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Abstract. Flux Iattice melting in B12Sr2CaCu20s+~ (Bi-2212) single crystals has recently
been studied by various techniques. In this contribution to the 1. Schegolev Memorial Volume

we review some experiments and compare their results. Muon-spin rotation and small angle
neutron scattenng (SANS) gave the first indications for

an
abrupt change of the flux Iattice

structure along
a

hne in the B T phase diagram. Experiments with Hall-sensor arrays proved
that the flux Iine Iattice expenences a

first order phase transition (FOT) at this fine. Measured

as a
function of field the resistance shows an abrupt kink at the FOT Iine and flux flow through

narrow channels reveals
a

sudden drop of the shear modulus. Subsequent studies showed that

the location of the FOT Iine m the phase diagram strongly depends
on oxygen stoichiometry.

For decreasing temperature the FOT fine termmates at a
critical point and continues into an

almost field independent fine which represents the location of
a

sharp peak in the magnetization
(second peak). The second-peak Iine comcides with

a crossover region in the Iow temperature

range of the B T diagram where both the
muon spm rotation and SANS expenments reveal

a
transition from a Iattice of flux hnes to a

Iattice of pancake vortices. We compare ouf results

with theoretical
scenanos.

(* Author for correspondence je-mail: kesfiruIgm0.LeidenUniv.nI)
(** This contribution

is
mainly based on chapter 7 of the Ph.D. Thesis of T.W. Li (Leiden, 1995) and

on
references [36, 38,39, 65, 73, î6].

@ Les Éditions de Physique 1996



2328 JOURNAL DE PHYSIQUE I N°12

1. Introduction

In many aspects the behavior of the high-T~ superconductors in the mixed state differs from

that~of conventional superconductors [1-10]. A combination of elevated critical temperatures,
short superconducting coherence lengths and high anisotropy enormously enhance the rote of

thermal fluctuations on the vortex fines, which result in a noticeable change in the nature

of the mixed state [11-14]. The nature of the flux lattice structures and the thermodynamic
transition between the different vortex states has become one of the central questions of the

physics of the mixed state and has attracted a great deal of attention [15-18].

The most important effect of thermal fluctuations is the possible melting of the vortex

lattice at temperatures well below the critical temperature T~ [19, 20]. This pheuomenon was

studied for the 3D case using the Lindemann criterion [21-23]. In the pure 2D case dislocation-

mediated melting takes place [24-27]. In 1988, Gammel and Bishop [28,29] made a controversial

suggestion on the basis of high-Q mechanical oscillator data to explain the anomalous behavior

of the HTS at high temperature. They suggested that the high temperature regime was a

vortex liquid separated from the low temperature vortex lattice by a melting transition. The

vortex-liquid phase is expected to occupy a significant part of the B T phase diagram [30].
On the other hand, the large anisotropy of Bi-2212 tends to confine the supercurrents to the

Cu02 planes, in which they form pancake vortices. There are attractive interactions between

pancake vortices in different planes, so that they tend to line up, giving essentially three-

dimensional flux line behavior. Upon increasing the flux density to a point where the shear

interaction between the pancake vortices in the same layer becomes stronger than the tilt

interaction between pancake vortices m adjacent layers, the presence of pinning can break up

any order in the field direction, leading to a dimensional crossover from three-dimensional flux

line behavior to two-dimensional behavior. When thermal fluctuations become large, melting
of 2D point-vortex lattice in the Cu02 planes of Bi-2212 does occur [31].

A first-order melting transition of the Abrikosov vortex lattice due to thermal fluctuations

was predicted in 1985 by Brezin et ai. [32]. It was suggested that the mean field formation of the

vortex lattice at H~2, that occurs via a thermodynamic second~order transition, can be driven

into a first order transition by the superconducting fluctuations. In view of that result one may

expect that in suliiciently clean crystals the vortex liquid freezes into an ordered solid through

a thermodynamic first-order phase transition. The first experimental indication appeared in

the compound YBa2Cu307-~, when the behavior in clean twin-free samples was examined and

hysteresis loops m the resistivity as a function of field and temperature were observed [33, 34],
providing strong evidence for a first-order transition. However, it was argued [35, 36] that the

resistivity is a dynamic quantity sensitive to pinning by the residual disorder present even

m
clean samples, and is not a thermodynamic property. A true first-order phase transition

should have a clear thermodynamic fingerprint: a latent heat and a discontinuous step in the

specific volume or density. Recently, such a first-order melting transition was observed by
global magnetic measurements [37] and by local magnetic measurements [36] in Bi-2212 single
crystals.

In this brief review we give an account of various investigations conceming the flux lattice

structure in Bi-2212 single crystals as a function of both field and temperature. The main

results were obtained from intemal probes like muon spin rotation [38] and small-angle neutron

scattenng [39], and from externat but local probes, 1-e- Hall-sensor arrays [40]. Important
additional information was provided by transport measurements. A study of the line shapes

as a function of temperature and magnetic field using the muon spin rotation technique shows

evidence for an abrupt change of the flux lattice structure which is attributed to the presence

of a flux lattice melting line in the B T phase diagram. The data also suggest the existence
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of a crossover field above which the flux structure attains a more two-dimensional (2D) nature.

Using small-angle neutron diffraction the flux fine lattice inside a Bi-2212 single crystal

was observed for the first time. The diffraction intensity shows a rapid decrease to zero at a

magnetic field-dependent flux lattice melting temperature. The flux lattice signal is also shown

to disappear at low temperatures by applying a suliiciently high field. This is probably due

to the decomposition of flux lines into two-dimensional pancake vortices, in accord with the

muon spin rotation results.

A thermodynamic first-order vortex lattice melting transition m Bi-2212 single crystal was

observed at low fields by investigation of the local vortex density using microscopic Hall-sensor

arrays. This first-order phase transition termmates at a critical point. Below the critical

point, a second magnetization peak develops which is possibly connected to a 3D to 2D phase
transition. The location of these two transition hnes in the B T plane strongly depends on

the oxygen stoichiometry.

