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Giant peak effect observed in an ultrapure YBgCu3zOg 993 Crystal
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A giant peak in the temperature dependence of the screening current is observed in the ac magnetic response
of an ultrapure YBgCu;Og g93 Crystal in @ magnetic field. AH=2.0 T (Hlic), the screening current density
J.(T) exhibits a 35-fold rise with a 0.5 K increase in temperature, indicating an abréibtbocollapse in the
characteristic volume of ordered regions in the vortex array. The peak-effect anomaly is most pronounced for
H<4.0 T, but detectable up to 7.0 T. The temperature dependence of the equilibrium magnetization exhibits a
small discontinuous jumffor high fields inside the peak-effect regime, suggesting that the underlying phase
transition is a weak first-order vortex-lattice melting transitid0163-182809)51042-4

One of the unsolved puzzles in high-superconductors J.(T,)-to-onsetd (T,) were typically less than 2. In the
is that the critical current density.(T) of YBa,CwsO,_5;  context of collective pinning theoryf,in which J.(T) is de-
(YBCO) crystals in a magnetic field, instead of decreasingtermined by the collective volume/., J.B= \/m
monotonically ‘with increasing temperature, sometime§yheren andf, are respectively the density and characteristic
makes a surprising upturn before it vanishe&This anoma-  force of the plnnlng centers, a factor of 2 enhancement in

lous peak effect is believed to be due to a vanishing sheajc(T) indicates a mere factor of 4 decreaseMin, a rather
modulus of the vortex lattice which in turn leads to MOre g mall loss of order for a disordering phase transition.

effective pinning of vortex lines by random impurities. Since | : . . .
o . - ; n thi r, we repor rikin rvation of ian
a finite shear modulus is the defining property of a solid, and this paper, we report a striking observation of a giant

its disappearance is the hallmark of solid melting, it has bee%eak effect inJe(T) in the vortex state of an ultrapure

suggested that the peak effect is either caused by or related (P22CUs06 993 crystal, made possible by the recent work in
an underlying vortex-lattice melting transitién® e crystal growth of highF, oxide superconductors using

For regular(crystalling solid melting, the vanishing of BaZrOs crucibles. In an applied field of 2.0 Hic, J.(T)
the shear modulus at the melting point is accompanied b$hows a 35-fold increase from the ons@) to the peak
thermodynamic signals such as a discontinuous change i p) With T,—T,<0.5 K. Thermodynamic signatures in the
density. There is compelling thermodynamic evidence, e.g€quilibrium magnet|zat|om/|(T) are also found in the peak-
a jump in the equilibrium magnetizaticM(T),lo‘lzsuggest- effect regime, suggesting that the underlying phase transition
ing that such a discontinuous change in density does occur iis the vortex-lattice melting.
the vortex state in high-quality YBCO crystals. For the peak The sample is an ultrapure YBauzOg 93 (0Overdoped
effect and the magnetization jump to be the correspondingrystal grown in a bulk BaZr@crucible. The growth proce-
signatures, i.e., vanishing shear modulus and discontinuowtures for ultrahigh purity YBCO crystals using highly inert
change in density of vortex solid melting, they should occurBaZrQ; crucibles are now well documentéd® The chemi-
at the same temperature, or in close vicinity. Where exactlyal and structural characterization of these crystals confirmed
the peak effect occurs relative to thyT) transition on the that they have very low levels of impurity elements and a
field-temperature -T) phase diagram is crucial for under- high degree of crystalline ordé?.As an example, the full
standing the peak effect and the underlying phase transitiowidth at half maximum(FWHM) of the x-ray rocking curve
in high-T. superconductors. (006 from this sample is less than 0.006°, a notably small
Unfortunately, for reasons that are still not well under-value for YBCO crystals. The sample is a perfect rectangle
stood, rarely can one observe a peak effect andvigit) with dimensions 1.581.28<0.065 mni and thec axis
transition simultaneously. In a recent wbrin which both  along the shortest dimension. The bulk of the crystal is twin
effects were detected in the same untwinned YBCO crystaffree except for a single twin boundary cutting the very tip of
atH=1.0 T (Hllc), the peak of the peak effect does coincide one of the four corners, forming a triangle which has an area
with the jump inM(T). However at higher fields*$1.5 T) less than 0.12% of the total sample area. No measurable
where theM(T) jumps are pronounced].(T) decreases effect is expected from this single twin on the ac response
monotonically with T across the transiti6n(also see Ref. which probes the macroscopic screening current in the
13). sample. The ac susceptibility at zero dc figt,.=25.0 Oe,
The main difficulty, however, in accepting a phase transi-and frequencyf=100.0 kHz, shows a single stdmidth
tion scenario for the peak effect, is that the magnitudes of thé10—90 %)=0.85 K] in the real part 4 x’(T) and a single
observedl(T) peaks are too small. For the obsenkdT) peak(at T,=88.60 K) in the imaginary part 4x”(T). The
peaks in YBCO crystals,® the ratios of peak- dc magnetization measurement, using a commercial super-
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20 H=1.0 T/c | the screening current in the sample. At low frequencies and
T at an ac field large enough to penetrate deep into the bulk,
0 the screening current in the vortex state is the critical current
& 78 811_ K 84 87 %0 supported by pinning centers in the bdifkin this ultrapure
(K) sample, we expect the oxygen vacancies to be the primary

