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Avalanchelike magnetic relaxation in the peak-effect regime of a Nb-O solid solution
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An increase of the pinning of vortices near the upper critical field boundary, the peak(&fgcts studied
in a Nb-O solid solution by means of the magnetization measurements. The PE onset is understood as a
disorder-induced transition between a relatively ordered vortex lattice and an entangled vortex state. It is found
that a characteristic feature of the vortex state in the PE region is a relaxation occurring via a large size
magnetization jump or avalanche. It is also found that the temperature and field-dependetn¢Hirmg, at
which the jump occurs, quasi diverges at the peak #&JdT). [S0163-18298)04929-1

The peak effec{PE), i.e., a maximum in the field and The magnetizatioM (H,T,t) measurements were made
temperature dependence of the critical current density using a commercial superconducting quantum interference
takes place in a vicinity of the upper critical field.,(T) device magnetometéQuantum Design-MPMS5with field
boundary, as in the case of oW type-Il superconductors H applied along the longest size of the sampdexpXxc
(e.g., Refs. 1-B or well belowH,(T), as in the case of =2.8x1.95x0.7 mn?). A careful investigation of the field
high-T. superconductore.g., Refs. 4-8 In many aspects, inhomogenity effeé®?>has been performed at all measured
the interest in this effect is triggered by its possible relationtemperatures and fields, and no such effect was detected for
to phase transitids) of the flux-line lattice(FLL). Thus, scan lengths less than 2 cm. Thus, all measurements were
experiments performed on YBa@u;O;_s provide evidence performed with a scan length of 1.5 cm. Time relaxation
that the PE takes place just below the thermally-induced FLImeasurements ol were made in both flux entrance and
melting phase transition® which was attributed to the soft- flux exit regimes. In the former case, the sample was cooled
ening of the FLL shear modulusss.® The coexistence of down to a target temperature in a zero applied magnetic field,
solid and liquid vortex phases in the transition region hasand after temperature stabilization, the measuring field was
also been reportetf:'* Magnetotransport measurements per-applied. In the other case, the sample was cooled down in an
formed on lowT, superconductor 2H-NbSdRef. 2) sug-  applied fieldH>H.,(T), and then the fieldH was reduced
gest the coincidence of the maximum jig(T,H) with the  to the measuring value.
melting transition of the vortex solid. The PE onset resulting  Figure 1 shows the pinning fordg,=j.H vsH, obtained
from a disorder-induced transition between the FLL and arfrom M(H) hysteresis loops measured at various tempera-
entangled vortex state has been discussed for bothThigh- tures, see inset. Figure 1 demonstrates clearly the occurrence
(e.g., Refs. 12—14and lowT . (Ref. 3 superconductors. Be- of the PE in the sample studied here. The critical current
sides, in the presence of a driving force, various dynamidensity j, was calculated according to the Bean’s critical-
transitions, i.e., transformations of the moving vortex statestate model using the formulg (A/cm?)=30M,(G)/
are also expected, where pinning plays a crucial %% (¢/2) (cm), where M, (H)=(2)[M*(H)-M~(H)] is the
All thege bring the investigation of the vort.ex behavior in the it width of the loop, andM *, M~ are the magnetizations
PE region to the class of one of the most important problems
of the mixed state of type-ll superconductors. ' ' ' :

In this work, the PE is studied in a Nb-O solid solution by
means of magnetic measurements. It is found that a charac-
teristic feature of the vortex state in the PE region is a relax-
ation occurring via a large size magnetization jump. It is also
found that the time;(H, T), at which the jump occurs, quasi
diverges at the peak field ,(T).
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The studied sample was prepared by heat treating an Nb 04 seKy ¢ .
single crystal T.=9.2 K), obtained from the Materials Re- 4K R
search Corporation, at 1950 °C for 10 h in a vacuum pressure ozr %&MA k 1
of 1x10 ° Torr followed by cooling to room temperature. 0.0 gt 1 AL
No PE was observed in the virgin crystal. By comparing the 10000 12000 14000

obtained values of a zero-fiell,=6.8 K, lattice parameter H(Ce)