2, Muon Spin Rotation Studies

An almost ideal trot for studying a nearly perfect flux fine lattice is muon-ipin rotation (~t+ SR).
ji+SR experiments in principle yield the field deiisity distribution p(B) inside bulk speci-

mens [41,42]. Such measurements were performed by Lee et ai. [38] at the Paul Scherrer

Institute, Switzerland, on high quality single crystals of Bi-2212. The crystals were grown by
the Traveling Solvent Floating Zone (TSFZ) method [4à]. They have a T~ of 84 K as deter-

mined by magnetization measurements. The sample consisted of a mosaic of eight large single
crystals, each typically 5 x 5 x 0.5 (mm~ ), with the crystallographic c direction parallel to the

shortest dimension and mounted perpendicular to the surface of an Fe203 Plate. A magnetic
field was apphed parallel to the c-axis of the crystals and positive muons were incident on the

sample with their spin-polanzation vector perpendicular to the applied field. Time-differential

p+SR spectroscopy was employed to determine the local internai field.

2.1. RESULTS AND DIscUssioN. Figure la shows the probability distribution of the local

internai field p(B) for the sample ai a temperature of 5 K after cooling
m an apphed field of

52 G. The field distribution was obtained from a Fourier transform of the muon time spectrum

using a maximum entropy technique [44]. This fine shape shows features which are clear

indications of a 3D flux structure [45], notably the long "tait" at fields higher than the applied,
which anses from regions close to the vortex cores. This is the first clear observation of a 3D

flux lattice fine shape iq Bi-2212 surgie crystals. The fine shape coula be well reproduced by a

theoretical simulation taking àab
=

180 nm for the penetration depth and convoluting the field

distribution of a perfect vortex lattice with a Gaussian of width 2.4 G to simulate the effects

of lattice imperfection and instrumental resolution [38].
Figure 16 shows the distribution found for the sample at 54 K after coohng in an applied field

of 454 G, and a
second fine shape obtained after the sample had been warmed to a temperature

of 63.8 K. The shape of the latter spectrum is clearly different, with a loss of the high-field
tait, reflecting a marked change of vortex structure.

In order to quantify such changes a ratio was defined, derived from the third and second

moments of the hne shape as

jj ~ j~j3 jl/3
~

j~j
jj /~ j~j2jl/2

This a is a
dimensionless measure of the asymmetry of the fine shape, the variation of which

reflects underlying changes m the vortex structure. In Figure 2a a is plotted as a function of

temperature for an applied field of 454 G. Here it can be seen that o changes sign abruptly
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Fig. 2. The temperature dependence of a) the asymmetry parameter a and b) the second moment
of trie field distribution after field cooliug

in 454 G. Note the sharp drop in trie asymmetry of the fine
shape around Tm

=
59.5 K and the simultaneous drop

lu the second moment at trie same temperature.

the value expected by extrapolating trie low-temperature behaviour ((AB)2)
c~

À~~. From trie
abruptness of trie observed changes in trie second moment and in o it is clear that there is aSharp transition of trie vortex structure, which is associated ~vith flux lattice melting.

Furthermore, this phase transition bas been observed at several fields from 52 ta 4010 G,
and its temperature T~ bas been ascertained with varying degrees of precision. Trie results
are given m Figure 3 by trie sohd symbols. Trie origin of trie sohd fine fitted ta trie data will

be discussed in Section 4.2.

As discussed above, in highly anisotropic systems (like Bi-2212) trie pancake vortices which
are coupled by Josephson and magnetic interactions oct as 3D fine vortices at low fields. When
trie field is increased, trie interaction between trie pancake vortices

m trie same loyer becomes
stronger thon between pancake vortices m adjacent loyers leading ta a dimensional crossover
from 3D ta 2D elastic behavior. It bas been shown that disorder mduced by random pmmng in



2332 JOURNAL DE PHYSIQUE I N°12

ioooo

H~+

_

1000
__

B (T)
p / ~

f

ioo

10
30 40 50 60 70 80 90

Temperature [K]

Fig. 3. B T phase diagram showing the melting temperature as
detected by the change in muon

spin rotation fine shape. Trie transition was defined as the ouset of the change from
a

uegative to

a positive third moment of the field distribution, as
mdicated in Figure 2. Trie solid fine

is a
fit of

equation (9) to the three lowest field points, see Section 4.2 for further discussion.

1.2

' j Î
,~,

i.0
1~

~ 0.8

,

0.6 3D zD

0.4

ioo iooo ioooo

B [GI

Fig. 4. The field depeudeuce of the asymmetry parameter a at T
=

5 K after field cooling at each

field. Trie large drop in magnitude beginning at B about soc G is believed to reflect
a crossover

from
a

3D flux hue to a
2D pancake vortex structure. The crossover region is

indicated by the vertical dashed

bries.

such a system reduces trie correlations between trie positions of vortex cores m adjacent layers,
and may truncate the high field tait. It also reduces trie second moment and trie asymmetry
of the fine shape, and causes the peak field ta move towards trie applied field [46, 47,49]. In

Figure 4 the low temperature value of the asymmetry parameter a, obtained in each case after

field cooling the sample, is plotted as a function of field. The Sharp drap of
a

beginning at

about 500 G indicates a change of vortex structure with increasmg field. An example of the
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Fig. 5. Typical fine shape observed for fields above trie field at which the asymmetry parameter

a in Figure 4 drops sharply. Note the symmetrical fine ihape around a B value shghtly below trie

apphed field of 4010 G.

more symmetric fine shape found above this field-induced transition is shown in Figure 5. It

appears to be centered at a B-value which is just below trie apphed field. While one aise

observes a truncation of trie high-field tait, trie fine shape is quite different frein that observed

in Figure 16. Furthermore, in contrast to trie transition at Tm, trie low temperature transition

in
field involves only a change of magnitude, not of sigu. Observation of similar high-field fine

shapes were taken by Harshman et ai. [47] to indicate the presence of a 2D array of fluxons

disordered along the c direction by random pinmng. Since at low fields we bave clear evidence

for trie existence of a 3D vortex structure, this strongly suggests that the transition is associated

with trie decomposition of flux fines into pancake vortices.

