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EFFECT OF TWIN BOUNDARY DENSITY ON THE VORTEX MELTING

TRANSITION IN YBa2Cu307-5 SINGLE CRYSTALS
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Materials Science Division and Science and Technology Center for Superconductivity,

Argonne National Laboratory, Argonne, IL 60439, U. S. A.

ABSTRACT

We present magnetotransport p(H,T) measurements in clean untwinned and twinned crystals of
YBa2Cu30"/-5 in magnetic fields up to 8 Tesla for H II e. In untwinned crystals, we show
strong support for a vortex solid to liquid first order melting transition at a temperature Tm,
much below the mean field transition temperature To(H), characterized by an extremely sharp
drop in resistivity 9(Tm) and the appearance of hysteretic behavior at p(l-Im). In densely
twinned crystals, the sharp transition is replaced with a continuous transition at a higher
temperatureTBG>Tm. Furthermore, the cusp in TBG(0) predicted by the Bose glass theory at
fixed field is observed. In dilutely twinned crystals we.demonstrate the competing effect of
pinning and freezing at the phase transition. The vortex solid state at low fields is characterized
by the appearance of a 'peakeffect' just below the melting temperature.

i

1. Introduction

The vortex state in high temperature superconductors continues to yield novel
results and a complex phase diagram. Recently, experimental support for a first order
phase transition from the vortex liquid to the solid'state has been demonstrated in clean
untwinned YBa2Cu307-8 single crystals. 1-4 An interesting question is the effect of

correlated defects on the first order phase transition. We investigate this effect using twin
boundaries, which naturally occur during the growth process of this material. By varying
the density and spacing between twin boundaries, we demonstrate that the vortex liquid
to solid first order freezing transition can be suppressed.in densely twinned crystals due
to enhanced pinning in the vortex liquid state, leading to a continuous second order •
transition at a higher temperature. In dilutely twinned crystals where the spacing of the
twin boundaries is about a hundred microns, we see a vortex competition between
pinning and melting which reduces the size of the feature associated with the first order

transition. Furthermore, in these crystals, we see a sharp 'peak effect' 5 in the critical
current which occurs just below the first order melting transition, giving additional
support to the first order vortex liquid to solid phase transition.

2. Sample Preparation and Experimental Set-up

Samples of high quality single crystals of YBa2Cu307-5 with superconducting
transition temperatures in excess of Tc>92K, were grown at Argonne National

Laboratory using the self-flux method 6. The untwinned crystal was obtained by de-
twinning a crystal under uniaxial pressure at 430 C according to a method described
elsewhere 7. The densely twinned crystal was cleaved to obtain a single dense set of twin
planes parallel to the long edge of the crystal, and the current direction was oriented



parallel to tho twin boundaries so that the Lorentz force was directed perpendicular to the
twin planes. The dilute twin boundary crystal consisted of only two twin planes at 45
degrees to the crysta! ,-dge and separated by a distance of about 140lam from each other.
Four silver conductive pads were painted on the samples in the standard four probe
geometry and sintered at 420 C. Gold wires were attached to the pads with silver epoxy
and cured for one hour at 140 C. The resulting contact resistances were less than lfL
For all samples, the current was directed in the ab-plane of the crystal with the magnetic
field app led parallel to the crystallographic c-axis. The measuring currents ranged from
0.3AJcm'.', to 40A/cm 2 with an excitation frequency of 17Hz. Voltage-current
characteristics were obtained with DC current while alternating the direction at each
value to minimize thermal voltages. The samples were placed in the bore of two
concentric superconducting magnets 8, an 8 Tesla solenoid and a 1.5 Tesla split-coil
magnet which resides in the bore of the solenoid. The angle of the applied magnetic field
with respect to the sample was changed by independent control of the current through the
two magnets, with a resolution of approximately 0.005 o.

