 5 and 10 K do not show this constant and increase as the corresponding magnetic field
feature. We observe clearly this feature only above 15 K andncreases. This means th&f ' increases monotonically as
up to 75 K. the field increase¢see Fig. 7. Only in small fields (6=H
Figure 4a) is the magnetic phase diagram of the studied<9 kOe), S~* is nearly field independent. In this field
crystal showing théd,;, andHg lines, the second peak, and range,S ! versus Irt curves display a small positive slope,
the irreversibility and melting lines. Figurgh) shows rep- which means thau is small and positive. A rough estima-
resentativem vs T measurements that illustrate the way thetion of u gives 0.14-0.05. For higher fieldsy increases up
irreversibility and melting points were defined. The irrevers-to ~1.5.
ibility line is defined by the locus of points where th&T) Contrary to the relaxation measurements at 10 K, the
curve changes slope abruptly. At this point, the irreversibleneasurements at 40 K show a different behavior in the vari-
screening current drops about two orders of magnitude andus field ranges. Fdi;=5 kOe, a nearly linear variation of

FIG. 4. (a Magnetic phase diagram of the studied
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FIG. 5. Semi-logarithmic plot of the magnetic momentvs

time (relaxation of magnetizationfor an YBgCu;O;_5 single . FIG. 6. S_emi-logarithmi(? p'?‘ of the magnetic momqntvs
crystal atT=10 K and forH=6.5, 7.5, 9, 12, 14, 16, 18, 20, 22, time (relaxation of magnetizationfor an YBgCu;O;_s single

24, 26, 30, 40, and 50 kOe with the applied fielfic axis. crystal aiT=40 K and forH=1,2,3,4,5,6.5,8, 9,11, 135, 15,
16, 18, 20, 24.8, 30, 34.83, 40, 45.2, and 50 kOe with the applied

m(t) is observed in a semi-logarithmic plot. Secona(H) field H||c-axis. The upper panel shows an enlarged view of the
for a given time follows the shape of the virgin magnetiza-measurement performed for the 1-5 kOe field range.
tion curve at the same temperature only fost<800s.
After that time, the second peak shifts to lower fiel[dse hysteresis loops are asymmetf@omparing the increasing
Fig. 6). Indeed, fort>10° s the maximum idm| occurs at 30 and decreasing field branchesa behavior indicative of
kOe, while fort<10®s, it is at 40 kOe. Third, the slope of Bean-Livingston surface barriers. At lower temperatures,
the m vs In{) curves exhibits a pronounced crossover fore.g., 40 K, there is a small asymmetry, but it is a small
H=<3 kOe. This feature is readily discernible in the mea-fraction of the totaim at this field valugsee inset of Fig. )L
surement aH=1 kOe. This remark would suggest that at high temperaturés (
Figure 7 also shows the variation 8f }(t=10° s) asa >80 K) and low fields, the Bean-Livingston surface barri-
function of the magnetic field at 40 KS~1(t=10°s) in-  ers are essential, and bulk pinning is present only in higher
creases abruptly with the field and displays a shoulder in théelds. Instead, at low temperature and fields, both bulk pin-
vicinity of Hy. This shoulder could mean that the shape ofning and Bean-Livingston surface barriers are present.
the m(H) curve does not change with time close .
Indeed, the open squares in Fig(répresenting the relaxed
moment at 40 K after 10s) demonstrate that the location of
the H; field does not depend on time. For higher fields,* The change in the slopgm/dH at H; might correspond
continues to increase up to a maximum located below théo the recently proposed field-driven disordering transition
second peak at this temperature. Above this maximsi, ~ from Bragg glass, where the vortex lattice is weakly disor-
decreases monotonically. dered without topological defects, to a highly disordered en-
The enhancement of the relaxation barrier abidyg, has  tangled solid at higher fields. Giamarchi and Le Dou$sal
been recently discussed by Koshelev and Vinokéor the  introduced the idea of Bragg glass to distinguish from the
case of the transition from an ordered quasilattice to amlassy state without any crystalline order. Further, Ertas and
amorphous vortex configuration. In addition, with the esti-Nelson>® Vinokur et al.>! and Koshelevet al>? proposed
mation of the pinning potential, we can ascertain, that belovthat the onset of the second magnetization peak may corre-
the maximum inJ., u is positive, whereas above the maxi- spond to the destruction of the Bragg glass by proliferation
mum it is negative. The negative value @f in combination  of topological defects upon raising the field. This is equiva-
with the decrease in the pinning potential with the field, ardent to increasing the effective disorder that favors disloca-
in favor of the idea of plastic deformation of the flux lattice tions. It is interesting at this point to note that the collective
near the second peak. pinning theory® suggests that at low field, the lattice is less
It is worth noting that at high temperatures, belbly, the  ordered than in higher fields. This conclusion does not hold