Such a crossover field B2D is expected for a highly amsotropic system like Bi-2212 and may
be estimated as that field where trie average intervortex distance R~v

= ao r=
(4lo/B)~/2 be-

comes less than trie Josephson length Rj c= ~s, where s is trie separation of trie superconducting
loyers, ~ =

(mc/mab)~/~, and mab and mc are trie components of trie anisotropic effective-mass

tensor parallel and perpendicular to trie ab plane, respectively [13j. Taking s =
1-à nm and

~ =
150 [50] yields B2D ~Î 400 G. In trie present data trie onset of trie change of flux struc-

ture occurs at about 500 G, which is m
accordance with trie above estimate for a crossover

field. Further evjdence for a dimensional cross-over comes from trie temperature dependence
of ((AB)2) above and below B2D. At fields below B2D trie temperature dependence is anoma-

lous, t-e- deyiating from ((AB)2)
c~

À~~, only above T~ (see Fig. 2), while above B2D trie

temperature dependence is anomalous across trie whole temperature range, both above and

below trie transition temperature Tm [51]. This may reflect trie increased importance of ther-

mal fluctuations in trie more weakly coupled loyers [52]. Similar effect of thermal fluctuation

in trie Tl-2201 compound were reported by Schegolev et ai. [14].

3. Small-Angle Neutron Dilfraction

Neutron diffraction offers another internai probe to study trie flux fine structure. This tech-

nique, first suggested by De Gennes and Matricon [53], and put into practice by Criber et ai.
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m
Nb [54], works by scattering neutrons from trie small field modulations in trie sample which

are there because of trie quantized flux fines of trie mixed state. In much trie sanie way as one

can image lattices of atours in crystals and obtain their structures. It is not like most other

techniques which either do not image the lattice at ail or do so in a way that is very limited as

a function of temperature and field [ii. Small-angle neutron scattering (SANS) can image the

lattices of magnetic flux fines in type II /uperconductors and directly obtain their structures

as a function of temperature and applied magnetic field. The drawback is that the signais can

be very weak, especially for materials such as trie HTS which bave large magnetic penetration

depths. This is because trie integrated scattered intensity Ihk for trie (h, k) Bragg reflection is

j~ j2
~~~ " sillhk ~~~

where Ùhk is trie Bragg angle for trie (h, k) reflection with respect to trie normal to trie lattice

planes and F is the "form factor", which is proportional to the magnitude of the field contrast.

In type II superconductor with a large Ginsburg-Landau parameter, the eifect of the flux fine

cores can be neglected unless the flux density B is close to the upper critical flux density Bc2,

which would only apply close to Tc. The solution of the London equation leads to an explicit

expression for F [55]
~

~~~
1 + (2~À/dhk)~ ~~~

where dhk is the spacing between the (h, k) planes. The (1,0) reflection, with the largest d-

spacing, will have the greatest intensity. If dia Cf ao < À, implying that B > Bci, the second

terni in the denominator of equation (3) dominates, SO that

§~2
~10 l~ ~10 ~Î ~~~

ab

Thus, for a given flux-fine spacing, the scattered intensity would be greatly reduced in a material

with a large penetration depth. If we compare the HTS with e.g. Nb, the low-temperature
values of the penetration depths are greater thon that of Nb by factors of at least four, 1-e-

Bi-2212, 200 nui, and Nb, 40 nui. Therefore the scattering signais in HTS are comparatively
weak and a large single crystal is then essential.

The angle of diffraction depends on the flux fine lattice spacing ao ~vhich is controlled by the

flux density B, 1.e. wit,h an applied magnetic field of 500 G, ao m 200 nui, which implies very

small-angle scattering. This would bave to be detected in trie presence of additional scattering
from twins, cracks or other inhomogeneities, and thus single crystals of high-quality are aise

essential.

Finally, this expenment aise requires single crystals which have a very small mosaic spread
along the direction of the incident neutron bundle, t.e. the field direction, because the observed

scattering pattern is trie sum of the patterns from each part of the crystal.

3.1. EXPERIMENT. The neutron beam was provided by the cold source at the DR3 reactor,

Ris@, Denmark. The high quality Bi-2212 single crystals were grown by the TSFZ method [43].
The sample (which

was a part of the ~+SR sample) was a 180 mg plate-like crystal of Bi-2212

~vith its c-axis parallel (within
one

degree) to bath an applied field and the incident neutron

beam. The sample was mounted in a variable-temperature cryostat capable of cooling to 1.5

K. In this geometry, analogous to that employed for diffraction in a transmission electron

microscope, the scattering vectors of the lattice are perpendicular to the beam. The SANS

instrumentation allowed a 6 m collimating path for the beam before the sample, and a 6 m
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Fig. 6. Diffraction patterns from trie flux lattice
in a Bi-2212 crystal at an apphed magnetic field

of 475 G at temperatures of a) 1-à K, b) 56 K, and c) 62 K. The melting temperature was identified

as 60 K at this field.

path from trie sample to an area detector of 59 cm diameter with a resolution of 8 mm. At
trie lowest fields employed, 200 G, trie flux fine spacing is greater thon 300 nui. An incident

neutron wavelength Àn of1.95 nui, with a wavelength spread ôÀn/ôÀn
=

0.18 fuit-width at
half-maximum (FWHM),

1N.as used to give sulliciently large scattering angles. Details about
trie subtraction of background corrections con be found in reference [39].

3.2. MELTING AND DECOMPOSITION OF FLux LINES. A typical low-temperature diffrac-
tien pattern after subtraction and smoothing is shown in Figure 6a.

Trie axis of trie beam is nearly parallel to trie flux hnes,
so trie diffraction spots are ap-

proximately equal
in intensity [56j. Unlike à~BCO under simflar conditions là?], a hexagonal

diffraction pattern is observed. On mcreasmg trie temperature of trie sample, trie diffraction
intensity goes rapidly to zero at a temperature T~ which is much less thon trie Tc of 84 K.
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Fig. 8. B T phase diagram from the neutron scattering data. The solid fine is a
fit of the

expression for the melting fine, equation (9), to these data, see
discussion

in
Section 4.2.

