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Hysteretic behavior of the vortex lattice at the onset of the second peak
for the HgBa,CuO,, s superconductor

D. Stamopoulos and M. Pissas
Institute of Materials Science, NCSR “Demokritos,” 153-10, Aghia Paraskevi, Athens, Greece
(Received 19 October 2001; revised manuscript received 22 January 2002; published 27 Majych 2002

By means of local Hall probe ac and dc permeability measurements, we investigate the phase diagram of
vortex matter for the HgB&uO,, 5 superconductor in the regime near critical temperature. The second peak
line Hgp, in contrast to what is usually assumed, does not terminate at the critical temperature. Our local ac
permeability measurements reveal a pronounced hysteretic behavior and thermomagnetic history effects near
the onset of the second peak, giving evidence of a phase transition of vortex matter from an ordered qausilattice
state to a disordered glass.
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It is remarkable that after a decade of experimental andlose to the upper critical field lin€ 8|t was suggested that
theoretical efforts? the vortex matter phase diagram of high- in this regime plastic deformations occur in the solid, leading
T. superconductors under the presence of random point dige a dependence of the hysteretic response on the past history
order is far from being completely elucidated. Soon after theof the superconductor.
discovery of high¥. superconductors, it was proposed that The situation is rather different for the case of high-
point disorder should transform the ideal vortex lattice to asuperconductors. The effect of a second péak fishtail
glassy state. This state is characterized by energy barriegeak on the magnetization loops is still of unknown origin,
U(j) that diverge in the limit of small applied currents while the simultaneous appearance of double-peak
Two main phenomenological theories have been proposed ttructure$®=2° makes the interpretation more complicated.
describe this glassy phase. The first theory is based on thEoday there is experimental evidence for the existence of a
gauge glass model, and assumes a complete destruction @bssover poinH’Sp, that lies between the second pedk,
the ideal vortex latticd The second theory retains the elastic and its onset poinH e, Where the dynamic behavior of
lattice structure at small scalé&lthough different in nature,  the vortex solid changes drastically from elagbelow H. 0
both theories agree that point disorder dictates the appeayg plastic(aboveH. p),26—29 Furthermore, several experimen-
ance of dislocations, producing a glassy low-temperaturea| works presented evidence that in clean YBaCu,_ s
phase where the perfect flux lattice is completely distorted agnd Bj,Sr,CaCyOg, 5 crystals the boundary between the
large length scales. Bragg and vortex glass states is in close proximity to the

Recently, theoretical proposals provided a descriptioronsetH ., 0f the second magnetization pek3In addi-
valid at all scales, demonstrating that while disorder protion, dc magnetization measurements in pure high-quality
duces an algebraic growth of displacements at short lengtkingle crystals of YBsCu;Cu,_ ;5 revealed the existence of a
scales, periodicity takes over at large scales, resulting in &ink (near the onset of the fishtail pedk the magnetization
decay of translational order at most algebfait. One strik-  loops®*~**and a pronounced history dependefidé?>4in
ing prediction is, thus, the existence of a glass phase thdhe regime between the fishtail peak and its onset field.
should exhibit Bragg diffraction peaks in neutron-scattering In this paper we report on local dc and ac permeability
measurement€. This vortex state is the so-called Bragg measurements for the HgBauO, , s superconductor, which
glass? When the field is increased the Bragg glass shouldlisplays an intermediate anisotropy in comparison to that of
undergo a transition into another phase, which could be &Ba,Cu;Cu;_ s and BpSr,CaCyOg, 5. With the present
pinned liquid or another vortex gladsSuch a field-driven  study we hope to elucidate the phase diagram of vortex mat-
transition corresponds to the destruction of the Bragg glaster under the presence of point disorder, near the critical
by a proliferation of topological defects, upon raising thetemperature. The limited range in the dc fieldd4
field, which is equivalent tincreasing the effective disorder <1000 Oe) that can be applied in our local Hall magneto-
which favors dislocations. Today, the nature of the transitiormeter enforced us to study a disordered single crystal that
between the two phases, and the exact position of this phagxhibits a second peak line that terminates in the low-field
boundary on the phase diagrami,{T), are not well under- regime, close to the critical temperatireln our local ac
stood. permeability curves we observed a hysteretic behavior in the

