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Vortex-matter phase transitions in Bi,Sr,CaCu,Og: Effects of weak disorder
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The vortex matter phase diagram in,Br,CaCu,Og crystals is investigated by introducing very low doses
of point and correlated disorder. We conclude that at least three distinct phases are present. The ordered
low-field quasilattice phase has a finite shear modulus which vanishes at the first-order melting or sublimation
transition at elevated temperatures. At lower temperatures the quasilattice transforms into a disordered solid as
field is increased above the second magnetization peak. This disorder-driven transition shifts to lower fields
with increased point disorder. The first-order transition displays corresponding downward curvature in the
vicinity of the critical point.[S0163-182(07)51526-§

The behavior of vortices in type-Il superconductors is de-boundary line, the depinning line, where the bulk pinning of
termined by complex repulsive interactions between eackhe vortices drops below a detectable leVel.
other and by attractive interactions with the material defects. The emerging experimental picture of Fig. 1 is that the
Thus the vortex matter structure is a complicated function olOrtex matter seems to display at leéistee distinct phases
temperature, magnetic field, and material disofdehis re-  With three phase boundary lines, rather thao main phases
sults in a rich phase diagram which is divided by numerouisolld and liquid with only one transition line between them.

phase transitions and crossovers, the exact natures of whi P}th's baper we elucidate the structure of the different vortex
i . hasegindicated as A, B, and C in Fig.) nd the nature of
are still not resolved. Over the last few years it has becom

t that in high-t ¢ ductors th e transitions between them. Our approach is based on con-
apparent that in high-temperature superconductors erm?l’lolled introduction of very low doses of point and correlated

fluctugti_ons cause melting of the vortex lattice, thus Tormingdisorder as a weakly perturbative tool to investigate the un-
two distinct PhaS?S’ the vqrtex S‘?"d and the vortex “dtﬁ‘,j' derlying physical phenomena. Until now most experimental
However, in highly anisotropic superconductors like gng’ theoretical efforts have focused on the rather extreme
Bi,Sr,CaCyOg (BSCCO an unexpected additional phase cases of cled?>~*and highly disordered systenhs? re-
boundary, the so called second magnetization peak, appeajgectively. In contrast, the general knowledge of the effects

to exist within the region that is assumed to be the vortexof weakdisorder is very limited:}” We find that by exposing
solid3=® The second peak transition forms an almost hori-

zontal line in the low field and low temperature region of the 109 ¢ N

B-T phase diagranfFig. 1). Another fascinating feature of \\%%

the vortex matter is the experimentally observed first-order 104F ¢ \%, 3
phase transitiofiFOT).”~*? The position of the FOT line on \

the phase diagram of BSCCO is shown in Fig. 1. This tran- @ 103 ¢ :
sition is expected, and indeed observed to occur only in very o o

clean systems, whereas continuous transition or crossover is 102 | magneteation ]
anticipated in the presence of strong disord@he exact § peak

nature of the observed FOT is still unclear. The three pre- I
vailing theoretical descriptions of the FOT can be classified - '
as melting, evaporation, or sublimatibriThe more com- 0 20 40 60 80 100
monly accepted scenario is melting of an ordesetd vor- TIK]
tex lattice into aiquid of vortex linest? In the evaporation FIG. 1. Schematic vortex matter phase diagram in BSGQ®a loga-
(decoupling transition the vortex-lindiquid dissociates into  fithmic scale. The major part of the diagram is occupied by phase A which
agasof uncorrelated vortex pancakes in the individual CuQ'S 2 vortex liquid(or a gas of vortex pancake$hase B is a rather ordered
p|aneS1‘.3 Recently a sublimation transitiofsimultaneous solid quasilattice, whereas phasg C '|s a.hlghly disordered vortex sphd. At
. . . . . elevated temperatures the quasilattice is destroyed by thermally-induced
melting ar_]d decouplingwas _proposed. '_n W_h'Ch theolid melting (or sublimation at the FOT. At low temperatures a disorder-driven
vortex lattice undergoes a direct transition into the pancakeolid-solid transition occurs at the anomalous second magnetization peak.
gas!® Figure 1 also shows a third experimentally observedrhe disordered solid, C, melts continuously at the depinning line.
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BSCCO crystals to very low doses of electron or heavy-ion —————————
irradiation the basic structure of the vortex matter phase dia- . Bm as grown]
gram is preserved, while the position of the transition lines is AT P l
slightly shifted and the pinning properties are modified. A "
comparative study of these variations provides new insight
into the underlying mechanisms governing the second peak,
the first-order transition, and the structure of the related
phases.

