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The vortex-lattice phase transitions in Bi2Sr2CaCu208 crystals with various oxygen stoichiometry and artifi- 
cially induced disorder are studied using local magnetization measurements. The first-order phase transition 
line at elevated temperatures shifts upward for more isotropic over-doped samples. At lower temperatures 
another sharp transition is observed at the onset of second magnetization peak. The two lines merge at a 
multicritical point at intermediate temperatures forming apparently a continuous phase transition line that 
is anisotropy dependent. Weak point disorder preserves the first-order transition and shifts it to lower fields. 
This shift is accompanied by a corresponding downward shift of the second magnetization peak. A low density 
of columnar defects shifts the first-order transition to higher fields, apparently transforming it into a continu- 
ous transition. The first-order transition in clean cry.~tals is concluded to involve melting of the vortex-lattice. 
Schematic phase diagram based on this study is presented. 

1. I N T R O D U C T I O N  

The high-temperature superconductors (HTSC) 
in the mixed state display a very complicated phase 
diagram. The nature of the different vortex phases 
and the transitions between them are stiil unclear. 
The recent discovery of a first-order vortex-lattice 
phase transition (FOT) is of significant fundamen- 
tal and practical interest and may help to resoh-e 
some of the open questions [1-13]. In magnetic mea- 
surements this transition manifests itself as a sharp 
step in magnetization vs. temperature or applied 
field [10] at high temperatures. In Bi2Sr2CaCu2Os 
(BSCCO) crystals the sharp step disappeares sud- 
denly at some critical point Tcp. At lower temper- 
ature there is a sharp onset of bulk critical current 
at the anomaluos second magnetization peak, which 
is probably due to second-order phase transition of 
the vortex-lattice [13]. We have investigated the ef- 
fect of anisotropy on the two phase transitions. It 
is generally accepted that high anisotropy plays a 
crucial role in the richness of the phase diagram of 
high-temperature superconductors. For the different 
anisotropy crystals the two phase transition lines are 

3218 

found to form apparently one continuous transition 
line that changes from first to possibly second order 
at a critical point. This line is anisotropy dependent 
and shifts to higher fields for more isotropic crystals. 

We also study how the different vortex phases and 
the transitions between them are changed with en- 
hanced disorder in the crystal structure of BSCCO. 
The FOT is expected to occur only in very clean sys- 
tems, whereas in the presence of strong disorder only 
continuous phase transitions or crossovers are antici- 
pated [1, 14]. Artificially induced disorder may there- 
fore have a profound effect on the mixed state phase 
diagram, substantially modifying the structure, di- 
mensionality, and pinning behavior of the various 
vortex phases, and shifting the boundaries between 
the phases [1]. Until now most of the experimen- 
tal and theoretical efforts have focused on the rather 
extreme cases of clean [1-12] and highly disordered 
systems [1, 14, 15, 16], respectively. In contrast, the 
general knowledge of the effects of weak disorder on 
the first-order transition is very limited. 

In addition to the fundamental interest in the ef- 
fect of incorporation of weak disorder, we use this 
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approach as a weakly perturbative tool to probe the 
underlying physics governing the FOT. In particu- 
lar, the three prevailing theoretical descriptions of 
the FOT can be classified as melting, evaporation, 
or sublimation [1]. The more commonly accepted 
scenario is melting of an ordered solid flux-line lat- 
tice into a vortex-line liquid [2, 3]. In the evapo- 
ration (decoupling) transition the vortex-line liquid 
dissociates into a gas of uncorrelated vortex pancakes 
in the individual CuO planes [4]. Recently a subli- 
mation transition isimultaneons melting and decou- 
piing) was proposed in which the solid line-lattice 
undergoes a direct transition into the pancake gas 
[5]. The equilibrium magnetization measurements in 
clean BSCCO crystals [10] do not reveal which of 
the specific mechanisms is the origin of the observed 
FOT. 

We investigate the vortex-lattice phase transi- 
tions in BSCCO crystals in the presence of either 
weak point disorder or a low density of correlated dis- 
order. We show that these two types of defects have 
very distinctive and different effects. Weak point dis- 
order preserves the FOT and shifts it to lower fields 
together with a shift of the anomalous second mag- 
netization peak. Columnar defects significantly en- 
hance vortex pinning below the transition and shift 
the transition line to higher fields. We find that the 
vortex phase below the transition has a finite shear 
modulus and hence conclude that the observed FOT 
is either melting or sublimation of a solid vortex- 
lattice, rather than evaporation of a vortex liquid. 