Between the elastic quasilattice and the highly disorderedegion between the onset and the second p#wk fishtail
vortex glass there should be a distinct difference, concerningeak. Partial loop measurements revealed a pronounced de-
the dependence of magnetization measurements on the th@endence of the ac permeability on the thermomagnetic his-
momagnetic history, similar to what was observed in othetory, in the regime under discussion. In addition, this particu-
disordered systems. Such history effects have been observét single crystal, except for the fishtail peak, displays a third
in transport and magnetic measurements for theTgvgu-  peak near the irreversibility line which resembles the con-
perconductors, in the region of the conventional peak effectentional peak effect.
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10— isothermal global magnetization loops. Initially, (H) dis-

-/ plays a small value due to the finite size of the Hall sensor
and its nonzero distance from the crystal center. At a particu-
lar dc magnetic field, which corresponds to the so-called first
peak fieldH;,, the u'(H) starts to increase toward the unit
M. o value, which corresponds to the normal state. Subsequently,
e e ©'(H) increases towargk’(H)=1, but then starts to de-

g Jinear 3 ] crease again, forming a local minimum Ht, which obvi-

! regime .
. : : third peak] ously corresponds to the second peak, as our local and global
= Tl ™ ] dc magnetization measurements affirmgske Fig. %e)
s ' below]. In the higher-t t ime, in addition to th
\flrstpeak . T-8435K  (b)] elow].= In the higher-temperature regime, in addition to the

second peak, a local minimum is formed below the irrevers-
ibility point [see Figs. (b)—1(d)]. We call this feature the
third peak(referring to a peak in the screening curjeffthis
] behavior was recently observed in other high-
™~ "second peak"  third peak ] superconductorS~2° In measurements at higher tempera-
T-85.05K (c)] tures the height of the local minimum which corresponds to
— = the second peak is reduced, and finally, Tor 86 K, we
were not able to detect it. Contrary to this behavior, the third
peak is still evident as we move up to the critical tempera-
ture.
Above the irreversibility fieldH,,, the diamagnetic capa-
0.7 \ third peak ~ T=88.8 K_ (d)é bility of the superconductor becomes zero, and allghéH)
. ' : : curves take the value 1. An important information revealed
0 150 300 4(500e) 6an 750 2 in those measurements is that, in the region between the
second peak’s end point and the third peak’s onset, the re-

FIG. 1. Real partu’=B'/H, of the local fundamental ac Sponse isalmost linear on the amplitude of the applied ac
permeability as a function of the dc magnetic field @t  field, very close to the normal-state valye;(H)=1. This
=77.8—89.9 K for various ac fieldsl,=1.4, 2.8, 4.2, and 8.4 Oe indicates that in this region the vortex system is in a state of
(Hge,Hadlc). very low pinning capability, resulting in an almost negligible

screening current.

The single-crystal growth procedure was reported |n order to fix the previous experimental observations, in
elsewheré®*® Our single crystal displays a value df,  Fig. 2 we plot the H,T) phase diagram close ., accord-
=89.9 K, with a transmon width of 1.5 K and dimensions ing to our local isofield and isothermal ac permeability mea-
600x900x15 xm?3. For our local magnetic induction mea- syrements for the HgBE&uO,. s crystal. Depicted are the
surements we used a (¥, _,In Hall sensor with an active curves formed by the onset of the second peak, by the second
area of 5050 um?. The single crystal was placed directly peak points, the end points of the second feakning from
on top of the active area of the Hall sensor. The local magisothermal ..’ (H) and isofield .’ (T) measurements the
netic induction at the surface of the crystal was measure¢hird peak, and the irreversibility points. In the shaded area
using an ac magnetic fieltH ,.=H, sin(2xft), f=10 Hz],  between the onset and the second peak lines, a hysteretic
under the presence of a dc magnetic fiet}i{H,d|c). The  behavior is observed. The points of the second peak’s onset
real, u'=(f/Ho) 5B, (t)sin(2=ft)dt, and imaginary,u”  may mark the boundary between the Bragg glass and the
=(f/H0) J3B,(t)cos(2rft)dt, fundamental permeabilities disordered glassy stateide infra).
are measured by means of two lock-in amplifiers. Our mea- Figure 3a) depicts the variation g’ (H) as a function of
surements were performed as a function of the temperatu@scending and descending dc magnetic field at various tem-
(isofield measurementsand also as a function of the applied peratures. Although, in general, the decreasing branch
field (isothermal measuremeitsn addition, we performed (dashed ling coincides with the increasing orisolid line),
local Hall dc magnetization measurements in order to inveswe observed a pronounced hysteresis in the regime between
tigate and clarify the physical mechanisms of the observethe onsetH,,s.;and the second pedh,,. In Fig. 3b) we
hysteretic behavior. Local dc magnetization measurementglot the divergence'(up)—u'(down) of the data of Fig. &)
were performed by applying an ac curreit510 Hz) to the in order to show clearly the hysteretic behavior. We note that
Hall sensor, and recovering the dc Hall voltage, due to the dthe hysteretic peak moves to lower fields for higher tempera-
field, by means of a lock-in amplifier. The temperature statures. We observe that hysteresis is more apparent for lower
bilization was better than 20 mK. temperatures, as is evident from the reduction of the hyster-

