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Abstract

Our experimental research focuses on manipulating pinning defects to alter the phase diagram of vortex matter, creating

new vortex phases. Vortex matter offers a unique opportunity for creating and studying these novel phase transitions through
precise control of thermal, pinning and elastic energies. The vortex melting transition in untwinned YBa,Cu;0,5 crystals is
investigated in the presence of disorder induced by particle irradiation. We focus on the low disorder regime, where a
glassy state and a lattice state can be realized in the same phase diagram. We follow the evolution of the first order vortex
melting transition line into a continuous transition line as disorder is increased by irradiation. The transformation is marked
by an upward shift in the lower critical point on the melting line. With columnar defects induced by heavy ion irradiation, we
find a second order Bose glass transition line separating the vortex liquid from a Bose glass below the lower critical point.
Furthermore, we find an upper threshold of columnar defect concentration beyond which the lower critical point and the first

order melting line disappear together.

With point defect clusters induced by proton irradiation, we find evidence for a

continuous thermodynamic transition below the lower critical point.
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I. Introduction

The phase diagram of vortex matter in high
temperature superconductors continues to intrigue us
with discoveries of new phases and transitions.
Recently, two new phase transitions have been
reported: an inverse melting transition in
Ba,Sr;CaCuyO4 [1] and a liquid-liquid transition in
YBa,Cus075 [2]. The vortex phase diagram of
these materials is far from understood and offers a
rich and complex area of study. The vortex phase
diagram is determined by the interplay of four basic
energies, thermal, elastic due to vortex-vortex
interactions, inter-planar coupling, and pinning
energy. The richness and complexity of vortex phase
diagram arises from the wide range over which these

parameters can be varted.  For example, the
inter-vortex spacing can be varied by several orders
of magnitude simply by increasing the applied
magnetic field from fractions of a Gauss to several
Tesla. In contrast, the distance between lattice sites
in atomic solids is much more difficult to vary.
Changes in the inter-planar coupling enable vortices
to appear as flexible lines which can become
entangled, or as decoupled pancake vortices.
Experimentally, the thermal, interaction, and pinning
energies can be controlled in a straightforward
manner simply by varying the temperature, the
applied magnetic field, and by introducing defects
through irradiation. In relatively pure samples of
Ba,Sr,CaCu,0, and YBa,Cu;05, it has been shown
that the melting of the vortex lattice to a vortex liquid
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occurs via a first order phase transition [3,4]. The
introduction of relatively large amounts of disorder
transforms the first order transition into an
irreversibility line characterized by a second or
higher order transition [5-7]. With careful control of
the incremental introduction of defects, one can
directly investigate one of the fundamental problem
in the physics of phase transitions, namely the
evolution of a first order phase transition into higher
order with increasing disorder.

In this paper, we review the effect of disorder on
the vortex phase diagram of optimally doped
untwinned single crystals of YBa,Cu;O07.4 (YBCO).
Disorder is introduced via carefully controlled proton
and high-energy heavy ion irradiation, whereby a
specific number of point and correlated defects are
created, respectively. We concentrate on the low
defect density case where the first order vortex
melting transition is not completely suppressed. We
show that the lower critical point which indicates the
termination of the first order melting transition at low
fields [8, 9] mediates the suppression and
transformation of the first order transition to higher
order.
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Fig. 1. Vortex phase diagram of YBa,Cu;07.5 showing
the first order melting line before irradiation (triangles),
and the irreversibility lines after proton (diamonds) and
heavy ion (squares) irradiation.

II. Sample Preparation

Starting samples are high quality single crystals of
YBa,Cu;07.4 grown using the self-flux technique [10]
and subsequently annealed in flowing oxygen at 420°
C for ten days. Twin boundaries are removed using
a thermo-mechanical technique, resulting in
optimally doped untwinned crystals which typically
display zero field transition temperatures of T.,~93K.
In the presence of a magnetic field, the tail of the
superconducting resistive transition displays a sharp
‘kink’ associated with the first order vortex melting
transition [11]. We further test for residual twin
boundary pinning by performing angular dependent
resistivity measurements searching for any vestige of
anisotropic pinning [12]. These precharacterizations
guarantee that the reference samples are of high
quality and that any changes in their pinning behavior
from irradiation can be attributed solely to the
induced defects.