2. E X P E R I M E N T A L  

The experiments were carried out on several as- 
grown BSCCO crystals [17, 18] with typical dimen- 
sions of 700 • 300 • 10 /zm 3 and on two crystals 
[18] which were heat treated in order to change the 
oxygen stoichiometry [19]. The as-grown crystals 
[17, 18] show practically identical phase diagrams. 
The over-doped crystal (annealed at 500~ in air) 
has Tc "~ 83.5 K and the optimally-doped crystal 
(annealed at 800~ has Tc -~ 89 K. As shown in 
[19] annealing in air between 500~ and 800~ re- 
versibly changes the oxygen stoichiometry. With in- 
creasing oxygen content both the c-axis and Tc de- 
crease linearly with the oxygen concentration. It was 
convincingly shown [13] that also the anisotropy in 
BSCCO depends on oxygen contents and the crystal 
becomes more isotropic in going from optimally to 
over-doped. The as-grown crystals [17, 18] have dop- 
ing level close to optimal (To ~- 90 K), but the exact 
oxygen stoichiometry is not known due to the large 
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Figure 1: First-order transition lines B,n iT  ) (empty 
symbols) together with the second-order transition 
Bsp (T) (filled symbols) for over-doped sample with 
Tc ~- 83.5 K (A), as-grown sample Tc -~ 90 K ((D), 
and optimally-doped BSCCO crystal with Tc - 89 K 
ira). Bsp(T) was defined as the point of the steepest 
drop of the local magnetization peak on decreasing 
field. The arrows indicate the position of the critical 
point. 

vertical temperature gradient during the growth and 
in situ annealing process [18]. 

For study of disorder effects as-grown BSCCO 
crystals were irradiated by 2.5 MeV electrons, 1 GeV 
Xe ions, or 0.9 GeV Pb ions. Electron irradiation at 
two different doses, 3xlO 18 cm -2 and 6xlO Is cm -2, 
was performed at ]~cole Polytechnique (France) at 
low temperatures (20 K). Heavy-ion irradiation was 
performed at GANIL (Caen, France). Electron ir- 
radiation at low temperatures is known to produce 
point defects on all sublattices (Frenkel pairs), how- 
ever on warming the sample to room temperature 
some clustering occurs due to defect migration and 
recombination [20]. The resulting damage is in the 
form of a random spread of point defects and small 
clusters with size below the resolution of electron mi- 
croscopy. The total damage can be expressed in units 
of displacement per atom idpa) and is estimated to 
be of the order of 5 x 10 -4 and 10 -3 dpa for our 
two irradiation doses [20]. In contrast, swift heavy 
ions produced columnar defects extending through 
the crystal thickness parallel to the crystalline c-axis 
[21]. In this study we have investigated very low ir- 
radiation doses corresponding to matching fields B~ 
of 20, 50, and I00 G iB~ = he0, where n is the den- 
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sity of the columnar tracks and r is the magnetic 
flux quantum). The local magnetization measure- 
ments were performed in applied field Hallzllc-axis 
using arrays of 10 • 10#m 2 GaAs/AIGaAs Hall sen- 
sors [22]. 

3. E F F E C T S  OF A N I S O T R O P Y  

Figure 1 shows the mapping of the first-order 
transition as a function of temperature for three crys- 
tals of different oxygen stoichiometry, i.e. different 
anisotropy. We find that the transition line shifts 
significantly with anisotropy and moves to higher 
fields for more isotropic crystals. In addition, in 
all the crystals the first-order transition terminates 
abruptly at a sample dependent critical point (in- 
dicated by arrows) in the range of 40 to 50 K [10]. 
Figure 1 also shows the second peak line Bsp(T) for 
three crystals along with Brn(T). The position of 
Bsp is strongly anisotropy dependent [23]. We find 
that it shifts to higher fields to the same extent as 
the shift of B,~(T). Moreover, the first-order tran- 
sition terminates at a temperature below which the 
second magnetization peak develops for each of the 
samples [13, 22-26]. Bsp(T) and Bm (T) merge at 
two sides of the same, sample dependent, critical 
point on the B - T phase diagram for the various 
anisotropies. This finding is a strong indication that 
the two lines represent in fact one continuous vortex- 
lattice transition that changes from a first-order to 
probably a second-order (or a weakly first-order) at 
a tricritical point as the temperature is decreased. 
This interpretation is consistent with the fact that a 
first-order vortex-lattice phase transition is not ex- 
pected to terminate at a simple critical point and 
should be followed by a second-order phase transi- 
tion due to involved symmetry breaking. In fact we 
beleive that the FOT splits into two second-order 
phase transitions at the critical point as discussed 
below. The amplitude of the second magnetization 
peak decreases as the temperature is increased, and 
the peak becomes not very well-defined close to the 
critical point probably due to rapid relaxation of the 
bulk current at higher temperatures. This is the rea- 
son for the apparent gap in the data in a narrow 
temperature interval' around the critical point (Fig. 
1). 

