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Thermodynamic evidence for the Bose glass transition in twinned YBa,Cu;0;_; crystals
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We used a micromechanical torsional oscillator to measure the magnetic response of a twinned YBa,Cu307_s
single crystal disk near the Bose glass transition. We observe an anomaly in the temperature dependence of the
magnetization consistent with the appearance of a magnetic shielding perpendicular to the correlated pinning of
the twin boundaries. This effect is related to the thermodynamic transition from the vortex liquid phase to a Bose

glass state.
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I. INTRODUCTION

The magnetic field—temperature phase diagram of vortex
matter in high temperature superconductors exhibits a variety
of thermodynamic phases and phase transitions whose prop-
erties are strongly influenced by the nature of the structural
defects in the superconductors [1]. Particularly interesting
is the case of spatially correlated defects, such as twin
boundaries and columnar tracks generated by heavy ion
irradiation, because they produce correlated pinning on the
vortex ensemble and can induce a new thermodynamic state
called Bose glass [2]. This Bose glass phase is characterized
by the collective alignment of the vortices into the correlated
defects and has two distinctive characteristics: a vanishing
of the linear electrical resistivity and a diverging elastic tilt
modulus [3]. As a result of this vortex localization, the Bose
glass phase will exhibit a transverse Meissner effect [3]: a
finite transverse critical magnetic field is required to tilt the
vortex lines away from the correlated defects. For magnetic
fields larger than this critical transverse field, the vortex system
acquires a tilted pinning state [4] where vortices are partially
locked along the correlated defects. In this state, usually
identified as the staircase configuration, the capability to shield
perpendicular magnetic fields is considerably reduced. The
transition from the high temperature liquid state to the Bose
glass phase will only occur when the angle between the
external magnetic field and the correlated defects is small
enough. Theory predicts that the angular dependence of the
Bose glass critical temperature has a sharp maximum when the
vortices are perfectly aligned with the correlated defects [3].

Many experiments to test this phase transition have been
performed in different superconductors with correlated defects
and can be classified in two groups: transport measure-
ments [5,6] and shielding current measurements [7,8]. From
the first group of experiments clear evidence for the transition
to a Bose glass state has been obtained through the scaling of
the voltage versus current data and the angular dependence of
the critical temperature. Although these measurements show
critical scaling its thermodynamic properties are hindered
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because of the out-of-equilibrium nature of the experiments.
On the other hand, magnetic measurements [9] have shown
evidence for an enhancement of the shielding capability to
perpendicular magnetic fields, but again these experiments
were done far from equilibrium and cannot discard that the ob-
served effects were due to some metastable configuration [9].
In this Rapid Communication we used a micromechanical
torsional oscillator to study the Bose glass transition in a
micron size twinned YBa,Cu307_; crystal. Our results provide
direct evidence of the transverse Meissner effect characteristic
of this phase.

II. EXPERIMENTAL DETAILS

In this work we use a micromechanical oscillator device
similar to the one used by Chan et al. [10] and Decca
et al. [11,12] to obtain precise measurements of the Casimir
force. Micromechanical oscillators have been used as magne-
tometers for microscopic magnetic and superconducting sam-
ples [13] due to their high sensitivity [14], fast response, and
good performance at very high magnetic fields [15]. Our device
was fabricated using the multiuser process PolyMUMPs from
the commercial foundry Memscap (Durham, NC, USA). It
consists of a polysilicon paddle of 500 x 500 x 3.5 um?
anchored to the substrate by two 200-pm-long parallel rods
of section 2 x 2 um? on each extreme. The torsional elastic
constant for this design is k = 5.41 x 10~ Nmrad~'. Two
symmetric electrodes placed on the substrate underneath
each flap allows the capacitive detection of the oscillator
displacement. In Fig. 1(a) we show a scanning electron
microscope picture of the device.