3. First Order Vortex Melting Transition

The resistive transition at several fixed magnetic fields is shown in Fig. 1 below
for a high quality untwinned
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Figure I Resistivityversustemperatureforanuntwinnedsingle field is shown in the inset of
crystalofYBa2Cu3OT._iforHII c. (Inset) Resistivityversusfield Fig. 1 for two different
at T=81.386Kfor two differentmeasuringcurrents, measuring currents of Is =0.35

AJcm2 and 3.5 A/cm 2 and for
both increasing and decreasing magnetic field sweeps. At the lower measuring current,

the hysteresis is quite robust, AH--200 Oe. For decreasing magnetic field, the transition at

the freezing field Hm-5.87T is extremely sharp, AHm<10 Oe, whereas for increasing
magnetic field the transition is much broader. The different width of the freezing and
melting transition field demonstrates the different initial pinning states of the vortices.
The vortex state above Hm is characterized by weak pinning due to the high quality of
the crystal and the liquid nature of the vortices. Thus upon decreasing the magnetic field,
the vortex-vortex interaction dominates over the vortex-pin site interaction and the



vortices can arrange themselves in the lattice configuration with little interference from
pinning. Nucleation of the vortex solid state at Hm occurs throughout the entire crystal
within a very narrow field range. Below Hm, a finite shear modulus C66 appears with
the vortex lattice, greatly enhancing the pinning effectiveness of each defect. Upon
increasing the magnetic field from this state, the vortex lattice melts inhomogeneously at
fields dictated by the local defect density. In addition, depinning of the vortex lattice may
also occur concurrently, leading to the broader transition.

At higher measuring currents, the sharp freezing transition near Hm is still
observable, however, the hysteresis collapses below this transition. Apparently, the
depinning critical current has been exceeded for the solid, leading to a flux flow behavior
of the vortex solid below Hm. The extremely narrow transition width of aTm.-60mK and

N-Im<10 Oe, compared with one part in 104 of the ambient temperature and field, and the

pronounced hysteresis in P(H) strongly suggest a first order vortex liquid to solid phase
transition.

4. Densely Twinnea Crystal

Figure 2 compares the
1.0 • • - _ • • • i • ' • i , • • _'' • • , ' • • I ' '_i
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objects, one expects vortex pinning to be maximized when the vortices are aligned
parallel to the twin planes, and reduced when the vortices are tilted away from the twin

planes. This is clearly demonstrated in
Fig. 3, where the resistive transition near

83.8 _ .... '"'" .... '""'""" .... ' .... " the 'shoulder' is shown for various
H_ :c , H=4T " magnetic field angles tilted away from the

83.4 \0 i , , twin planes. With increasing tilt angle, the

_" ,/" C; effect of twin boundary pinning decreases

v__a83.0 as seen by the rise in the resistivity valuefor the same temperature. Furthermore, a
- • • . small 'kink' in the resistivity at the tail of

82.6 the transition develops with decreasing
• • •, . twin boundary pruning. The 'kink'

82.2 ,_.... , .... , .... , .... , .... , .... _,.... • develops to its full constant height at the
-2 -1.5 -1 -0.5 0 0.5 1 1.5 a tilt angle where twin boundary pinning

O (degrees) disappears as shown in the inset to Fig. 2.
Comparison with Fig. 2 shows that the ftrst

Figure 4. Angular dependenceof the Bose glass order vortex liquid to solid phase transitiontransitiontemperatureshowinga cusplike behavior •
near H IItwin boundaries. Data for negativeangles ISrecovered.
are a reflectionof the data fromthe positiveangles. For vortex pinning by twin

boundaries, a second order phase transition
from the vortex liquid to a Bose glass statel 1 at TBG is predicted with resistivity scaling

as p(T)~(T-TBG)S, and s=4~6 for columnar defects. A fit of our data near the tail of the
transition for IT < H < 5T yields s-4.87+_ 0.8. Furthermore, the angular dependence of •

the Bose glass transition temperature TBG(O) obtained from fits to the data of Fig. 3

yields a 'cusp' near 0=0°, as predicted for the Bose glass, due to the spatial anisotropy of
the pinning defect, as shown in Fig. 4.