Typical diffractioq patterns as a function of temperature are sho1N.n m Figure 6. Trie results

of temperature scans at two different applied fields are shown in Figure 7. It is clearly shown

that T~ decreases with increasing B. In Figure 8 three values for T~ are plotted in trie B T

plane.

Within trie accuracy of our data no pre-melting phenomena such as a change in trie width of

trie spots are seen as trie temperature is increased, only a fait in intensity. Above trie melting

transition any diffraction intensity is too small to measure in this experiment. There is no ring

of intensity, as would be expected for a liquid array of rod-hke flux fines. We believe that this

is because the flux fines are net sufliciently straight in trie liquid state. Using an expression for
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the tilt modulus c44 (58], and beanng in mmd that trie shear modulus c66 is zero in trie liquid
state, we may estimate trie energy to tilt a

flux fine by some fraction ôao of trie flux lattice
parameter ao, to form a kink of length Lz, namely

Et;jt m eo

~)°~~
(à)

~ Lz

where eo #
(4lo/4~Àab)~. Taking an extreme case of ôao/Lz

=
and Lz

= ao> we find this
energy is equivalent to a temperature of13 K at B

=
500 G. This model calculation leads us

to expect that trie flux fines will net be straight after trie flux lattice bas melted. Indeed,
on

mcreasing temperature and field trie flux structure will eventually turn into a two-dimensional
liquid pancake mix [59], if it does net already form it on melting.

We now tutu to trie variation of trie diffraction signal at low temperature as a function of

mcreasing field. As always, trie new structure is formed by cooling through Tc m an applied
field. We find that trie signal disappears rapidly with trie midpoint of trie transition at about
650 G. It is shown in Figures 9 and 10. The intensity of the spots is reduced in a similar

manner to the temperature transition. although net quite so sharply. Related phenomena
bave been observed in trie ~+SR data [38], and we ascnbe this to a dimensional crossover

in pinning, which leads to a static arrangement of pancake vortices with little ahgnment in
trie field direction. According to trie collective-pinning theory of Larkin and Ovchinnikov, trie
length of a coherently pmned volume l~ is (c44/c66)~/~ multiphed by its extent perpendicular
to trie field.

In Bi-2212, it is believed that flux fines are pinned individually at fields below 5 T and
temperature below 15 K [60], so trie perpendicular extent should be taken as ao and trie short-

wavelength form of c44 should be used, which is extremely "soft". Using trie expression in
references [13, 58], we find that

C44
~

B~ 1i4Ù0
~

16
(6)

C66 ~0Àc(~/ù0)~ Î6~~0ÀÎb ~~~

Simple substitutions show that trie pmmng length becomes comparable with trie inter-Cu02
plane separation s as trie field is raised above B2D ~Î 4lo/(~s)2, which is about 400 G for
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Fig. lo. Diffraction patterus from the flux lattice
in

Bi-2212 at temperature 1-à K and
an

applied

magnetic field la) soc G, (b) 700 G and (c) 950 G.

s =
I.à nm and ~ =

150. In view of trie crudeness of our estimate of B2D, this value is in

sulliciently good agreement with trie observed crossover field.

Further measurements below trie melting hne indicate that trie crossover field B2D is approx-

imately temperature-independent. According to trie ~+SR measurements, melting aise occurs

well above 650 G. Presumably this is two-dimensional melting, but trie absence of a
detectable

diffraction signal mdicates that the flux fine structure is for toc disordered in this region to be

investigated by means of neutron diffraction.

At lower fields,
m trie flux lattice state, the total intensity Ihk of a single diffraction spot,

obtained by integrating over angle as the sample is
rocked through trie Bragg condition (rocking

curve for the hk reflection),
is given by the formula [61]:

I~~
=

2~~J( )2 j~n F~~ j~
(7)QÎk
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where çJ is trie incident neutron flux/m2, ~ is trie magnetic moment of trie neutron in nuclear
magnetons. For rigid flux fines, trie London theory gives equation (3) with qhk "

2~/dhk
where qhk is trie scattering vector.

A loss of intensity at a given sample orientation could arise either from a reduction in trie
form factor Fhk or an increase in trie width of trie rocking curve. Trie low-temperature rocking

curves were measured bath at 500 G and at 650 G. In trie latter case trie intensity is a factor
of 3.6 below that found at 500 G. In bath cases trie FWHM of trie rocking curve was 1.2°
indicating that only trie form factor had changed. We believe that above B2D trie short length
scale of trie pinning in trie c direction

means that individual pancakes con be pinned away
from trie flux fine axis reducing trie field contrast in trie mixed state. Using trie equations for
trie diffraction intensity and trie form factor to calculate a value for Àab from spot intensities
observed at 500 G and I.à K, a value of 210 nm was obtained. This should be regarded as an

upper limit, due to trie effects of any disorder of trie flux lattice
on trie diffraction intensity.

This value is similar to that found by ~+SR.

4. First-Order Vortex Lattice Melting Transition

Although trie ~+ SR and SANS expenment clearly indicate that there is a vortex-lattice melting
transition in Bi-2212 well below Tc, it remains to be seen whether this transition is a real first,

or second order phase transition. Especially, a first order (phase) transition (POT)
con be

recognized by a latent heat and a finite step in flux density. Trie first experiment to provide
unambiguous evidence for a FOT

was recently carried eut by Zeldov et ai. [36] on an as-grown
Bi-2212 single crystal. Because trie oxygen content is SO crucial for such properties as trie
penetration depth and trie anisotropy ~, it is expected that trie position of trie FOT fine

m trie B, T plane will depend on oxygen stoichiometry. Therefore further experiments were
carried out on several Bi-2212 single crystals which received different anneal treatments. In
addition, trie effect of oxygen content on trie second peak in trie irreversible magnetization

curve was investigated.