The BSCCO crystals, with ;=90 K, were grown by the
traveling solvent zone methdd Several small crystals with 21 [
typical dimensions of 508300x10 um?® were cut from one :
large single crystal of very high quality and uniformity and 150 170 190 210
irradiated by 2.5 MeV electrons or 5.8 GeV Pb ions. Electron B[G]
irradiation (performed at Eole Polytechnique, France at 20 g 2. Local magnetization loop8,—H, vs the local fieldB,

K) results in a random spread of point defects and smalit=60 k) in BSCCO crystals before and after a very low dose of heavy-ion
clusters with total damage of the order ofx80 % and irradiation @,=5 G). B, indicates the position of the equilibrium magne-
10°3 displacements per atom for our two irradiation dobes. tization step at the FOT in the unirradiated crystal. Large hysteresis due to
Heavy—ion irradiation(GANIL, France, produces columnar bulk pinning is observed after irradiation in the quasilattice phase below
defects extending through the crystal parallel to thaxis. Bn(T)-

We have investigated very low irradiation doses correspond: l h I . : .
. . ) th t ffectivel
ing to matching fieldsB, of 5, 10, 20, 50, and 100 G solid phase a e vortices become effectively pinned

B.— h is the density of col i< th through a finite shear modulus and the critical current is fi-
(By=nd,, wheren is the density of columns ang is € nite. Figures 2 and 3 are therefore a direct demonstration that
flux quantum. ForB,=5 G, for example, the average dis-

) -~ phase B below the FOT is a vortex solid with a finite shear
tance between the columns is aboun)). Local magneti-

. X : modulus which drops sharply to zero Bt,(T). Phase A
zation measurements were made using arrays of microsco

. ; . Pihove the transition has no shear modulus and therefore is
GaAs/AlGaAs Hall-sensofsn external fields applied paral- either a liquid of lines or a gas of pancakes. These conclu-
lel to thec axis.

sions are consistent with recent resistive measurements on

We first analyze the nature of the FOT and of phases /Aggcco crystals with irradiated chanmélsas well as on
and B in Fig. 1 by studying the effects of columnar defects. irra diated sampleé€:23 Since phase B is a vortesolid, the
In lpdartlculﬁ\r, Yge Wcl).gldr:'ke to flfnlow vr\]/hether ghlase B dls aFOT cannot be an evaporatidgdecoupling transition of a
soll Ior a 'gu' : Soa S a\ée a |n|teﬁ§ _earl mtc)) ulus anl g.s Jortex lineliquid. Hence the observed FOT is either vortex
result can be pinned much more efficiently by material diS5yice melting, or rather a sublimation transition as con-

order. Thermal fluctuations, however, cause significant,qeqd from recent multiterminal resistive measureméhts.
smearing of the point disorder pinning potential. As a result Next we turn to the question of the nature of the second

we find that bulk vortex pinning due to intrinsic disorder in eak transition. Phase C displays strong bulk pinning even in
as-grown BSCCO qrystals IS unobservably low aztoelevate s-grown crystals, and hence is generally accepted to be a
temperatures both in phase A anq n pha§é5'7§; and  qitex solid. The second peak transitiBg,(T) must there-
hence their structure cannot be readily es;a_bllshed. C.Olumn%re be a transition between two solid pk?ases. Local magne-
defe<_:ts, on the other hand, create very eff|C|_ent trapping Site 4tion measurements show that the transition is very sharp
We find that forB,=20 G the basic phase diagram of Fig. 1 and that the apparent critical current, which is insignificant

is preserved: the transition lines are unshifted and the equj;q T | he field is rai
librium magnetization step of the FOT at high temperaturesbe ow By (T), appears abruptly as the field is raised above

is still observed. However, the pinning properties are
changed appreciably as follows.

Figure 2 shows the local magnetization of as-grown
BSCCO crystal in the vicinity of the FOT at 60 K, along
with a crystal irradiated at a very low dose®f,=5 G. The
unirradiated crystal shows practically reversible magnetiza-
tion below the FOT with unobservably low critical current.
A small density of columns results in a pronounced hyster- .
esis due to bulk pinning. Figure 3 displays this effect more 200 | °.
clearly where the apparent critical current derived from the .
hysteretic magnetization is shown Bt=52 K. The critical ol
current is_ finite at low figld; and it drops abruptly to zero at 150 200 250
the location of the FOT indicated t§,,. Columnar defects B [G]
corresponding t@,=5 G trap only one in sixty vortices at _ - o
fields of about 300 G in the vicinity of the FOT in Fig. 3, as FIG. 3. Magnetically measured critical current in irradiated BSCCO