II1. Irradiation

The pronounced effect of defects induced by
proton and heavy ion irradiation on the vortex
melting transition is demonstrated in Fig. 1. Proton
irradiation is believed to create point defects and
clusters of defects as large as 70A in diameter [13],
while high energy heavy ion irradiation creates
amorphous columnar defects, whose diameter can
range from about 60A for gold ions [14] up to 130A
for uranium ions [15] and whose length can span the
entire thickness of the sample. With heavy ions, the
irradiation dose can be described by a dose matching
field, defined so that the density of columnar defects
coincides with the density of vortices. For example,
a dose of 5 x 10" ions/cm’ corresponds to a dose
matching field Be=1T. Fig. 1 compares the first
order melting line of an untwinned YBCO crystal
with the irreversibility lines of two other crystals,
irradiated with protons and heavy ions, respectively.
Irradiation with 9MeV protons to a dose of 3 x 10'6
p/em® completely suppresses the first order transition.
It is replaced by an irreversibility line which lies a
few degrees below the melting transition. In this
case, the vortex solid state could be a vortex glass [16,
71, though not all the glass hallmarks are seen, as we
describe later. In contrast, with 1.4 GeV Pb-ion
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irradiation to a dose matching field of Bo=1Tesla, the
irreversibility line lies above the first order melting
line. In this case, the solid state has been shown to
be a Bose glass [17, 18].

IV. Columnar Defects

We investigate the intermediate regime between
these transformations when only a small density of
defects are present. Fig. 2 delineates the resistive
transition at different values of the magnetic field
directed along the crystallographic c-axis before and
after irradiation of an untwinned crystal. The sharp
kink in the resistivity associated with the first order
vortex lattice to liquid transition before irradiation
(thin lines) can be seen at all fields from 0.5T to 8T.
After irradiation with 1.4GeV Pb ions to a dose
matching field of B4=500G, the ‘kink’ associated
with the first order transition becomes suppressed at
fields below 1.5T as shown by the temperature
derivative of the resistivity (inset to Fig. 2). The
absence of a sharp peak in the temperature derivative
indicates the kink and associated first order melting
do not occur. We define the lower critical point H,
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Fig. 2. Temperature dependence of the resistivity before
(thin lines) and after (thick lines) irradiation with 1.4GeV
Pb ions to B4=500G, in magnetic fields of H=0.5, 1, 2, 4,
6, and 8T || c. Inset shows the temperature derivative of
the resistivity at intermediate and low fields for the
irradiated sample.

as the lowest field where the first order melting
transition is observed. Remarkably, H,,, can be
systematically pushed to higher fields with increasing
columnar defect density as shown in Fig. 3.

A careful inspection of the resistive transition for
H < H,, shows non-ohmic behavior above the zero
resistance temperature. This is shown in Fig. 4,
where the resistivity for H=0.5T|c is measured with
two different current densities. The arrow indicates
the onset of non-ohmic behavior which we define as
the irreversibility temperature. In the presence of
columnar defects, the vortex solid is predicted to be a
Bose glass [17]. The voltage current behavior can
be fitted to the scaling ansatz, E, 4" ~ F.(¢. 4
I.®/cT , ¢4H.®,/4nT) where E, and J are the
electric field and current (21ensity, respectively and /
~ (T—TBG)V and ¢ ~ ¢4 are the two anisotropic

) (z+1)3 )
correlation lengths. At T=Tgg, E~J where z is

the dynamic exponent related to the fluctuation

relaxation timescale, t ~ /lz. We can collapse the
E-J curves into two curves as shown in Fig. 5 and
obtain critical exponents of v=1.2 + 0.1 and z=4 +
0.1. These exponents are comparable to those
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Fig. 3. Vortex phase diagram showing the systematic

shift of the lower critical point (shown by arrows) in
samples irradiated with 1.4GeV Pb-ions to a matching
field of B,=50G, 500G and 1000G.
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Fig. 4. Temperature dependence of the resistivity for
H=0.5T measured with two different current densities.
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Fig. 5. Scaling of the E-J curves with the Bose glass
ansatz.

obtained in untwinned crystals irradiated with a much
higher dose of Be=1T [18] where the first order
transition is completely suppressed at all fields. A
plot of the normalized irreversibility temperature as a
function of angle for H < H,., shows a sharp cusp
near 8=0° when the magnetic field is aligned with the
columnar defects, another hallmark of the Bose glass
transition. The magnitude of the T;(B) cusp near
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Fig. 6. Angular dependence of the normalized

irreversibility temperature for H=0.5T and 1.0T.