4.1. EXPERIMENT. In order to probe trie true width of trie -phase transition, one needs

to make local measurements with high spatial resolution. For this purpose, an array of11
GaAs/AlGaAs two-dimensional-electron-gas Hall sensors with an active area of10 x 10 ~m~
each was used. Trie sample

was put directly onto trie surface of trie sensors and a perpendicular
externat magnetic field Ha was aligned along trie crystallographic c-axis. Trie Hall-sensor array

allows trie study of local vortex behavior with high field-sensitivity and high spatial resolutiou.
An additional advantage of this technique is that one obtains trie actual value of local B.
In global magnetization measurements only trie value of trie applied field H~ is known, and

an accurate determination of B is dillicult due to comphcated demagnetization effects. In a

standard global magnetization measurement trie signal is integrated over trie entire sample
which results in significantly broader and smoother features

as compared to trie underlying
physical mechanism. This is because trie magnetic induction B inside a platelet crystal is not
umform even at equflibrium magnetization [62, 63]. As a result. trie vortex lattice melting
transition at various positions mside trie superconducting sample occurs at slightly different

temperatures or applied fields which smears out trie transition.

Trie experiments were performed on two Bi-2212 surgie crystals grown by trie TSFZ method

[43]. These two crystals bave diiferent oxygen contents after annealing
m air at 500 and 800 ° C

and will be referred to as B11 and B12, respectively. B11 is in trie overdoped regime and has
Tc

=
84. 5 K and

=
180 nui, while B12 is optimally doped with Tc

=
89 K aud

=
240 nm [64].
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4.2. RESULTS AND DISCUSSION

4.2.1. Melting ~ansition. Figure 11 shows typical local magnetization loops as measured

by the Hall sensors for B11 and B12 at 70 K and for trie as-grown crystal [66] at 64 K. Trie first

order transition (POT) is clearly sèen as a jump in the equflibrium magnetization. As has been

seen
before [37], B in the liquid is larger than in the vortex-solid. That is, the vortex liquid

expands upon freezing, similar to the transformation of water into ice. Such behavior is rare in

nature and shows that matter composed of flexible directed fines with long range interactiqn

behaves diiferently from assemblies of point-hke atoms or molecules. In such systems of fine

objects the gain in entropy due to entanglement overrules the energy increase related to the

higher density of the liquid [67].
The first-order phase transition has been observed and measured at diiferent temperatures

between 40 and 80 K for both B11 and B12. Compared to trie results on as-grown crystals,

trie width of trie transition is slightly broader and trie step height AB is smaller being about

0.1-0.2 G instead of 0A G. A possible explanation is that trie present experiments were carried

out with Hall sensors with an active area of10 x10 ~m2 whereas in reference [36] an array with

sensors of 3 x 3 ~m2 was used. Trie sensors with a larger active area will make the melting

transition look much wider. On the other hand, annealing and quenching trie sample may

introduce more disorder in trie crystal, which will also smear the transition. The results of the

as-grown crystals are
therefore better suited fbr thermodynamic considerations, which will be

given below. We first concentrate on the position of the POT fines m the B, T plane.

The resulting POT data, as defined by the mid-points of the jumps, are collected in Figure 12a

for single crystals of diiferent oxygen content. The influence of the oxygen stoichiometry is

clearly seen. At the sanie temperatures the POT fields of the overdoped sample (B11) are

much larger than for the optimally doped sample (B12). The data for the as-grown crystal lies

near that of B12 reveahng that the as-grown material is close to optimal doping. Trie FOT

termmates abruptly at a sample dependent temperature m the range between 40 and 50 K,

mdicated by the arrow.

Trie data of Pastoriza et ai. [37] would also lie between the optimally and overdoped results.

According to the experiment, these data represent the decoupling fine at which a vortex hne

liquid decomposes into uncorrelated pancake vortices [59]. Daemen et ai. [68] argue that the

decoupling fine would most likely be a
POT. Obviously, another scenario for the POT is vortex

lattice melting. To study trie latter possibility in more detail one can try to fit trie theoretical

expression for the melting fine of a 3D vortex lattice [20, 21] to the data of B11 and B12. This

expression is based on trie Lindemann criterion and is given by

1 fl~5~4 (~n /~n )P
~~~ ~~~ ~ 64~3 (~kB TÎÀ( (0) )2 T/Tc

~
~~ ~~~

where cL is trie Lindemann parameter, i is trie amsotropy parameter (~ » 1) and p is a parame-

ter accounting for trie temperature dependence of À. With p =
1 we bave trie Ginsburg-Landau

behavior, for p =
4 the two-fluid model. Reasonable results were obtained previously [38, 39]

by fitting this formula to the data obtained with ~+SR and SANS expenments on overdoped

samples comparable to B11: The best fit was found for CL #
ù-1, ~ =

150, Àab(0)
=

180 nui,

p =
3.3. Considering the larger transition temperature, penetration depth and lattice param-

eter of B12 (presumably giving a larger amsotropy) a much lower melting fine is expected for

B12, in agreement with Figure 12a. However, equation (8) was denved for the case of inter-

mediate anisotropies for which trie Josephson couplmg between the layers is much larger than

trie electromagnetic coupling. For Bi-2212, with 7 > 150 [50], trie electromagnetic coupling

can no longer be neglected. Recently, the melting behavior in highly anisotropic, layered
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terminates. In b) and c) the data of B11 aud B12 are compared with the theoretical predictions for the

decoupling fine (Eq. (10)), and for a
3D melting liue in the extreme auisotropic hmit (sublimation hne,

Eq. (9)). respectively. For the temperature dependence of three possibilities were
iuvestigated: p =

1

represents the Ginzburg-Landau behavior, p =
4 the two-fluid behavior, and p =

2 some
intermediate

behavior. The lits were
optimized for the auisotropy parameter j. Results

are
summarized in Table 1.
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Table I. Anisotropy parameter 7 determtned tram lits in Ftgitres 12b and c.

p Melting, Eq. (9) Decoupling, Eq. (loi
Bil B12 B11 B12

1 36 50 105 140

2 î3 9î 134 175

4 119 151 160 205

superconductors have been theoretically investigated taking both trie electromagnetic and
Josephson coupling into account [69]. In this case trie melting hne is determined by trie new
formula