FIG. 1. (a) 47y’ (T) and 4my"(T) atHy=1.0 T.H,=25.0 0e  Pinning centers. The critical current densiy(T), shown in
andf=100.0 kHz. Inset: the experimental configuratitn.J(T). ~ Fig9- 1(b), is calculated from the susceptibility data using a
Inset: the pealdo(T,) and onsef(T,) at different magnetic fields. ~ critical-state model! Since the dependence df on the
J(T) is calculated using a simplified critical-state modappli-  ac field is neglected in the model used here, small corrections
cable when the ac fields are large enough to penetrate to the centgr Fig. 1b) are expected if one uses more refined
of the samplg 4wy’ = — mJ.d/H, (in cgs, whered is chosen as  treatment$®~2°The order of magnitude and the temperature
the sample thickness instead of the widtee Ref. 1 and Refs. 19 dependence al, are expected to hold.
and 20 below The peak effect is most pronounced in the intermediate

field range 0.1-2.0 T, over which a peak effect in YBCO has
conducting quantum interference devi@QUID) magneto- been frequently reportéd® At 1.0 T, from the onset to the
meter (Quantum Desigph at 3.0 Oe(field cooled gives a  peak, over a temperature interval of 0.8 X(T) rises by a
transition temperaturd ;=88.55 K and width(10-90%  factor of 31. The ratio of the peak to the onsef is 35 for
AT.=0.55 K. 2.0 T, which indicates a more than®tld drop in the col-

The real part of nonlinear ac susceptibility is a measure ofgctive volumeV,, of the pinned vortex array.
the screening current induced in the superconductor by the ac ag shown in the inset of Fig.(1), the J, peak value has
magnetic field. The peak4%ffect is identified as a dip in.itsa maximum at 1.0 T and th, onset value decreases with
temperature dependent&®® The basic setup, as shown in increasing field. The peak, and onsefl, merge at very low

thg inget of Fig. ta), cons?sts of a 50-turn coll, W°“Wd using fields. At 4.0 T, the onset, drops below our detection level
a fine insulated copper wire, on the end of a sapphirg2ddl (~0.5 Alcn?) ’while thecpeak is still detectabléneight

mm in diameter on which the crystal is glued with * —
Apiezon-N grease. The impedance of the coil is measured +:° Alen?, width~0.4 K, data not shown At above 4.0
T, the x'(T) dip is no longer discernible. However, the way

using a two-phase SR-844 lockin amplifier, and the coil in-, ; W ] g ; ;
ductance and resistance are related to the ac susceptibility 5 Which the x'(T) dip disappears at high fields in this
the sample by L=Ly(1+4mx’¢) and R=R, sample is very different from what was observed previ-
+4my"wlol, WwhereR, and L, are the resistance and the ously*® In the earlier samples, the’ dip broadens and then
inductance of the empty coik, is the coil-sample coupling turns into a single step ig'(T). Here, not just the" dip,
constant(filling factor), and w=2mxf. H,. is held constant but no signal from the screening current at all can be de-
for each temperature sweep by using a constant amplitude &ected in the temperature rangé—90 K. We attribute the
current sourcéHP3245A. The details of this method have absence of a detectable signalfat100.0 kHz(for H>4.0
been described elsewhére. T) to the decay of the screening current caused by thermally
Figure X&) shows the temperature dependence of the reactivated depinning, in addition to the ultrahigh puritius
4x'(T) and the imaginary #x"(T) parts of the ac suscep- the very weak disordgof the crystal. Since the decay of the
tibility at H=1.0 T. The sample-coil coupling factaf = screening current should be less severe when probed at a
(=0.026 is determined by choosing #'(70 K,0T) short time scale, one might expect to see the peak effect
=—1.0. The large dip in 4x'(T) of the ac susceptibility again in the ac susceptibility if measured at a higher fre-
corresponds to a giant peak in the temperature dependenceaiency. This is indeed true. Figure 2 show&T) at H
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FIG. 3. (@ M(T) (ZFC: crosses; FC: circlgsat H=5.0 T
(Hlic). AM(T) is the difference between the reversible part of the
data (T>80.3 K) and the solid line(b) 47x'(T) at f=1.0 MHz
andH ,=25.0 Oe. Inset: 4x'(T) and 4 x"(T) over a wider tem-
perature range. The dashed lines indichig region, there is a bump iNM(T). (We note that the SQUID

validation curves show a small deformation in this region,
=1.0, 3.0, 5.0, and 7.0 T, fdr= 1.0 MHz andH ,.=25.0 Oe.  thus the bump could be an artifact caused by the reappear-
Up to the highest field7.0 T) of our system, g/ (T) dip  ance of strc_)ng vort_ex pinning du_e t_o the peak effelct.the
remains observable. same transition region, a sharp dip im g’ (T) appears, even