4. E F F E C T S  O F  P O I N T  D I S O R D E R  

Figure 2 illustrates the FOT step in the equi- 
librium magnetization at 86K of an unirradiated 
BSCCO crystal [17] along with another crystal from 
the same batch but irradiated with doses of 3• l0 Is 
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Figure 2: Local magnetization loops Bz - Ha vs. Bz 
(T = 86 K) measured on BSCCO crystals [17] before 
(0) and after 2.5 MeV electron irradiation of 3 x 10 is 
cm-2 (O) and 6 x 10 is cm -2 (A). 

cm -2 and 6x10 is cm -2 electrons. The first-order 
transition is clearly preserved after electron irradi- 
ation. This is in contrast to YBa2Cu30~ crystals 
where comparable irradiation doses were shown to 
completely suppress the resistively measured FOT 
[27]. At lower temperatures the magnetization step 
in BSCCO is slightly smeared after irradiation, which 
is consistent with the theoretical prediction of some 
rounding of the FOT in weakly disordered systems 
[28]. However we find that the first-order transi- 
tion is still clearly preserved. Figures 3a and 3b 
show the FOT line, BIn(T), of crystals irradiated 
with electrons to various doses compared with as- 
grown crystals. The FOT line is found to shift to 
lower fields with electron irradiation. This shift is 
negligible at high temperatures, increases gradually 
with decreasing temperature, and becomes most pro- 
nounced close to the critical point Top [10], where the 
FOT lines show unexpected flattening and then ter- 
minate. The second-order vortex-glass transition is 
predicted to shift to higher fields with increased dis- 
order [1]. On the other hand, there is currently no 
theoretical consensus regarding the expected direc- 
tion of the shift (if any) of the first-order transition 
[29, 30, 31]. Our findings show that weak point dis- 
order shifts the FOT to lower fields in contrast to the 
glass transitions [1, 30]. The effect of disorder grows 
as one moves along the FOT line to lower temper- 
atures as theoretically proposed [31, 32]. Further, 
we observe no substantial increase in pinning with 
electron irradiation and the hysteretic magnetization 
behaviour at elevated temperatures is still governed 
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Figure 3: Mapping of the first-order transition lines 
Brn(T) (empty symbols) together with the second- 
order transition Bsp(T) (filled symbols) for BSCCO 
crystals [17] (a) and [18] (b) for different doses of 2.5 
MeV electron irradiation. 

by surface and geometrical barriers [33] rather than 
by bulk pinning. It is interesting, however, that the 
weak disorder, which has no appreciable effect on 
pinning, has a significant effect on the position of 
the FOT line. 

At temperatures below Top a sharp second mag- 
netization peak is observed at Bsp(T). It has been 
suggested [8, 13, 24] that this peak is triggered by 
an underlying phase transition of a weakly pinned 
ordered vortex-lattice into a highly disordered, pos- 
sibly decoupled or entangled, vortex solid [4, 31, 32]. 
Figure 3 shows that Bsp(T) shifts downward with 
point disorder [34] in agreement with recent the- 
oretical suggestions [32], indicating that the state 
above Bsp(T) is indeed a highly disordered vortex 
phase. In all samples, Bsp(T) and B,n(T) merge 