- . . . - Lo tal withB,=5 G. The finite critical t in th lid ilatti
indicated schematically in the inset. This situation is similar®>> o ¥ 5o © 7inite crifica’ current In the Solc quasiatce
phase disappears suddenlyBat due to an abrupt loss of the shear modulus

to trying to tack a carpet Wllth just a few nails. In a liquid at the FOT. Inset: a simplified corresponding schematic picture of a lattice
phase the Umrapp?d 59 vortices can flow around one tra}pp%ﬂvortex lines(dots in the presence of a low density of columnar defects
vortex and the critical current remains zero. However in &circles for B/B,,=60.
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400 - - . - - ' ' phase B show clear Bragg peaks which are associated with
WT a an ordered statt The ordered structure of phase B is also

supported byuSR and decoratiof? experiments. Figure
4(a) confirms this conclusion by demonstrating that phase B
is unstablewith respect to weak point disorder, as expected

300 | sp(/.HT

O o0k . for an ordered state, and its stability region on the B-T phase
o diagram shrinks with increased point disorder. The existence
100 O - as grown 1 of a finite long-range order and a lattice symmetry in phase B

is also strongly supported by the fact that this phase melts
through a FOT at elevated temperatures. Furthermore, we
, . . ; , find that a low dose of columnar defects does not destabilize
600 b the quasilattice. This implies that the vortices in this phase
//ﬁ T overdoped are rather straight linelike objects. Point disorder, in contrast
- ] to the columnar defects, induces distortions or wiggling of
the lines and leads to the destruction of the ordered lattice.

o -3x10'8 e /cm?
»-6x10'8 e7/cm?

400 | as grown ] : . : .
—_ R Phase C, unlike phase B, is a highly disordered state accord-
% b T B, (T) k ing to the neutron diffraction and SR measurementsFig-
s ure 4a) further emphasizes this conclusion by demonstrating
200 f B, (T) T ] that phase C is in fac$tabilizedby point disorder and its
P ] range on the B-T diagram expands when disorder is in-
b optimally doped creased. This disordered state melts through a continuous
oL s : - . transition where it becomes mobile at the depinning line of
20 40 60 80 Fig. 11527