~~~
~~ ~~~ ~

ÀÎÎ(0)
641j$

~T ~Î ~

~~~

where fl
=

1/In[1+ 4À2/(cLao)~]. This expression with p = 1, 2 and 4 bas been fitted to
trie experimental data in Figure 12b, as well as in Figure 3 for trie ~+SR experiments and
in Figure 8 for trie neutron scattering experiments~ both with p =

4. Trie lits were carned
out with fixed values for trie parameters cL and fl, t.e. cL #

0.2, fl m 0.25. Further, for B11
Tc

=
83.5 K and Àab

#
1800 À, and for B12 Tc

=
89 K and Àab

#
2400 À

were substituted and
trie anisotropy was used as a free fit parameter. Trie dashed fines, denoting trie p =

and p =
2

lits, clearly deviate from trie data. Trie sohd fines (two fluid model, p =
4) for Bil in Figures 3.

8 and 12b yields ~ m 151. As is seen, trie two-fluid model temperature dependence of yields
trie best lits to trie data and aise gives reasonable values of ~ in companson to trie results of
torque measurements [50j. Note that trie optimally doped sample (B12) with trie larger c-axis
lattice parameter and trie more semi-conducting behavior of trie Bi-O layers, is expected to
bave trie larger anisotropy. Trie anisotropies obtained from trie lits for ail p values are collected

m Table I. Apart from trie poor lits trie ~ values for p =
1 and p =

2 are unsatisfactonly low.
On trie other hand, trie decoupling fine is expected to follow trie expression [59]

~~~~~
~ 16~2sà~ÎÀ(~(0)

~ ÎÎ ~

~~~~

where o m ù-1 is a umversal parameter. In Figure 12c lits of this expression to trie data are

shown for p =
1, 2 and 4. Trie resulting ~ values are given in Table I. It is seen that trie quality

of trie lits is less sensitive to trie precise temperature dependence of with a preference for

p =
2. Trie resulting values of ~ are reasonable, as well. We conclude that bath trie melting

scenario (Eq. (9)) with p =
4 and trie decoupling scenario (Eq. (10)) with p =

2 fit trie data
equally well. Therefore, experimentally it cannot be decided what is trie physical origin of
trie first-order phase transition. Recent theoretical work [69] shows that for sulliciently large

amsotropies trie melting and decouphng fine merge for fields below çio/À~. It might well be
that this is trie appropnate scenario for trie FOT in Bi-2212.

4.2.2. Second Peak. In trie expenments of Khaykovich et ai. [65] no discontinuous melting
transition could be observed below trie critical point. However, trie local magnetization mea-

surements show that an anomalous second peak appears at temperatures between 20 and 45 K.
Such a second peak bas aise been reported for trie Tl-2212 compound by Schegolev et ai. [70].
Trie Bi-2212 results are shown

m Figures 13a and b for one of the sensors in the center. We

can clearly see that the peak field is strongly dependent on trie oxygen content. As bas been
reported by Kishio et ai. [71] it hnearly mcreases with trie oxygen concentration.
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at constant temperatures (a) between 25.3 and 40 K for Bil, (b) between 25.3 and 35 K for B12. It

resembles the usual global magnetization curves
showing the double peak structure.

With the Hall-sensor array trie local field gradient dBz/dx can be deduced by diiferentiating

trie field measured by adjacent sensors. In trie second peak region trie dBz/dx draps sharply as

the applied field H~ is decreased. This drop occurs at diiferent values of H~ for various locations

inside the crystal, starting from the edge and moving to the center due to the non-uniform field

profile Bz. But, when trie same data is plotted as a function of local induction B, the curves

overlap. It means that the local magnetization sharply drops when the local field reaches trie

second peak field regardless ofthe position in the sample,indicating the thermodynamic nature

of the underlying (phase) transition. The transition width is about 20 G. If smaller sensors are

used, I.e. 3 x 3 ~m2,
a transition width of 5 G was

observed. Therefore, the measured width is

limited by the sensor size and the real transition width must be much narrower. The authors

of [65] argue that the second peak is related to a second order phase-transition.



N°12 FLUX LATTICE MELTING AND DIMENSIONAL CROSSOVER 2345

700

600 over-doped

soc

tif 400 ~S"g~°W~

tn

A

200

~~~ imally-doped

0

20
T iKj

Fig. 14. Low-field phase diagram for over-doped (B11), optimally doped (B12), and
an as-grown

sample [36]. Trie open symbols represent the first-order phase transition data, the
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position of the critical point, aud the solid symbols denote the positions of the second peak in the
irreversible magnetization.

4.3. LOW-FIELD PHASE DIAGRAM. The complete phase diagram for Bil and B12 in com-

panson to trie previously published result for an as-grown sample [36] is given in Figure 14. It

is seen that when trie first-order transition terminates at trie cntical point, trie second magneti-
zation peak develops. Trie apparent interval in trie data around trie critical point in Figure 14

is due to trie disappearance of trie second magnetization peak at temperatures close to trie
critical point. Trie two hnes meet at trie critical point regardless of trie diiferences between

trie samples which are related to trie diiferences in amsotropy and penetration depths. This
finding strongly suggests that these two hnes actually represent one continuous vortex-lattice
phase transition fine.

In order to compare trie results for ail these independent experimental techniques, we now

plot trie B T phase diagram for B11 in Figure 15 and include trie data obtained by neutron

scattenng and muon spin rotation experiments. It should be noted that trie samples used in trie
~+SR and SANS experiments bave trie same composition and received trie same heat treatment

as B11. Their properties should therefore be identical. Companng trie data in Figure 15 one

should keep
in mind that for trie neutron scattering experiments only trie applied field is known.

This is shghtly larger than trie local field, which is directly measured in trie ~+SR and Hall

probe experiments and is plotted along trie ordinate m Figure 15.