at the critical point, forming a continuous line that 
shifts to lower fields with increased disorder. Our 
findings here demonstrate that the phase transition 
line is sensitive to both the disorder and anisotropy. 
However the individual effects are quite distinctive 
and may be separated. The penetration depth and 
anisotropy determine the slope of BIn(T) near Tc and 
correspondingly shift the entire line [13, 24] as shown 
in Fig. 1. The as grown sample [17] in Fig. 3a for 
example is more isotropic than that in Fig. 3b [18], 
with about twice as large a slope of Bm (T) at high 
temperatures. Disorder on the other hand has prac- 
tically no effect at higher temperatures and mainly 
governs the 'flattening' of the BIn(T) at lower tem- 
peratures and its crossover into Bsp(T). This finding 
strongly, suggests that even in the as-grown crystals 
the second peak transition, the critical point, and 
the flattening of BIn(T) are driven by the intrinsic 
disorder of the crystals. Thus the question of the 
existence of the second peak transition in the limit 
of vanishing disorder is an open one and of consid- 
erable interest [31, 32]. It is also interesting to note 
that the Bsp(T) line often shows a tendency to de- 
crease with decreasing temperature [13]. Since we 
find that point disorder shifts this line down, this 
unexplained behavior could now be understood in 
view of the increasing role of disorder with decreas- 
ing temperature. 

5. E F F E C T S  OF C O R R E L E T E D  D I S O R -  
D E R  

Next we turn to the analysis of correlated disor- 
der. Columnar defects apparently have a profoundly 
different effect on the melting transition when com- 
pared to point disorder. Figure 4 shows the local 
magnetization loop of an unirradiated BSCCO crys- 
tal [17] in the vicinity of the FOT at 60K along with 
a crystal irradiated with 1 GeV Xe ions at a very 
low dose of B~ = 20 G (the average distance be- 
tween tracks is about lpm). The unirradiated crys- 
tal shows practically reversible ma~o~etization below 
BIn(T). A small density of columnar defects causes 
the appearance of very pronounced hysteresis even 
for B >> Be. Analysis of field gradient dBz(x)/dx 
loops following the procedure of Ref. [33] confirms 
that the observed hysteresis is caused by bulk vortex 
pinning and not by surface effects. The effectiveness 
of the pinning by this low dose of columnar defects 
when compared to point defects, is even more strik- 
ing considering that our electron irradiation results 
in the displacement of about 10 -3 atoms as com- 
pared to only about 3 x 10 -s  atoms by columnar de- 
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fects. This strong bulk pinning terminates abruptly 
at the bulk irreversihility field BiB(T) which is lo- 
cated at the original FOT line BIn(T) as shown in 
Fig. 5 (compare BIn(T) line with BIB(T) line for 
B~ = 20 G). In fact at high temperatures we can 
still resolve the FOT magnetization step as shown at 
T -- 85 K in the inset of Fig. 5. So very low doses 
of columnar defects pin the vortex-lattice below the 
transition while preserving the first-order nature of 
the phase transition at high temperatures and low 
fields. At lower temperatures like in Fig. 4 the step 
is not resolved, either due to possible masking by 
the strong pinning or due to the transformation of 
the FOT into a second-order transition [30]. 

The above findings are strong evidence that 
the observed FOT is either melting or sublimation, 
rather than an evaporation transition. In Fig. 4 
for example, the magnetic field at melting is about 
BIn(T) ~- 200 G, an order of magnitude larger than 
B~ = 20 G. Thus just one columnar defect per ten 
vortices results in substantial pinning below the tran- 
sition, indicating a finite shear modulus and hence 
a solid vortex phase below the FOT. These finding 
are consistent with recent resistive measurements of 
BSCCO crystals at low fields [9]. At higher irradi- 
ation doses, B~ = 50 G and 100 G, the bulk pin- 
ning still terminates abruptly, but the correspond- 
ing BzB (T) is now significantly shifted toward higher 
fields as shown in Fig. 5. This effect of the columnar 
defects is in sharp contrast to the effect of point dis- 
order which results in a shift of the transition line to 
lower fields. Further, weak point disorder preserves 
the first-order nature of the transition whereas the 
higher doses of the columnar defects seem to trans- 
form it into a continuous transition since no step in 
magnetization could be resolved. 

The bulk irreversibility line BiB(T) at B~ = 50 
G displays a very interesting phenomenon. Figure 5 
shows that at low fields BiB(T) ~- BIn(T), at higher 
fields BIB rises significantly and reaches a maximum 
relative deviation in the range of 100 to 150 G, and 
then decreases again approaching the original Bm (T) 
line at higher fields. This remarkable behavior can 
be interpreted as follows. At fields comparable to B~ 
each vortex is effectively pinned by a columnar defect 
and the pinning interaction outweighs the vortex- 
vortex interactions. As a result, the pinned vortex 
lattice remains intact at the original BIn(T) and the 
melting occurs only at higher temperatures. This ef- 
fect should be most pronounced at fields comparable 
to B~. At fields significantly higher than B~ only a 
small fraction of vortices is pinned by the columns 
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Figure 4: Local magnetization loops Bz - H a  vs. 
B= (T = 60 K) of BSCCO crystals before and after 
heavy-ion irradiation (1 GeV Xe) with low close of 
B~ = 20 G. The onset of bulk pinning BxB(T) for 
irradiated sample and the FOT step for the as-grown 
crystal are indicated by arrows. 