T [K] It would be very surprising if théB, transition did not
FIG. 4. (a) FOT linesB,(T) (open symbolstogether with the second s_hare a common meChan'Sm_W'th the FOT*_ S'nc_e these two
peak transition lineB,(T) (filed symbolg for BSCCO crystals irradiated lines always form one continuous transition line across
with different indicated doses of 2.5 MeV electrons. Enhanced point disorwhich the quasilattice state is destroyed. We argue that this is
der destabilizes the quasilattice and causes a downward shift of thindeed the case; there are two sources for destruction of long
By(T) transition line.(b) Comparison oB,(T) andBg(T) lines for dif-  range correlations in the vortex lattice. These are thermally
ferent oxygen stoichiometry. Note the relative change in slope of thegyced vortex deformations and point disorder induced dis-
B.(T) lines at high temperature in contrast to the behavig@n . . . .
tortions respectively. As field or temperature are increased
this line® Several scenarios have been suggested to explathe elastic stiffness of the lattice becomes softer and the
the second magnetization peak, including field dependerduasilattice becomes more susceptible to destruction. At high
pinning?* dynamic effect$® and dimensional crossover temperatures thermally induced deformations are large,
B,p .4 However none of these mechanisms can explain thevhile the effects of weak point disorder are strongly sup-
sharpness of the observed transitidrigure 4a) shows the pressed by thermal smearing. As a result at high tempera-
FOT line B,(T) together with the second peak lid& (T) tures the quasilattice is destroyed througlermal melting
in the as-grown crystal. These two lines merge at a criticabnd the position of the transition line is practicalhdepen-
point T;,, where the FOT manifested by the equilibrium dent of disorder[see Fig. 4a)]. At low temperatures the
magnetization step terminates. Figur@)4also shows the situation is just the opposite since thermal deformations are
position of these lines, both after a low dose of electrorvery weak. Here the quasilattice is destroyed at some char-
irradiation and after a second repeated irradiation of the samacteristic field througtdisorder-induced transitionand the
crystal, thereby doubling the dose. The selected low dosggosition of the transition line is practicallypdependent of
produce sufficiently weak point disorder that the FOT step idemperature With increased point disorder this transition is
preserved and the position of the FOT line is unaffected ashifted downwards. At intermediate temperatures, the two
high temperatures. It also results in some increase of bulknechanisms add up and tail smoothly into one another,
pinning at very low temperatures. The main effect of thisforming one continuous quasilattice phase boundary. The
weak point disorder is, however, a significant shift of thecritical point T, marks where the transition changes from
Bsp(T) line toward smaller fields as reported previou$ly. predominantly disorder induced to thermally induced charac-
Further, the FOT line shows downward curvature at intermeter, and thus shifts to higher temperatures with increased
diate temperatures and an associated shift which matches ttdisorder[Fig. 4(a)]. At temperatures slightly abovg,, dis-
of the B, line. This remarkable behavigthe irreversibility — order still contributes weakly by assisting the thermal de-
or depinning line is generally expected to shift upwards withstruction of the quasilattice, thereby resulting in the peculiar
disorder in contrast to a downward shift heveas confirmed downward curvature of the FOT line towards,. At the
on a second different batch of crystals. highest temperatures the point disorder is completely
We argue that these findings demonstrate thagthase B smeared out by thermal fluctuations and hence no effect on
is a well ordered vortex lattice, which we will refer to as the the FOT line is observed.
quasilatticestate,(ii) phase C is a highly disordered vortex In the above discussion we have neglected the possibility
solid, and(iii) Bs(T) is adisorder-drivensolid-solid transi- ~ that point disorder induced by electron irradiation can
tion. These conclusions are consistent with other experimemmodify the penetration depth, anisotropyy, andT., and
tal findings; small angle neutron diffraction measurements irthus cause an artifactual shift of the transition lines. Numeri-
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cal estimates suggest that at our low doses these modificthat there is currently no explicit theoretical basis for the
tions are very small. More importantly, however, is the fol- observed enhanced pinning abo®g,(T). On the other
lowing direct experimentalevidence against such possible hand, significant progress has been made recently in the de-
artifact. Figure 4b) shows both thé,,(T) andB(T) tran-  Scription of the various transition lines in agreement with our
sition lines in the as-grown crystal along with two oxygen experimental finding&’~*!In particular, the quasilatticéor
doped crystal§.This doping is known to change the values Bragg glass is predicted to melt through a FOT at high
of y and\ (see Ref. 6 for detalsand as a result, a signifi- €mperatures, and to transform into a disordered state with a
cant shift in the transition lines is inducé@ Both y and  high density of dislocations as field is increased at low tem-
\ enter as scaling parameters in the vortex melting eXpresperatures. The two transitions are predicted to form a single

sions. When these parameters are changed the entire trangf"-mSition line that shifts downwards with increased point

9-31 ; ; ;
tion line is proportionally rescaled. For example, in the op- _|sorde? _n accordance with our exper!mental observa-
timally doped crystal of Fig. @) B, is shifted down to tions. We find that the FOT persists even in the presence of

sP very low dose of columnar defects, whereas higher doses

about 260 G as compared to about 360 G in the as-grow!
P g P‘B(ﬁ> 20 G) seem to transform it into a continuous transition.

sample. This shift is accompanied by a uniform rescaling o / .
the FOT line at all temperatures as expected. The effects conclusion, we have demonstrated experimentally that the

disorder in Fig. 48), however, are markedly different. At our quasilattice is a solid phase with a finite shear modulus, and
highest irradiation dose, the shift BE,, is comparable to the that the downward curvature of the FOT, its termination at a

shift for the optimally-doped crystal of Fig.(d). However critical point, and the continuation as the second peak tran-
e ' sition at lower temperatures are all driven by quenched point

in the case of irradiatiorB,(T) is practically unchanged at disorder in BSCCO crystals.

high temperatures, and only the flatteningBaf(T) at inter-

mediate temperatures is affected. This strongly supports our Helpful discussions with V. M. Vinokur, D. R. Nelson, V.

interpretation that the changes in Figa¥are due to disorder

B. Geshkenbein, M. W. McElfresh, M. V. Feigelman, and G.

which is effective only at low and intermediate temperaturesBlatter are gratefully acknowledged. We are grateful to H.
The fact that the FOT line at high temperatures did notMotohira for BSCCO crystals and to H. Shtrikman for GaAs
change its slope and its position indicates that the microheterostructures. This work was supported by the Israel Sci-
scopic parameters did not change within our experimentatnce Foundation, by the U.S.-Israel Binational Science

resolution.

Foundation (BSF, by Minerva Foundation, Munich/

Finally, we address the agreement between our finding&ermany, by Contract No. CTCT93-0063 from the Com-

and a number of recent theoretical stuéfid€and numerical

mission of the European Union, and by the Dutch Founda-

simulations?! on this topical issue. We emphasize, however tion for Fundamental Research on MattEOM).