0=0°" decreases as the field is increased towards Hy,
as shown in Fig. 6. Our results demonstrate that the
Bose glass melting line merges smoothly with the
first order vortex lattice melting line at the lower
critical point as shown in Fig. 7 for a crystal
irradiated with a dose matching field of B,=500G.
The transition from a Bose glass state to a vortex
lattice state with increasing magnetic field suggests a
transformation of the vortex structure near the lower
critical point. A simple energy argument suggests
that the cross-over from the glassy state to the lattice
state will occur when the vortex elastic energy
becomes greater than the vortex pinning energy. We
estimate the vortex elastic energy as Eo=ye,u’/a,
where y is anisotropy, £~(D/ATLY, 2,~(Dy/B)"? and
u is the average displacement from the vortex
equilibrium position. The pinning due to columnar
defects can be estimated as some fraction of the
characteristic vortex energy, Epin ~ Bo/B(ygoa,). [19]
We use the Lindemann expression for the average
vortex displacement u2=cLzaO2 along the vortex
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Fig. 7. Vortex phase diagram of unirradiated and

irradiated untwinned YBCO crystal.

melting line. At the lower critical point, E¢=E,.
Thus the Lindemann criteria can be expressed as
cL=(Bq,/Blcp)2, resulting in a simple expression which
relates the Lindemann criteria to the dose matching
field and the magnetic field. Substituting our results
for By=2000G (By,=5T), By=1000G (4T) and
Bo=500G (1.5T) yields a very reasonable Lindemann
criteria of ¢;=0.18 + 0.02.

Recently, we have observed that the lower critical
point does mnot extend beyond B,=5T. An
irradiation dose of Bg=3500G is sufficient to
completely suppress the first order vortex melting
transition at all fields, replacing it with a Bose glass
transition.  This suggests a threshold value for
defect concentration above which the first order
transition suddenly disappears.  This does not
support the notion that a first order melting transition
transforms smoothly into a higher order continuous
transition with increasing defect density. [20]. Our
results show that the first order transition transforms
into a continuous transition through a shift in the
lower critical point.

V. Point Defects
The lower critical point also plays a similar role in

untwinned YBCO crystals irradiated with 9MeV
protons. Fig. 8 shows the temperature dependent
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Fig. 8. Temperature derivative of the superconductive
resistive transition of an untwinned YBCO crystal
irradiated with subsequent doses of 9.0 MeV protons.
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Fig. 9. Vortex phase diagram of untwinned YBCO
irradiated with 9 MeV protons.

superconducting resistive transition for a single
untwinned YBCO crystal which was irradiated with
increasing subsequent doses of protons up to 2 x 10"
protons/cm®. Note the disappearance of the peak in
the derivative associated with the first order transition
at low and high magnetic fields. The vortex phase
diagram derived from transport measurements is
shown in Fig. 9. The lower critical point shifts from
below 0.05T in the unirradiated sample, to H,,=2T to
4T by increasing the irradiation dose from 1.0 x 10"
p/em?® to 1.5 x 10" p/cm’, respectively. A dose of 2
x 10" p/em® completely suppresses the vortex lattice
to liquid first order phase transition. At much higher
doses of 3 x 10'® p/cm’ we have shown that a vortex
glass transition may exist.[7] There is also a
downward shift in temperature of the transition lines
with subsequent proton irradiation, in contrast to the
upward shift observed in crystals irradiated with
high energy heavy ions as demonstrated in Fig. 1
and 7.

The solid state below the lower critical point in
proton irradiated samples could be a vortex glass
state induced by cluster defect formation [for further
discussion see ref. 9]. However, voltage-current
measurements have so far yielded only ohmic
behavior, unlike the I-V scaling behavior shown in
Fig. 5 for columnar defected samples and expected
for the vortex glass. However, a scaling of the
ohmic resistivity data for the sample irradiated with 3
x 10'® protons/cm’ has yielded a field independent
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Fig. 10. Differential heat capacity measurements above
and below the lower critical point (Hy,=3T) of an
untwinned YBCO crystal irradiated with 1.0 x 10
protons/cm’

scaling exponent consistent with a vortex glass
transition [7]. More recently, we have observed a
change in the specific heat behavior above and below
the lower critical point in another untwinned YBCO
crystal irradiated with 1.0 x 10" p/em®. Above
H,.,=3T, the differential heat capacity displays a peak
associated with a first order phase transition, while
below Hy,, it shows a step associated with a
continuous phase transition as shown in Fig. 10.
The observation of a thermodynamic phase transition
in proton irradiated YBCO below the lower critical
point gives further credence to a vortex glass state at
low fields / high temperatures.

VI. Conclusion

In summary, the lower critical point plays an
important role in the transformation of the first order
vortex melting line into a continuous transition line.
In both the heavy ion and proton irradiated samples,
the evolution from a first order to continuous
transition occurs through an upward shift of the lower
critical point. In the case of columnar defects, the
phase transition line below the lower critical point is
a Bose glass transition. In the case of point defects,
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we demonstrate a clear continuous thermodynamic
phase transition below the lower critical point,
possibly related to a vortex glass transition. Our
studies show that the careful manipulation of the
vortex elastic, pinning, and thermal energies leads to
new transitions and phases, demonstrating that vortex
matter can serve as an ideal platform for the study of
phase transitions.
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