A circular YBa,Cu307_s (YBCO) single crystal with ori-
ented twin boundaries is placed on top of the micromechanical
oscillator [Fig. 1(a)]. The circular disk was carved out from a
larger single crystal using a focused ion beam milling tool. The
disk final dimensions are 10 pm of thickness and a diameter
of 100 um. The sample was glued to the micromechanical
oscillator with a submicron drop of Apiezon N vacuum grease
using glass micropipettes and hydraulic manipulators under
an optical microscope. Ultrasonic bonding was used to wire
bond 25 um gold wires to connect the oscillator to a sapphire
substrate which was later mounted in a rotatable holder of an
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FIG. 1. (Color online) (a) Scanning electron microscope image
of the polysilicon mechanical torsional oscillator with the super-
conducting YBa,Cu3;07_s (YBCO) sample mounted on it. (b) Cross
section of the micromechanical silicon oscillator with the indication
of the relevant geometrical dimensions. (c) Polarized light microscopy
picture of the measured disk glued to the oscillator. The normal of
the twin planes were at 75° from the rotational axis of the paddle.

Oxford Teslatron variable temperature insert. The rotational
axis of the holder is perpendicular to the uniform magnetic
field generated by a superconducting magnet.

All data shown in this work were taken by sweeping
temperature while keeping constant the angle 6y between
the magnetic field, ﬁ, and the substrate. The experiments
were performed using a field cooling protocol, e.g., the data
were taken while lowering the temperature after applying
the magnetic field at temperatures higher than the critical
one. When the sample becomes superconducting, a magnetic
torque,

T=M x H, ey

appears in the sample and the torsional plate of the microme-
chanical oscillator will rotate around its torsional axis [11].
This rotation is counteracted by the restoring torque caused
by the deformation of the springs causing the plate to reach a
tilt angle o = 7/k, where k is the oscillator’s torsional spring
constant [11]. In our experiment, the tilt angle o was obtained
by measuring, with an Andeen-Hagerling AH 2700A bridge,
the capacitance between the oscillator paddle and each of the
electrodes symmetrically placed underneath. This capacitance
is modeled by the expression

&L In ho + (d + w) tan(xw)
T tan(do) ho + d tan(*a) ’

where L is the paddle length, h is the distance between the
oscillator and the electrodes at rest, d and w are the distances
that describe the electrode geometry, and the +, — signs
correspond to the electrodes 1 or 2, respectively [see Fig. 1(b)].
Each angular value we report was obtained from the average
of the measurements from both electrodes.

Ci2

III. RESULTS

InFig. 2 we plot the oscillator angular response as a function
of temperature for an applied magnetic field uoH =1T
oriented at different angles close to the c-axis direction. We
observe several features in the data: first, for all measured
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FIG. 2. (Color online) (a) Angular displacement of the silicon
torsional oscillator, ¢, as a function of temperature with an applied
external magnetic field of 1 T for different orientations, 6, between
the substrate and the magnetic field. All data are take from field
cooling experiments, and show reversibility upon warming. For
angles |6y | < 1.5° the curves become nonmonotonic presenting a
maximal value at a given temperature. The inset sketch is a vectorial
representation of the sample magnetization indicating the different
angles involved in this experiment. In (b) we plot representative
data for small 65 showing the symmetric response around the c-axis
direction.

angles the oscillator starts to deflect at 91.8 K coincident with
the superconducting critical temperature of the YBCO. The
deflection is symmetric for angles, 6y, around the ¢ axis,
and its magnitude increases as 6y increases [in agreement
with Eq. (1)]. This indicates that the micro-oscillator behaves
essentially as a very sensitive magnetometer. Since the elastic
constant of the torsional spring of our oscillator is temperature
and field independent, for a fixed magnetization direction the
deflection angle is proportional to the sample magnetization.
The orientation of the magnetization for a given sample is
the result of two competing energies: the Zeeman energy,
minimized when the magnetization and the external magnetic
field are parallel, and an anisotropy energy (taking into account
the geometry and structure of the sample) minimized when the
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FIG. 3. (Color online) (a) Magnetization of the superconducting
YBCO disk as a function of temperature for different applied mag-
netic fields. Continuous lines are data obtained from our experiments
and discrete points values extracted from Welp et al. [17]. (b) Angular
displacements of the oscillator as a function of temperatures for an
applied field of 2 T for values of 8y close to zero. A clear shift to
lower values for T* as |0y| increases is visible. The inset plots the
dependence of T* as a function of the orientation, 6y, for an applied
magnetic field of 2 T.

magnetization is aligned to an easy axis. For high temperature
superconducting samples, due to its anisotropy and platelike
shape, the direction of the reversible magnetization of the
YBCO disk is almost parallel to the ¢ axis [16]. Therefore
our measurements in the high temperature range detect the
magnitude of the c-axis magnetization.