1G. Blatteret al, Rev. Mod. Phys66, 1125(1994); E. H. Brandt,
Rep. Prog. Physh8, 1465(1995.

2D. R. Nelson, Phys. Rev. Let60, 1973(1988.

3N. Chikumotoet al, Phys. Rev. Lett69, 1260(1992; Physica C
185-189 2201(199)).

4G. Yanget al, Phys. Rev. B48, 4054(1993; T. Tamegaiet al.,
Physica C213 33(1993.

SR. Cubitt et al, Nature (London 365 407 (1993; S. L. Lee
et al, Phys. Rev. Lett71, 3862(1993.

6B. Khaykovichet al, Phys. Rev. Lett76, 2555(1996.

A. Schilling et al, Nature(London) 382, 791 (1996.

8E. Zeldovet al, Nature(London 375, 373(1995.

9H. Pastorizeet al, Phys. Rev. Lett72, 2951(1994).

10R. Liang, D. A. Bonn, and W. N. Hardy, Phys. Rev. L&t6, 835
(1996; U. Welp et al, ibid. 76, 4809(1996.

IR, A. Doyleet al, Phys. Rev. Lett75, 4520(1995.

24, safaret al, Phys. Rev. Lett69, 824 (1992; W. K. Kwok
et al, ibid. 69, 3370(1992; 72, 1092(1994.

13, Glazman and A. Koshelev, Phys. Rev.48, 2835(1991); L.
L. Daemenet al, Phys. Rev. Lett70, 1167(1993; Phys. Rev.
B 47, 11 291(1993.

14G. Blatteret al, Phys. Rev. B54, 72 (1996.

15E. Zeldovet al, Europhys. Lett30, 367 (1995.

M. V. Feigel'manet al, Phys. Rev. Lett63, 2303(1989; R. H.
Kochet al, ibid. 63, 511(1989; P. L. Gammel, L. F. Schneem-
eyer, and D. Bishopiid. 66, 953 (1991).

173. A. Fendrichet al, Phys. Rev. Lett74, 1210(1995.

8N. Motohiraet al, J. Ceram. Soc. Jp97, 994(1989; T. W. Li
et al, J. Cryst. Growthl35 481 (1993.

19D, Majer et al, Phys. Rev. Lett75, 1166(1995.

20M. V. Indenbomet al., in Proceedings of the 7th International
Workshop on Critical Currents in Superconductcedijted by H.
W. Weber(World Scientific, Singapore, 1994

214, Pastoriza and P. H. Kes, Phys. Rev. L&8, 3525(1995.

22D, T. Fuchset al, Phys. Rev. B54, 796 (1996; S. Watauchi
et al, Physica C259 373(1996.

23D, T. Fuchset al, Phys. Rev. B55 R6156(1997).

24M. Daeumlinget al, Nature(London 346 332 (1990.

25 . Krusin-Elbaumet al, Phys. Rev. Lett69, 2280 (1992; Y.
Yeshurunet al, Phys. Rev. B49, 1548(1994.

263, Yoonet al, Science270, 270(1995; P. Kim, Z. Yao, and C.
M. Lieber, Phys. Rev. Letfr7, 5118(1996.

27H. Safaret al. Phys. Rev. Lett68, 2672(1992.

28T Hanaguriet al, Physica C256, 111 (1995.

29T, Nattermann, Phys. Rev. Le4, 2454 (1990; T. Giamarchi
and P. Le Doussaibid. 72, 1530(1994); Phys. Rev. B2, 1242
(1995; D. Carpentier, P. Le Doussal, and T. Giamarchi, Euro-
phys. Lett.35, 379 (1996; J. Kierfeld, T. Nattermann, and T.
Hwa, Phys. Rev. B5, 626 (1997).

30D, Ertas and D. R. Nelson, PhysicaZz2, 79 (1996; T. Giama-
rchi and P. Le Doussal, Phys. Rev.58, 6577(1997; J. Kier-
feld (unpublished Y. Y. Goldshmidt, Phys. Rev. Bo be pub-
lished; R. lkeda, J. Phys. Soc. Jpf5, 3998 (1996; D. S.
Fisher, Phys. Rev. Let#8, 1964 (1997; V. M. Vinokur et al.
(unpublisheg

3IM. J. P. Gingras and D. A. Huse, Phys. Rev6® 15 193(1996);
S. Ryu, A. Kapitulnik, and S. Doniach, Phys. Rev. Lét,
2300(1996.