Figure 15 shows that trie high-temperature results of trie SANS and ~+SR expenments coin-

cide with trie POT fine determmed with trie Hall sensors. This proves that trie decrease of peak
intensity (Sect. 3) and trie sudden change of asymmetry in fine shape (Sect. 2) indeed probe
trie same abrupt change

in trie vortex structure related to trie POT. Trie SANS observations

are m agreement with a decoupling scenario, or a transition to a highly entangled flux hne
liquid. However, a liquid of fairly straight fines would give use to SANS in a ring instead of trie

total disappearance of trie intensity. If trie FOT probes a melting transition, it thus can only be

one in which trie decomposition into pancakes takes place simultaneously
m accord with recent

theory [69]. This conclusion quahtatively agrees also with trie ac susceptibility experiments
of Pastoriza et ai. [37], but a direct comparison with trie results m Figure 15 is impossible,
since trie oxygen content of trie sample used in [37] is not specified. Trie crossover hne which is
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determined in [37], significantly deviates from trie POT fine in B11, but faits within trie range

determined by trie B11 and B12 results.

Regarding trie low-temperature part of trie phase diagram, it is seen that trie position of trie

second peak coincides with trie crossover region determined by trie ~+SR and SANS experi-

ments. It is therefore tempting to conclude that these features probe trie same phenomenon,

trie more, because in ail cases there is clear evidence that this phenomenon is related to trie

eifect of point disorder (pmning). For instance, the asymmetry parameter a which follows from

trie ~+SR work, changes m magnitude in trie crossover region. In addition, the fine width above

trie crossover field does not change substantially, and remams of trie order of the width for an

ideal lattice, see Section 2. Very recent theoretical work by Koshelev et ai. [72] which deals

with trie eifect of point disorder,is in good agreement with these features. Another observation

m favor of trie involvement of point disorder with respect to trie origin of trie second peak, is

trie small downward shift of Bsp(T) after electron irradiation at low temperatures (20 K) [73].
This finding suggests that also in trie non-irradiated crystals trie position of trie second peak,

as well as trie downward curvature of trie POT just above trie critical point, are driven by

trie intrinsic properties of trie crystal, trie intrinsic point disorder included. It is interesting to

note that trie Bsp(T) hne often shows an unexplained tendency to decrease with decreasing

temperature, as shown in Figure 15. Since point disorder shifts this hne down, this behavior

could be understood in terms of trie increasing rote disorder plays with lower temperatures.

Trie existence of trie second peak transition in trie hmit of vamshing disorder is still an open

question which may help resolve trie intriguing mystery of trie mechamsm behind trie second

peak.

4.4. DYNAMIC PROBES OF VORTEX LATTICE MELTING IN Bi-2212. In trie previous sec-

tion we concluded that above the first order transition (POT) fine the flux fine lattice is decom-

posed into pancake vortices. Nevertheless, it bas not been decided whether trie POT represents

a melting transition or not. Vortex lattice melting is characterized by a sudden decrease of trie

shear modulus c66 to zero. Ideally, such an eifect should be probed by trie disappearance of a
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well (dashed fine).

transverse "sound" wave in the vortex lattice. Alternatively, one may look at trie disappear-

ance of trie flow stress r in trie lattice, since r c~ c66. Such an experiment bas been reported in

reference [74] on an overdoped Bi-2212 surgie crystal, similar to B11. This crystal was partially
masked and irradiated with heavy ions, which resulted in alternating strong pinning areas

with'columnar defects parallel to trie c-axis, and weak pinning channels of approximately 3 ~m

width. By measuring trie flux-flow voltage across trie channels as a function of temperature at

constant field and an appropriate constant current density (m x
10~ A/m~), the flow behav-

ior of the vortex lattice has been probed. The main >results are summanzed in Figure 16, for

details, we refer to [74]. Trie dashed fine displays th/ usually observed broad resistive in-field

transition of the sample before irradiation [4]. The o)en symbols show the results of trie same

sample after (partial) irradiation for fields between 100 Oe and 500 Oe. These fields are much

smaller than trie dose-equivalent field of1 T which determines trie density of columnar defects.

Between trie voltage contacts trie total length of trie irradiated area with strong pmning is

about 20 times larger than the accumulated width of the channels. This geometry assures that

the Sharp voltage drop at high temperature is associated with the thermally activated depin-

ning of vortices, trapped by trie columnar defects. Below the temperatures where a Sharp kink

is observed, only trie vortices inside trie non-irradiated channels are moving. In this tempera-

ture regime trie Orly mechanism that impedes the vortex motion is the usual Bardeen-Stephen

friction and the shear viscosity of trie vortex liquid [75]. As soon as trie liquid freezes trie shear

interaction sets in which results m a voltage drop at trie freezing temperature Tm. Actually, trie
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temperature of trie drop may be slightly higher then trie thermodynamic melting temperature
Tm, because trie shear viscosity grows very fast upon approaching Tm from above. Using a 2D

model, ~ c~
exp[b(Tm/(T Tm))"] with

v =
0.36963 [76], it is estimated that trie real Tm is

between 1.5 K (at 100 Oe) and O.à K (at 400 Oe) lower than trie temperature at trie voltage
drop [77].

When trie results of trie channel experiments are plotted in one B T diagram together
with trie ~+SR. SANS and Hall sensor results on Bii, it is seen that ail data coincide within

experimental accuracy. This observation demonstrates that ail expenmental techniques probe
trie same physical feature. On trie one hand trie channel experiment proves that trie FOT is a

first order meiting transition (see also below). On trie other hand trie SANS results are clearly
mdicating a decoitpiing transition (see Sect. 4.3). (Trie ac-experiments of Pastoriza et ai. [37]
also favours a decoupling interpretation, but these results cannot be quantitatively compared
to ours since they were obtained on a Bi-2212 crystal of unknown oxygen content.) Trie

coincidence of ail data thus give strong support to a combined metling-decouphng transition,

or melting induced decoupling. Therefore, one should speak of a sitbiimation rather than a

melting transition, smce trie vortex solid transfers into a gas of point vortices [73].
Trie simultaneous detection of trie local flux density and global resistivity reveals a Sharp

onset of flux flow at trie same field where a step m trie magnetization occurs [78]. This is shown

in Figure 17 for as-grown Bi-2212 at T
=

72.5 K in an applied transport current density of

m 100 A/cm~. Trie geometry of trie experimental set up is sketched as well. Most experiments
were carried out on a crystal with contacts on trie top surface, but no significant diiferences

were seen for side contacts. Trie Sharp onset of trie flux flow resistivity is quite remarkable,
since one usually observes a smooth transition. But very similar features bave been seen on a

low-resistivity crystal of diiferent origin. Trie comcidence of trie FOT and trie resistance onset

is convincingly demonstrated in Figure 18. It strongly suggests that flux flow
is triggered by trie
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an as-grown Bi-2212 single crystal.