The detection of g’ (T) dip in the high-frequency ac at low frequencies. Figure () shows 4rx'(T) at f
response made possible the comparison of the peak effect100.0 kHz, and a replot far=1.0 MHz. Note that the data
and the dc magnetization jump, since the latter can only bér f=100.0 kHz have been expanded by a factor of 4.
detected at high fields in this sample. Figuf@)3hows the Again, given the uncertainty in the relative temperature read-
temperature dependence of the dc magnetizaiT) of ~ ings [the bar in Fig. 4b)], the peak effect and th#!(T)
the sample aH=5.0 T. The crosses are for the zero-field- transition, the change of slope, occur at the same tempera-
cooled (ZFC) measurementgthe sample is cooled in zero ture. _ _
field and the magnetic field is turned on-a70.0 K) and the Figure 5 shows thél-T phase diagram constructed using
circles are data taken as the sample is cooled in the fielthe x'(T) dip temperaturd’, at 1.0 MHz for different mag-
(FO). ForT>80.3 K, M(T) is essentially reversible, thus is
the equilibrium magnetizatioM (T). A small, but sharp, 2
jump in M(T) can be identified aT,,=81.06 K, as shown N T
by AM(T) in Fig. 3a@). The width of the jump isAT,, B0y .

~0.08 K. a0 e JEUEREES tah ’

For comparison, the #yx'(T) data atH=5.0 T andf 20l :
=1.0 MHz are replotted in Fig.(B). The x'(T) dip is at '
T,=81.03 K. We should point out that the dc magnetization : '''''

and the ac susceptibility are measured in two separate setups,
so that there is a relative uncertainty of 0.25 K between the
temperature readings in the two systems in this temperature
range, as indicated by the error bar in Figb)3 However,
given this uncertainty, it is clear that thd(T) jump atH .
=5.0 T is well within the temperature regime of the peak 0,5 80
effect.

Figure 4a) showsM(T) at H=3.0 T. No jump can be FIG. 5. A 3D phase diagram for the peak effect in
identified in the data; instead, a clear change of slope i§Ba,Cu,04445. The open circles show the locatiof ) of the
observed inM(T) (see inset The dashed line indicates the peak effect for both 100.0 kHz and 1.0 MHz. The solid line on the
transition temperature defined by the crossing point of they-T plane is a fit to the 3IXY melting conjecturésee text TheJ,
two linear parts oM (T) (by extrapolation In the transition  peaks are shown fdi=1.0, 2.0, and 3.0 T measured at 100.0 kHz.

T(K)
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netic fields. As shown in Fig.(#), T, changes very little for complete explanation for all of our data. At=5.0 T, the
the frequency range 0.1-1.0 MHz. The jump and the changwidth of the y'(T) dip at 1.0 MHz is about 1.0 K while the
of slope in the equilibrium magnetizatiod (T) coincide,  width of the jump inM(T) is only 0.08 K. We point out that
within our experimental error, witf, . In an earlier repolt, ~ the large width of they’ (T) dip cannot be due to a smearing
it was also found that, although only demonstrated Hor ©f the phase transition by the ac field. Fég.=25.0 Oe, the
=1.0 T, the peak of the peak effect occurs at exactly thesmearing only amounts t¢0.004 K at 5.0 T, and 0.006 K at
same temperature as the dc magnetization jump. The sol#0 T, due to the large slope of the phase boundary on the
line in Fig. 5 is a fit to a melting line predictédfor three- H-T phase diagram. One possible interpretation is that the
dimensional(3D) XY fluctuations H=Hy(1—T/T)" (T), vortex-lattice meltmg/freezmgllwea_kly first order. The
where the fitting parametéf.=88.60 K is consistent with Iarge W'df[h of th.e peak effegty .(.T) (?“p] suggests that sig-
e measred vlue, o 1330 T ancn- 133, These  Wntdercerndas e rnaton = aprosched o e
arameters are consistent with those determined from a calQ;. ; .
Pimetric measuremeftt of a similar ultrapure overdoped ibeoﬁeﬂggczfesgzgaveoﬁ en place in the vortex array prior to
YBa,CO; oo Crystal, for whichT,=87.8 K, Ho=135 T, g g point.
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