In Fig. 3(a) we plot the calculated values for the disk
magnetization as a function of temperature for different
magnetic fields overlaying the data from Welp et al. [17].

For a small range of angles around the c-axis direction
we observe a clear change of the behavior: At an angular
and field dependent temperature, 7%, the tilt angle of the
micromechanical oscillator reaches a maximum indicating that
the magnetic torque exerted by the sample starts to diminish on
further lowering the temperature [see Fig. 2(b)]. This behavior
represents a sudden change in the temperature derivative of the
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magnetization, %, which is a thermodynamic signature for a

second order phase transition [18].

A simple explanation for the measured behavior can be
given in terms of the Bose glass model. At high temperatures,
where the vortex ensemble is in the liquid state, the sample
magnetization mainly points along the ¢ axis of the crystals
due to sample geometry and material anisotropy. This magne-
tization exerts a “negative” torque on the sample-oscillator
system. As soon as the sample enters into the Bose glass
phase a transverse Meissner effect appears. The appearance
of this effect implies that the sample magnetization has an
extra component that is ~90° away from the ¢ axis. Such
magnetization component counteracts the torque generated
by the c-axis magnetization as is schematically shown in the
inset of Fig. 2(a). This behavior is what our micromechanical
magnetometer is reflecting, a reduction of the total torque
exerted by the sample.

Further evidence that this observed anomaly is related to
the Bose glass transition can be obtained by plotting T* as
a function of the sample angle, 8y, shown in the inset of
Fig. 3(b), for an applied field of 2 T. The cusplike shape of
the transition temperature predicted for this phase transition is
very clear. The data at this particular field shows an asymmetry
between negative and positive angles. We can rule out that this
effect is due to an experimental artifact such as a magnetic field
or temperature gradient at the sample position, an asymmetric
response of the oscillator, or a thermal decoupling between
the thermometer and the sample. One possibility for this
asymmetric condensation energy of the Bose glass phase is a
nonuniformity at the samples edges. In micron-sized samples
such as those reported here there is a significant fraction of
vortices that are affected by surface effects. We must also
remark that in a previous work [5] a change was observed in
the T vs O dependence as a function of the applied magnetic
field. At low fields a linear dependence was reported and at
high fields a sharper cusplike functionality was found. In our
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FIG. 4. (Color online) (a) Displacement angle of the oscillator as
a function of temperature for different magnetic fields applied at an
angle 65 = —0.4°. Inset: Magnetic field versus temperature phase
diagram for the measured d M /dT discontinuity in comparison with
Bose glass critical temperatures obtained from transport measure-
ments reported by Grigera et al. [6] and Maiorov et al. [5].
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case we are measuring both dependencies at the same applied
magnetic field but at negative or positives angles.

In the inset of Fig. 4 we summarize the position of the
measured anomaly in a H-T phase diagram. For comparison,
data obtained from the scaling of transport measurements [5,6]
for similar crystals are plotted in the same graph, showing
perfect agreement with our data.

Figure 4 shows representative data taken at the same nomi-
nal 0 at different magnetic fields. A clear field dependence for
the % discontinuity is observable. Moreover, the curves for
all fields merge for temperatures above this feature indicating
that the magnetization has a close to 1/H dependence in
the reversible vortex liquid state. At temperatures closer to
the critical one this data overlap is lost, indicating that a
different scaling functionality must be taken into account. In
this temperature range three-dimensional thermal fluctuations
on the thermodynamic magnetization were observed [19].

IV. CONCLUSIONS

In summary we have presented experimental evidence
of the thermodynamic nature of the vortex system Bose
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glass transition in high quality YBa,Cu307_; single crystals.
The temperature and angular dependencies of the magnetic
response, measured by a high sensitive silicon micro-oscillator
are fully consistent with a continuous transition at Tg; and
correspond to the appearance of a spontaneous magnetic
shielding to the perpendicular component of the magnetic
field.
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