IIl. DISCUSSION AND POSSIBLE INTERPRETATION
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100 0 the characteristic magnetic field with temperature, whereas in
our data,H; decreases slowly with increasing temperature;
and(c) In the present measurements, thegfield is difficult

-1 to be defined whehi; is close toHg,. In the measurements

of Nishizaki et al., the H; line is terminated at the critical

point, where the melting transition changes from first to sec-

ond order. In Giller'set al. data, it is not clear where thé;

line terminates. These differences may originate from the

different amount of disorder in the samples, i.e., our crystal

is more disordered than those of Nishizakial. and Giller

et al.

Although the decrease dfl; with temperature is pre-
dicted within aA T, pinning mechanism, the curvature is not
that predicted in the simplified model of Refs. 51,44. Prob-
ably, due to the simple character of the particular model,
-5 only the direction of change dfl; with temperature and not

the exact temperature variation can be predicted. Sinkk a
Magnetic Field (kOe) (R_efs. 19 and 5Btype pinning gives an increase bffy(T) .
with temperature, the larger disorder of our crystal might

FIG. 7. S"X(t=10%s) as function of magnetic field at 10 K lead to a combination oAT. and Al pinning mechanism,
(solid circleg and 40 K(open circles Also shown is the magneti- thereby producing the observed behavior. An open question
zation curve at 40 K(solid line). The open squares denote the is the physical reason for the disappearance of the feature at
relaxed magnetic moment at 40 K after a time of 40The peak of low temperatures. One could suppose that at low tempera-
S871(t=10%s) curve at 40 K is located below the second magneti-tures the pinning force is too strong to permit a regular lat-
zation peak of the magnetization curves. Note that the cn{/BE  tice. As the temperature increases, the thermal fluctuations of
=40 K, t=10"s) reveals that the location f; does not change  the vortex lines smooth the quenched disorder potential that
with time. produces the pinning. As the amplitude of the thermal fluc-

tuations increases beyond the extent of the vortex core, the

when the distance between local minima of the random pog ey will experience an averaged disorder potential that

tentlal' is much smaller than the typlcalirilgntervortex SPacingcorresponds to a reduced pinning force.
as pointed out by Koshelev and Vinokiirin such a case —, concjusion, we have found an abrupt change in the
(typical for high-temperature superconducioitie VOrtices o6 of the irreversible magnetization in a detwinned

have. "’?.Wide cho?cg of m".“ma’ Whif:h gives them an eXtraYBaZCugO7,5 single crystal for the temperature range 20
possibility to minimize their interaction energy and restore_ -1+ <83 K TheH3(T) line deduced from the sudden

the lattice. . ;
: : . change of the slope in the(H) data might correspond to
An important point that should be made is that our resultthe field-driven disordering transition from the “Bragg

IS not a pecullant_y (.)f our crystal. The same feature, with ass” to the high-field topologically disordered phase. The
some worth-mentioning differences, has also been observ

L 57 ; 58 : cond magnetization peak cumdgT) is governed by the
by Nishizaki et.al. and Gllle'r etal> in an gntvymned reIationHSp(T)zng(l—T/Tc)”fror$1(w30 K up toT* . For
YB2,Cus0;; single crystal using local magnetization ME& T~ T+, theH T) curve changes functional form and can be
surements. More specifically, the differences lie in the foI-d b d bsp(th latio] gT 60 1 (T/T.)41L4 i
lowing points:(a) In our results the feature is not observed escribed Dy he re aSéO s T) =60 1= (T/Tc)"]™" pro
for T<20 K, while Nishizaki and co-workers observed it for posed by Abulafit al.

T>53 K, and in Giller's data the feature appears at 40 K; A.B. acknowledges support from NATO via NATO Sci-
(b) Both Nishizakiet al. and Gilleret al. show an increase of ence Fellowships No. D001017.
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