Figure 1 shows the variation of the real part of the local acetic peak as we move to higher temperatlsese Fig. 8)].
permeability ' (H) as a function of the applied dc field As we approach the temperatufe-86 K, where the second
(H4<1000 Oe) for various temperatures and ac fields. Theeak line ends, the hysteresis is reduced. In F{g) @e
measurement af=79.7 K shows all the characteristic fea- observe that, at a constant temperaflire82 K, the effect is
tures for the first and second peaks which are present at thgore pronounced for small ac fields. As we apply higher
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FIG. 2. The phase diagram of vortex matter close to the critical temperature. Presented are the onset of the setsemi ekl
points, the second peakull points), and the second peak’s end poiempty points. Circles come from isothermal’(H) measurements
and triangles come from isofiejd (T) measurements. In addition we present the third geatnifilled squaresand the irreversibility points
(full squares. The lineH, ends aff~86 K, while theH ;nsei@ndHeng poinelines (thick lines tend to the critical temperature. The lines are
just guides to the eye.

/8 80 82

amplitudes the effect is no longer evident. We observed theange a disordered solid state to a more ordered"dHe?°
same behavior in all the temperature regime, up to the enthis is exactly the behavior observed in our measurements.
point T=86 K. For temperatures close to the end poift=86 K) of the

The effect of an applied ac perturbation on the hystereticecond peak line, we were not able to observe a hysteretic
behavior, observed in some cases in magnetic or transpapehavior even for the smallest ac field we could apply.
measurements in high: superconductors, is a subject of  We must note that such small differences can be detected
intensive interest>!849-43or small ac fields or small trans- only with a sensitive local technique, like the one employed
port currents, the driving force acting on vortices is small, san the present work. Local magnetic induction measurements
it may be considered as a small perturbation. In this casdyy means of microscopic Hall sensors is a valuable method,
thermodynamic or dynamic effects, characterizing a phasbecause, due to the small size of the active area of the sensor,
transition, may be retaine@uch as hysteresis or a suddenthe filling factor is unity. So one can measure, with high
drop in the resistance observed, for example, at the meltingensitivity, small local changes of the magnetic induction at
transition of the vortex lattigg!**>%2 On the other hand, the surface of small crystals. In addition, the achieved high
measurements realized under high transport currents or higgensitivity (0.01 Og permits us to measure small screening
ac fields obscure the hysteretic characteristics of a possibleurrents such as 10 A/éhor less. Thereby, we can estimate
underlying phase transitidhi;*>'®or may dynamically rear- with high accuracy, from the onset of diamagnetic behavior,
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FIG. 3. Real pariu’=B’'/H, of the local fundamental ac per-
meability as a function of the dc fiel@y) at constantH,=2.8 Oe
and various temperaturds=77.8, 79.7, 80.7, and 82 K, arid) at
constant temperaturé=82 K for various ac fieldsHy=1.4, 2.8,
4.2, and 5.6 OeHy:,H,dlc). The solid(dashed lines correspond
increasing (decreasing branch. (b) The divergence
w' (up)— ' (down) of the increasing and decreasing branches for

to the

various temperatures is presented.
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FIG. 4. Temperature variation of the real,, and imaginary,
n”, parts of the local permeability, fo .=50200 Oe andH,
=0.14 Oe, for warmingsolid lineg aboveT, and subsequent cool-
ing (dashed linesof the vortex system.