and hence the pinning of the entire lattice becomes 
inefficient above BruiT). As a result BzB(T) for B~ 
-- 50 G approaches Bm(T) at higher fields (see Fig. 
5). The FOT in unirradiated crystals is observed 
only up to fields of about 350 G. Thus B~ -- 100 G 
is large enough to result in a substantial shift of the 
transiti6n over almost the entire field range. At very 
low fields, on the other hand, the original BIn(T) 
probably occurs above the depinning temperature of 
columnar defects so that vortex-vortex interactions 
are dominant and hence no significant shift of the 
transition occurs (see Fig. 5). The effects of colum- 
nar defects in the regime discussed above were re- 
cently analyzed theoretically within the Bose-glass 
description [30]. The Bose-glass transition BBG(T) 
in irradiated samples is predicted to occur above 
BIn(T) with a largest shift at fields comparable to 
B~ and small effects at high and low fields, in very 
good qualitative agreement with the data in Fig. 5. 
It is thus very tempting to interpret our BIB(T) as 
the Bose-glass transition. 

Figure 5 also shows the second peak transition 
BspiT) at lower temperatures. For B~ -- 20 G we 
can still resolve the second magnetization peak at the 
same field as before irradiation. At higher matching 
fields no peak is observed. This behavior is further 
significant evidence that the phase above Bsp(T) is 
a highly disordered vortex solid. In this case we ex- 
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Figure 5: Mapping of the bulk irreversibility line 
B~B(T) for BSCCO crystals [17] after heavy-ion ir- 
radiation with various doses (empty symbols). The 
FOT line for as-grown crystal is shown for reference. 
The second magnetization peak lines for as-grown 
(filled circles) and B~ = 20 G irradiated crystal 
(filled squares) are shown. Inset: the magnetization 
step at Bm in as-grown crystal (84 K) and B4 = 20 
G irradiated crystal (85 K). 

pect point disorder to stabilize the high field phase 
and expand it on account of the ordered lattice as 
described above. Columnar defects are topologically 
similar to the ordered line-lattice and are therefore 
expected to have the opposite effect of stabilizing the 
low field phase. At Be = 20 G only a small fraction 
of vortices are affected by the columns at B~p _~ 350 
G and hence the second peak is still obtained. Higher 
densities of columns pin the low-field vortex-lattice 
very efficiently. As a result the critical current be- 
low Bsp becomes larger than in the disordered solid 
and hence the peak structure in magnetization dis- 
appears. 

6. P H A S E  D I A G R A M  

Figure 6 shows a schematic phase diagram of 
BSCCO. We resolve three major phases of the vortex 
matter separated by three phase transition lines. At 
low fields a rather ordered vortex-lattice is present 
[8]. At elevated temperatures the vortex-lattice un- 
dergoes a strong first-order transition with latent 
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Figure 6: Schematic phase diagram of BSCCO in the 
mixed state. Solid lines show the phase transitions 
of the vortex-lattice. The critical point Tcp is where 
the FOT line splits into two possibly second-order 
transitions. The line separating disordered solid from 
the liquid phase is taken from Ref. [33]. The upper 
critical field Hc~ is shown for reference by the dashed 
l i n e .  

heat in excess of 1 kBT per pancake vortex [10, 35]. 
We find strong evidence that the observed first-order 
transition in BSCCO crystals is either melting or 
sublimation of a solid vortex-lattice. The position 
of the FOT is significantly shifted to higher fields 
as the anisotropy of the crystals is reduced. The 
FOT persists in the presence of sufficiently low doses 
of either point-like or correlated disorder. Our re- 
sults indicate that the ordered vortex-lattice trans- 
forms into a highly disordered phase at fields above 
the second magnetization peak [8, 32]. Weak point- 
disorder destabilizes the ordered vortex-lattice phase 
with respect to both the vortex-liquid and the dis- 
ordered vortex-solid. Columnar defects stabilize the 
solid phase with respect to the vortex liquid and shift 
the transition to higher fields. 
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