expansion~0.36%, residual resistivitg, =10 «Q) cm, and FIG. 1. The volume pinning forcé&, vs field dependencies
the residual reSiStiVity ratie 2 with the literature datéll, we obtained from magnetization hysteresis lodf#$¢H) measured at
estimate an oxygen concentration-e2.5+ 0.5 at. %, thatis various temperatures. Inset shows an example oMlig) depen-
below the solubility limit of 3.5 at. %. Scanning electron dence measured at=4 K, whereH, is the PE onset field, is
microscopy analysis shows no segregation implying an unithe field corresponding to the maximumm®f, H;, is the irrevers-
form oxygen distribution. ibility field, and H, is the upper critical field.
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01L Y f T i FIG. 3. The jumping time;(H,T) vs (H/H,—1) measured at
) Voo T=2K (diamondg, T=3.6 K (squares and T=4 K (triangles.
v Open symbols correspond to the data obtained in the vortex entry
r (b) 1 regime, whereas solid symbols correspond to the data obtained in
L the vortex exit regime. Solid lines are a guide for the eye.
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t(s) characteristic feature of thiel(t) dependencies is an essen-
tial slowing down of the relaxationdM/dt—0) ast tends
FIG. 2. Magnetic relaxation curves measured@at3.6 K in the 10 tj(H,T) (see Fig. 2 Note also that no jump iM(t) was
PE region H>H,=1.066 T).(a) M(t) dependencies measured in detected in the field intervafl .,(T) <H<H,(T), i.e., out-
the flux entry regime both below and above the peak figld  side of the PE region. This is shown in Fig. 4 whevgt)
=1.08 T:(X) 1.07 T,(+) 1.074 T,(¢©) 1.093 T,(J) 1.0935 T,(O) measured at =3 K andH<H,=1.235 T in both vortex en-
1.095 T,(A) 1.096 T,(V) 1.097 T.(b) M(t) dependencies mea- try and vortex exit regimes is presented. For completeness,
sured in the flux exit regime ad<H,: (V) 1.068 T,(A) 1.07 T, M7 (t), obtained for various fields above the peak fielg
(©) 1.072 T,(00) 1.074 T. Arrows mark the jumping timig(H). =1.25T, i.e., in the jumpy region, is also shown in the inset
of Fig. 4.
corresponding to the ascending and descending branches of Magnetic relaxation in type-Il superconductors, in gen-
the hysteresis loop, respectively. The PE onset fi¢dis eral, results fror_n the vortex motion drlven l_)y_ the gradient of
determined by the point where a sharp increase of thi® vortex density. When the pinning is sufficiently weak, the
IM*(H)| upon increasing field starts. The peak fid} , moving pbjgct is a relat|vely ordered FITL. Howeve_r, in the
corresponding to the maximum d%,, the irreversibility stro_ng pinning limit, when disorder dominates over mtgrvor—
field H;,, and the upper critical fielti., are also indicated tex |ntera§:tlon, the FLL brea}ks up and the plastic mot|on.of
in the inset of Fig. TH,(T), Hp(T), Hy(T), andHg(T) some regions of the FLL with respect to other temporarily

are shown in the inset of Fig]5The height of the ,(H) pinned regions takes place. This plastic motion, occurring

; ; via intermittent avalanches, was directly observed in Nb
peak gradually decreases with temperatigexe Fig. 1, and : - '
atT>4.5K (t=T/T,>0.66) becomes smaller than our reso- films at low fields and temperatures by means of the Lorentz

; 4
lution limit. microscopy?

Figures Za) and 2b) show magnetization relaxation
curvesM(t) measured af=3.6 K and at various applied
fields H>H,=1.066T, i.e., in the PE region, in both flux
entry (a) and flux exit(b) regimes. As can be seen in Fig.
2(a), a characteristic feature of thd* (t) relaxation curves
in the flux entry regime and &1>H_;,=1.08 T is the sudden 5 260
jump of [M*| towards a smaller value at a field-dependent s

“jumping” time t;(H,T), whereas aH <H, the relaxation
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is smooth. In contrast, in the flux exit regime the jumplike 100 1060 00 oo
reduction of[M | at the timet;(H,T) takes place only at 270k Y garoEeot i
H<H, [see Fig. 2b); here the relaxation curves Bt>H, " .