magnetic field, in an isothermal measurement. In contrast,
for an asymmetric loop of the irreversible dc magnetization,
hysteresis in the screening current and the fundamental per-
meability should also be observed during increases and de-
creases of the dc field. The presence of surface/geometrical
barriers generates an asymmetry in the magnetization loop.
This asymmetry is present in an extensive field range. This
means thatu'(H) is expected to display hysteresis in all
ranges of the loop measurement. In our case we may rule out
the influence of surface/geometrical barriers, because the iso-
thermal variation ofu’(H) displays a hysteretic behavior
only in a particular interval of the applied dc fiel@his in-
terval is strictly located in the region between the onset point
and the second magnetization peak

Another important point revealed in our measurements is
that, in the regime where hysteresis is observed, the decreas-
ing branch is placed below the increasing one. This means

the irreversibility line or the transition from one vortex state that the high-field state of vortex matter possesses more dia-

to another.

magnetic capabilityhigher critical currentJ,) than the low-

Let us now discuss the possible influence of the surfacefield state(zero-field cooling initial condition In the frame-
geometrical barriers in our measurements, in order to showvork of the collective pinning theo}) the critical current is
that the observed hysteretic behavior is directly related to &€lated to the characteristic correlation volurdg, over
bulk pinning property of vortex matter. For the case of awhich the vortex solid is ordered, via the relatiah

strong nonlinear current—electric-figl&(J) ] relation in the

«V_ 2 We see that for a more ordered stétagher collec-

glass regime, one expects a symmetric hysteresis loop of tHeve pinning volumé we have a reduced value for the critical

global or local irreversible dc magnetizatidtne screening

current. The fact that the high-field vortex state exhibits a

current does not display hysteresik such a case, the fun- higher critical current indicates that it is more disordered
damental permeability is expected to be independent of ththan the low-field one.
measuring path, while descending or ascending the external A pronounced hysteretic behavior could also be observed
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in isofield ac permeability measurements as a function of the 6
temperature. Figure 4 shows'(T), and «’(T) curves for
Hp=0.14 Oe andH4=50 and 200 Oe. The onset point
Honset and the second peak poikts, are placed at higher
temperatures for the increasing branch than for the decreas-
ing one. In the inset we present the third peak observed just
below the irreversibility point. For high applied ac fields a
hysteretic behavior could not be observed, in agreement to
the isothermal u'(H), wu'(H) measurements presented
above.
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At this point we must note that, in measurements realized 2
under very low dc magnetic fields, the characteristic finger-
print of the fishtail peak is not observed even if we change 400

the applied ac field for three orders of magnitude (0.01
<Hy<20 Oe). Instead, only a sudden drop in thgT)
curves is observed, as is evident for the caseHgf
=50 Oe. Thus the lineH,, related to the second peak
effect, ends at this characteristic point, but the) s
and Hepq pointlin€s tend toward the critical temperatuisee
Flgz) LRALEAES EEEN ESC B
Is worth noting that the appearance of hysteresis in dy- (e) 3
namical measurements may be indicative of a possible un- U//\\:
derlying transition, but is not necessarily evidence of a phase .
transition of first ordef”*®In order to understand the physi- 'I'sp 3
cal mechanisms associated with the observed hysteresis, we H‘]nsez 3
pe_rfo_rme_d partial loop meaSL_lrements. If the_(_)bserved hyster- 400 450 '500 550 6(')0 650
esis is directly related to a first-order transition, one would H(Oe)
expect that partial hysteresis subloops would also be present,
due to the finite latent heat and the different relaxation rates FIG. 5. Partial loop measurements of the rgal, and imagi-
of the two distinct phase4§:48 Figure 5 presents partial loop nary, u”, parts of the local fundamental ac permeability as a func-
ac permeability measurements for an ac fielg=4.2 Oe at tion of dc field forHy=4.2 Oe atT=77.8 K (Hqc,Had/C). In the
T=77.8 K. In the upper and lower panels we present théegime between the second peak and its onset point, pronounced
in-phase and out-of phase local ac magnetic induction Sig_thermomagnetic history-dependent effects are observed. Insets: In
nals respectively. At this measurement the procedure is d8S€ts(c) and(d) we present measurements in the whole range. In
follows: starting from a field above the peak point we per_mset(e) we present a local dc magnetization loop in order to affirm
form minor loops by progressively lowering the minimum the results of our ac measurements.
value H,,;, of the applied dc field. Remarkably, the minor
loops do not follow the complete envelope loop. We observéhe topological defects remaining in the vortex solid de-
that the increasing branch of each minor Idoprresponding ~crease, so that the critical current is reduced and the corre-
to a lower value of the minimum applied dc fiehl,;,) is  sponding losses, reflected at the out of phase signal, increase.
placed below the corresponding branch for the next value ofince in the elastic theory, the critical curreitis a single-
Hmin. At the end, around the onset of the second peak, ngalued function ofB and T, the hardening effects, such as
hysteretic behavior can be observed. We clearly see that tHéserved in our measurements, could only be ascribed to
partial subloops follow exactly the shape of the completedlastic deformations in the vortex soli@ihis is in agreement
loop, without retracing the same curve after reversing thdo the behavior observed in Refs. 26-29 and 34-37. In in-
field sweep. This is a direct characteristic of a first-ordersets(c) and (d), we present the comple®®; (upper panel
transition. In such a case, we expect that every fraction of thandB], (lower panel curves, while in insete) we present the
vortex solid, which transforms in every partial process,local dc magnetization loop &t=77.8 K, in order to con-
should follow the same thermomagnetic pattern of the comsolidate our experimental results.
plete transition, as in the case where the whole vortex system Finally, we would like to discuss what happens at the
transforms from one state to anotfiéf’ In addition, the region where the fishtail peak is terminated. First we recall
observeq thermomagn_etic history depend_ence of. Fhe ac rehat, although the linél g, ends at a characteristic poii#6 K
sponse is not compatible to the conventional critical-statand 50 Og¢ at higher temperatures we observed a sudden
model. This model treats the critical curreht as a single- drop in ouru’(T) curves[see Fig. 4b)]. So, the two related
valued function of the magnetic inducti@hand temperature lines, referring to the onset and the end points of this sudden
T, while our measurements indicate tliatdepends on the drop[see Fig. 4b)], seem to continue all the way up to the
measuring path in the regime betwedg,s.;andHs,. The  critical temperaturg¢see Fig. 2 Placing beyond dispute that
observed behavior can be understood as follows: as we exke onset lineH s SEParates a Bragg glass phase from a
pose the system to a lower value of the applied dc fidlg,,  totally disordered glass, we discuss a possible interpretation