The step disappears abruptly at a critical point at about 38 K.

FOT. Above trie phase transition linear V I charactenstics are reported [78] with thermally
activated resistivity, possibly originating from surface barners for pancake vortices [70, 79].

This and trie disappearance of bulk and or surface pinmng at trie FOT is once more in
favor

of trie sublimation scenario.

4.à. THERMODYNAMICS OF THE FIRST-ORDER PHASE TRANSITION. In tÎ1is final section

trie thermodynamic consequences of trie FOT are discussed [36]. Figure 19 shows trie height
of trie step in trie local induction along trie FOT hne. Quite remarkable is trie sudden dis-

appearance of trie step mdicating a cntical point at 37.8 K and 380 G. Trie step height is

monotonically increasing with Tm upto a maximum value of about 0.4 G at m 83 K and drops
rapidly near Tc.
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hnearly with T at trie critical point. A strong increase is
seen uear Tc.

Using trie Claussius-Clapeyron relations trie entropy change at trie transition and trie latent

heat per unit volume can be calculated from

ABdHm
L T AS ~~~~AS

= -~j ~

'

The entropy change per pancake vortex is therefore given by

dçio AB dHm
(12)~~ ~É Bm dT

where d(= 1.54 nm) is half trie size of trie crystallographic unit cell in trie c-direction. Since

Bm(T) > Hci(T), trie slope of trie melting fine can be expressed in terms of trie directly mea-

sured dBm /dT. Trie resulting As(Tm) is shown in Figure 20. Close to Tc trie entropy change

per vortex mcreases rapidly which could be related to critical fluctuations. This diverging

behavior of £is bas been confirmed recently by more accurate local ac measurements [82]. At

lower temperatures, Tm < 75 K, As decreases linearly with decreasing temperature and van-

ishes at trie cntical point. This is not related to a vanishing of £hB, as would be expected, but

is caused by trie flattening of trie POT fine here (see Fig. 14), which makes dBm /dT go to zero.

Trie existence of trie critical point is possibly disorder-related. Very recent SANS data with

much better statistics than those reported in Section 3, shows that at high fields trie melting
fine does not go horizontal at low temperatures, but continues upward [80].

Estimates for AB and AS can be obtained from a simple Lindemann melting scenario

leading to [36] £is m 0.1~dkB(Bm/çio)~/~ and AB m
-kB7(Bm/çio)~/~(dBm/dT~~) At 70

K these expressions result in order of magnitude too low values of both AB and As. In

addition, trie temperature dependence of both quantities are not correctly predicted. It should

be noted that 70 K is high enough that trie eifect of disorder can be neglected and low enough

that critical phenomena play no rote. Trie decouphng scenano gives rise to a temperature

independent estimate As m O.àkB m
good agreement with Monte-Carlo simulations which

gave As m 0.3kB [81]. It also leads to a
linearly increasing AB c~ (1 tm) which at T

=
70 K

reaches a value AB (70 K)
m 0.4 G. Both values agree reasonably well with trie values observed

at 70 K in Figures 19 and 20, but it is clear that trie expected temperature dependences are



N°12 FLUX LATTICE MELTING AND DIMENSIONAL CROSSOVER 2351

not observed. This lack of fully understanding trie thermodynamics of trie FOT calls for new,
high precision experiments. It also makes this subject a remaining source of inspiration for

theoreticians.

5. Summary and Conclusions

In this contribution recent experiments are reviewed which explore trie low-field phase diagram
of trie Bi-2212 compound with a variety of quite diiferent techniques. They are presented here

in a more or less sequential way in order to sketch trie developments over trie last few years.
An interesting point to note is that many of these expenments bave been carried out on single
crystals of trie same origin. They were prepared, grown and heat-treated identically. This is an

important prerequisite for consistency checks and a true comparison of trie diiferent results. It

is by no means trivial, because trie relevant properties of this compound sensitively depend on

trie oxygen stoichiometry. Trie picture that emerges from trie experiments, is summarized in

trie Figures 14 and 15. In Figure 14 trie Hall sensor results for three smgle crystals with diiferent

oxygen content are plotted in trie same B T diagram. Trie eifect of oxygen stoichiometry is

obvious. At high temperatures trie data represent trie first-order transition lines determined by

a discontinuous mcrease in trie local induction. These hnes end iù a critical point at about 40 K

and then continue to lower temperatures as trie three lines marking trie positions of trie second

peak in trie magnetization. In Figure 15 trie results of trie overdoped sample of trie previous
figure are compared with trie ~SR and SANS data. It is seen that trie POT line coincides with

charactenstic features observed with ~SR and SANS. At low temperatures trie second peak line

is seen to coincide with a crossover from 3D to 2D behavior detected by trie internal field probes.
Combining these observations with trie results of transport measurements, it is concluded that

at trie POT line trie vortex lattice sublimates into a gas of pancake vortices. Trie nature of trie

crossover at high fields and trie underlying mechanism are still unresolved. It is clear, however,
that disorder plays a crucial role here. According to a suggestion by several authors [83]
trie crossover may actually be a disorder driven true thermodynamic phase transition which

is characterized by trie prohferation of dislocations in trie pinned vortex lattice (low field)
transforming it into an amorphous vortex glass of individually pinned pancake vortices (high

field). Probably, disorder is also responsible for trie flattemng of trie POT line on approaching
trie critical point. Trie exact temperature dependence of trie POT hne and trie magnitude of

trie steps in local induction and entropy are not yet satisfactorily explained.
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