are not shown for clarify A similar behavior was found at 100 1000

all temperature3 <3.6 K. At higher temperatures, however, tee)

the avalanches occur both below and abbigT), and in FIG. 4. Magnetic relaxation curved (t) measured af =3 K

both relaxation regimes. Figure 3 illustrates this fact, showy,qq=08 T, below the PE onset field, = 1.235 T,M* andM -

ing the jumping timet;(H,T) vs H/Hy,—1 measured al 41 magnetizations corresponding to the ascending and descending
=2, 3.6, and 4 K. This figure clearly demonstrates the ste€pranches of the hysteresis lodp(H), respectively. Inset shows
increase oft;(H,T) as the measuring field tends i§,(T).  M(t) dependencies measured in the flux entry regime above the
We emphasize that the observig(H,T) is very well repro-  peak fieldH,=1.25 T: (0) 1.264 T,(O) 1.263 T,(A) 1.262 T,(V)
ducible as confirmed by numerous measurements. Anothdar261 T,(¢) 1.2605 T,(+) 1.26 T,(X) 1.2595 T,(*) 1.259 T.
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vortex lines?2-?The here observed steep rise of the jump-
: ing timet;(H,T) whenH tends to the peak field ,(T), see
Fig. 3, i.e., as the critical current tends to its maximal value,
also gives evidence that the effective strength of the pinning
plays a crucial role in the occurrence of the avalanches. Next,
we speculate on a possible origin of theH,T).

We assume that in the field interviell,(T) <H <Hy(T),
10 4 the jump inM(t) is related to a vortex disentanglement pro-
2or 20 25 50 35 40 | cess occurring by reptation, whereas abbly¢T), the domi-
0 . . . SO nant process is due to vortex cutting and reconnection. Ac-
09 10 11 12 13 14 15 cording to the reptation modéls?® the relaxation timg =

H.M ~t;(H,T)] is a steep increasing function of the wandering

distance ugy, induced either by thermal fluctuations or
quenched disorder. The increase of the pinning efficiency of
vortices with field implies an increase of the disorder-
induced wandering distanag,, and therefore;(H,T). On
the other hand, all tends toH ,(T), the density of disloca-

In the present work, we believe that a similar phenom-tions increases and the vortex cutting becomes e&fsier at
enon is found in the PE region. However, our observation oH>H,(T) the disentanglement, occurring via vortex cutting
a single avalanchelike event during hours of relaxaflere  and reconnection is the dominant process. In this case, the
we do not consider the rare occasionally happened “reverselaxation timer~t;(H,T)~expUy/kgT),'*?*~*' where U,
ible” magnetization jumpgdiffers from Ref. 24, where time is the crossing energy, which decreases with field. Accord-
intervals between avalanches are found to be of the order gfgly, in the field intervalH p(T)<H<H,(T), thet;(H,T)
a few seconds. This fact, as well as the absence of a jJump i@ecreases with field. Thus, this qualitative picture can de-
M(t) in the field rangeH o1 (T) <H <H,(T), implies that the - gcribe thet;(H,T) in both vortex entry and vortex exit re-
magnetization jump observed g(H,T) is a characteristic gimes below and above the peak fi¢d(T), at least aff
feature of the vortex dynamics in_ the PE re_gion. It should be_ 4 ¢ (see Fig. 3 Note also that asi tends to theH (T)
noted that the plastic vortex motion occurring just above thg, - above, a sequential disentanglement process, described

PE onset fieldH,(T) was also found in Ref. 2. ; : . . .
Recently, it has been suggested that the onset of the PE 3 Ref. 28, instead of the reptation mechanism, can domi

associated with the formation of an entangled vortex stat nate; in both casety(H, T) should decrease & approaches