H(Oe)
200 400 600 800

(10° arb. units)

B|
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of the behavior observed in the regime of the phase diagrarsimulations, revealing that the screening current exhibits a
close to the irreversibility linéd;,. Our local ac permeabil- peak, both across the Bragg glass to vortex glass transition
ity measurements, as a function of dc magnetic field, imply(fishtail peak or second peak effe@nd across the melting
that in the region between the second peak’s end point anghe (peak effect or third peak?
the third peak’s onset, the screening current is almost negli- |n summary, we presented local Hall ac permeability mea-
gible, as already discussed above. In addition, the measuregirements as a function of the applied dc fiébthermal
responsg.’(H) in this regime is almost linear on the ampli- and temperaturésofield) for a HgBaCuO, , 5 single crystal
tude of the ac fieldsee Figs. () and Xc)]. Taking into  \yith T_=89.9 K. The second peak line ends a few K below
account the above experimental observations, we propoSfe critical temperature. At the onset of the second peak
that at the end point linefteng poiny the disordered glass e ohserved a pronounced hysteretic behavior and thermo-
transforms to another phase. A candidate vortex phase, e¥jagnetic history effects, giving evidence of a possible un-
hibiting such a characteristic behaviaic-0), could be @  gerying first-order phase transition between an almost or-
viscousliquid stateof flux lines. This phase, as we raise the gereq |attice state, where elastic behavior dominates, and a
temperature or dc field, transforms, at the irreversibility pointyisordered glassy state, where plastic deformations are
H ,51,25 . ! . .
Hirr , 10 agas stateof pancake vortice¥*"*°0n the other  more important. Recently, experimental evidence was pro-
hand, the disordered glass could extend in the whole regimgqeq of a first-order transition between the Bragg glass and

up to the irreversibility line,H;;, , and the end point line

the disordered phase in fr,CaCyOg, s and 2H-NbSg

Hend pointFEpresents a simple boundary where only the dysjngle crystal$®5" We hope that our results will assist

namic behavior is changed. Above the lidg.q ,oinithe solid

in the investigation of the nature of the order-disorder

glass is weakly pinned, probably due to the fact that thg gnsition.
depinning temperature is exceeded. As we farther raise the

temperaturgor dc field, the disordered glass melts, by ex-
hibiting an additional peak in the screening currétfird
peak. This point of view is consistent with recent numerical
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