5. Dilute Twin Boundary Pinning

Fig. 5 shows the
80 ,,,.._+,.,,..,,,. i.. ,1 "'"'_i_ resistive transition of a crystal

......: ////t7 0 __.,--- with only two twin boundariesO,5T J

60 • • .1.0T -- Ii11 q forHIIc. At magnetic fields
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1 0 the sharp 'kink' is present, and
at higher fields, only the

0 .... 'shoulder' is observed. With
80 8 2 84 86 88 90 92 9 4 increasing field beyond 0.5

T(K) Tesla, the 'shoulder' develops
Figure 5. Resistivity versus temperature of a crystal with only two and reduces the resistive height
twin boundaries for H II c. The horizontal dashed lines depict the of the 'kink', showing the
decreasing height of the 'kink' with increasing magnetic field.



competing effect of pinning in the vortex liquid state which tends to suppress the first
order phase transition at Tin. For H=4T, we show that the full height of the 'kink' can be
recovered by tilting the magnetic field away from the two twin planes, similar to the
behavior shown in Fig. 3 above.

Fig. 6a shows an expanded view of the resistive transition at different measuring
current densities Is, just below the melting temperature Tm-91.1K for H=0.5T IIc. At
ls=6.7~40A/cm 2, the resistivity goes to zero below T--90.76K. With increasing
measuring current above Is=6.7 AJcm 2, we observe a distinct increase in the resistivity
below the zero resistance temperature. A similar behavior is observed in Fig. 6b where
we have fixed the measuring current at I s=40 AJcm2 and measured the resistive transition
below Tm at different tilt angles of the magnetic field with respect to the twin planes.
Comparison between the two graphs shows that tilting the magnetic field from the twin
planes and thereby reducing twin boundary pinning, has the same effect as increasing the
measuring current. The inset to Fig. 6b shows the critical current density as a function of
temperature for various tilt angle of the magnetic field with respect to the twin planes. A

dramatic 'peak effect' 5 is observed just below the melting temperature Tm at Tp=90.60K.
The fact that this peak in the critical current disappears with increasing tilt angle is
evidence that the 'peak effect' in YBa2Cu307-_i is strictly dueto twin boundary pinning.

11_..... ' .... '''''' ...... '...... '' "J 20

H=O.5TIIe (a) : \ ............ I =40A/cm'

0.8r ---4--40.0 A/cm= - ._N_ ..._ j_
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: _(I,,,2.0

_-0.6[- _ 13.5 A/cm= - A T
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0.2=_f=_ : 5o: :
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T(K) T(K)

Figure 6 (a) Resistivity versus temperature below the vortex freezing transition Tm at H=0.ST II c at

various measuring currents. (b) Resistivity versus temperature below Trn at various angles of the magnetic

field with respect to the twin planes at a fixed measuring current. (inset) Peak effect in the critical current
belowTm forvarioustilt anglesof themagneticfieldwithrespectto the twinplanes.

6. Conclusion

We have shown that in clean untwinned crystals, the 'kink' in the magnetoresistive
transition is associated with a first order vortex liquid to solid phase transition through the

observation of a pronounced hysteresis in p(H) and by the extreme sharpness of the
transition. In densely twinned crystals, we showed that the first order phase transition is
replaced with a continuous second order transition into a Bose glass state. A cusp in the

angular dependence of TBG(0) as predicted by the Bose glass theory was observed. In
dilutely twinned crystals we demonstrated the competition of the pinned vortex liquid
state with the first order freezing transition. In addition, we showed the existence of a
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peak effect in the critical current just below the vortex freezing transition and
demonstrated that the peak effect is a direct result of twin boundary pinning.
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