where vortex dynamics governed by plastic deformations i A(T). o .
expected?~14 According to the theory, this disorder-driven At 10w temperatures 4 K), the magnetization jump in
transition(or crossoverbetween the FLL and the entangled M(1) was observed only foH>H(T) under increasing
vortex state results from the competition between vortex{ield and forH<H,(T) under decreasing fieltsee Figs. 2
vortex interaction and the strength of the quenched disordednd 3. This behavior, different from that found at=4 K,
(pinning), and is determined by the balance between the elagould be due to an increasing role of the quenched disorder
tic Eq= CLzaOZ(CGGSO)llz and pinninngin=(WL0§4)1/2 en- at lower temperature&@ different behavior for leaving and
ergies, as obtained within a cage model using the Lindeman@ntering vortices caused by disorder has already been re-
criterion?~*4 Here ¢, ~0.1-0.3 is the Lindemann number, ported for other superconduct®$3. Consider first the as-
ao=(27)Y% is the intervortex spacing neaH(T), cending branch of th/(H). For the same reduced field
Cos=[(1—1/2c?)/8uor?TH°b(1—b)?(1—0.2%),%° &9  =H/H(T), the low-temperature disorder-induced wander-
=((I>(2)/477M0)\2)In k is the vortex line energy, and, ing distanceu, is larger, as compared to that at high tem-
=(eo/cee)Y? is the longitudinal size of the elastic cage, peratures, due to the increase of the pinning efficiency of the
which in our case is less than the three-dimensional longituvortices(see Fig. 1 According to reptation modefé;?8this
dinal collective pinning lengthL .= (C44/Cee) ¥?R:,%° C4s  leads to an increase of the relaxation time. Thus, at low tem-
=(H?% uok®(1—b) is the FLL tilt modulus, andR.  peratures thet;(H,T) in the flux entry regime and for
=871 5C44 e W is the transverse correlation radius H,(T)<H<H,(T) can become longer than the experimen-
with the range of the pinning forag,~ £. The parametew, tal observation time,,s. Above the peak fieldd (T), the
which  measures the pinning strength, isW  crossing energy, is small enough at all temperatures in the
= (Fpf p>cec?Cad) V% (1.5¥%327%)Y2.2% Results of the calcu- vortex entry regime, allowing us to observe the magnetiza-
lation of both E¢ and E,, taking the sample parameters tion jump within the explored time window. On the other
determined in this work=7.8, £(0)=135 A and the mea- hand, crossing barriers for the vortex exiH,(T)<H
sured volume pinning forcg, (Fig. 1), are presented in Fig. <H,(T)] can be larger than the barriers for the vortex en-
5. As seen, the elastic ener§y, perfectly matches the pin- try, assuming lower density of disorder-induced dislocations
ning energyE,;, atH=H,(T), using the Lindemann number for the vortex exit branch of the hysteresis loop. Thus, under
c.=0.17 as a free parameter, which suggests the occurrencecreasing field and fdd ,(T) <H<H(T), the relaxation
of the entangled vortex state Ht=H,(T) in our sample. time[ 7~t;(H,T) ~expU,/kgT)] can exceed that in the field
A plastic vortex motion in the entangled state can takencreasing regime, i.et;(H,T)>ty,s. As the field further
place by reptation or via cutting and reconnection of thedecreases$tends to theH,(T)], the sequential disentangle-
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FIG. 5. The pinningE;, and elasticE, energies calculated
along theH,(T) boundary. Solid line is a guide for the eye. Inset:
(X) Hy(T), () Hy(T), () Hin(T), and(+) Heo(T).
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ment process, faster than the disentanglement by rept&tionyortex cutting and reconnection process. Whether a true
can be responsible for the observigH,T). phase transition takes place at the peak fi¢}dT) remains
Thus, the above given scenario suggests that Hor an interesting problem for further studies.
>H,(T) the vortex cutting is the dominant relaxation pro- ~ To conclude, we have studied the peak effect in a Nb-O
cess, i.e., the irreversible magnetizatibh, (H)~M(H) splld solunpn single _qrystal. This effect is understoqd as a
is mostly due to the vortex ability to sustain a currémgso- ~ disorder-driven transitiofor crossoverbetween a relatively
ciated with a gradient in the vortex dengityithout flux-line ~ Ordered vortex lattice and an entangled vortex state. We
cutting occurring. Accordingly, the loss of thd,; (H) at found that_ thg characterlst_lc relaxgtlon Process in the peak-
effect region is a magnetization jump occurring at a time

H=H,,(T) (see the insets in Figs. 1 anglean be related to L g
a thermally activated vortex cutting process as the reIaxatioH(H’T) that quasi diverges at the peak fidigh(T).

time ~expUy/kgT) becomes comparable to the measuring  The authors are grateful to P. Esquinazi for a critical read-
time. ing of the manuscript and A. E. Koshelev for comment-

Finally, noting that the quasi divergence gfH,T) at s. This work was partially supported by FAPESP Proc. No.
H=H,(T) (Fig. 3 resembles very much an approach to a95/4721-4 and CNPq Proc. Nos. 300862/85-7 and 301216/
phase transition that might be related to the onset of th®3-2.
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