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Dynamics of the vortex matter in YBa,Cu;0,_s single crystal with unidirectional twin
boundaries was studied experimentally in a wide range of velocities of the magnetic flux
in the tilted magnetic field. It was determined that with orientation of the magnetic field
vector in the locality of ab-plane, the dynamics of the magnetic flux near the melting
temperature of the vortex lattice can be described by the Kim-Anderson model and under
temperature lowering — by the theory of collective pinning on small-scale defects or by
the vortex glass model. The intrinsic pinning caused by the layered crystal structure of
the material has an impact on the dynamics of magnetic flux and this effect increases with
the temperature decreasing.

HuHamuKa BHXpeBoil maTepuu MoHoKpuctamna YBa,CugzO,_s ¢ ogHOHanpaBiIeHHOH cucre-
MO IBOMHWKOBBIX TPAHUI] 9KCIEePUMEHTAJbLHO M3yUYeHA B ITHUPOKOM AUANasoHe CKOpocTeil
ABUKEHWSA MarHUTHOTO MOTOKA B HAKJOHHBIX MATHUTHBIX TMoaaX. [lokasamo, 4TO MpU OpHeH-
TAIUN BEKTOpPa MaTrHUTHOTO MOJA B OKPECTHOCTU ab-TIJIOCKOCTH AMHAMWUKA MarHUTHOTO TOTO-
Ka BOJMBW TeMIlepaTyphbl IJaBJeHUs BUXPEBON peNIeTKM MOKeT ObITh OmNucaHa Teopuei
Angepcona-Kuma, a ¢ TOHMKEHUEM TeMIepPaTyphbl — Teopuell KOJJIeKTUBHOTO MUHHUHTA HA
MeJIKOMACIHITAOHBLIX JgedeKTax WAN MOAEeNbI0 BUXPeBoro crexja. CoOCTBeHHBIN NUHHUWHT,
00yCJIOBJIEHHBIH CHAOUCTON KPUCTAJIIUUYECKON CTPYKTYpOIl MaTepuasia, OKasbiBaeT BIUAHUE
HA IUHAMWUKY MATHHUTHOTO IIOTOKA, W 9TO BJUJHUE BO3pacTaeT IO Mepe MOHWIKeHUS TeMIle-

paTypHbI.

Bnaus mapysaTocTi CTPYKTYypHM Ha JMHAMIKY MATHITHOIO HOTOKY B MOHOKPHCTAJAX
YBa,Cus;0,_ 5 . 4.0.Jlomnux, 0.M.Coxonos, P.B.Boék.

Huramiky BuxopoBoi marepii monokpucrara YBa,CuzO,_s 3 OZHOCIPAMOBAHOIO CHCTEMOIO
IBITHMKOBMX MeK eKCIEePUMEHTAJBHO BUBUEHO y IIMPOKOMY TiamasoHi IMBUAKOCTEH PyXy
MArHiTHOTO IMOTOKY B MOXMWJIUX Mar"itHux nonaax. Ilorkasano, mio mpu opieHranii BekTopa
MATHITHOTO TOJA TOOAM3Y ab-TIIOMIWMHU AMHAMiKa MAarHiTHOTO TOTOKY 0ilfd TeMmMmepaTypu
MJIaBJIiHHA BUXOPOBOI PeNIiTKM MOKe OyTH ommcaHa Teopiero Anpepcona-Kima, a mpu 3HU-
JKeHHI TeMIIepaTypu ) Teopier KOJEeKTUBHOTO MiHiHTY Ha apidHomaciiTabHuUxX medeKTax abo
MOJeJNJII0 BUXOPOBOTO cKJa. Bmacuuili miminr, obyMoBaeHUil IapyBaToid KPHUCTAIIYHOIO
CTPYKTYPOIO MaTepiany, BOJIMWBaE Ha AWHAMIKY MarHiTHOTO TIOTOKY, i 1€l BIJWB 3pOCTa€ B
Mipy SHMIKeHHS TeMIIepaTypu.

© 2014 — STC "Institute for Single Crystals”

1. Introduction

The structural anisotropy presence in
high temperature cuprate superconductors
(HTSC) significantly affects their physical
properties [1-3]. However, due to an exist-
ence of cuprate layers some of these proper-
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ties cannot be correlated with the simple
3D-anisotropy. This is not a unique feature
of the HTSC, but is also a characteristic
feature of the traditional (so-called "cold™)
superconducting materials [4, 5]. The lay-
ered structure also leads to some interesting
features of the electromagnetic charac-
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teristics of these compounds. For example,
at a certain temperature T* the 2D-3D tran-
sition is observed [6, 7], wherein the coher-
ence length &, along c-axis becomes shorter
than the distance between CuO, layers.
Also, at low temperatures in the magnetic
field (H > H,;) applied along the layers, the
vortices can be — energetically favorable —
located between the two CuO, layers. As
stated in [8], in tilted magnetic field, the
vortices are locked in ab-plane if an angle
of the slope of the magnetic field is less
than a certain critical angle (6 <6,). An
experimental implementation of this regime
has been confirmed in TI,Ba,Cu,Og and
Bi,Sr,CaCu,Og compounds [9, 10]. In
YBa,Cuz05_g single crystals such studies are
usually complicated by the presence of twin
boundaries (TB). These, in turn, are power-
ful pinning centers [11-14] and an addi-
tional source of the anisotropy [15]. In this
work we study an influence of the layering
structure on its intrinsic pinning and on
dynamics of the magnetic flux of the vortex
system in YBa,Cuz0;_5 single crystals with
a given orientation of TB, at which an im-
pact on the scattering of normal carriers of
the transport current is minimized.

2. Experimental

YBa,Cusz05_5 single crystals were grown
by the solution-melt technology in a gold
crucible according to [7, 15]. With oxygen
saturation in the YBa,Cuz0;_g5 compounds a
tetra-ortho structural transition occurs,
which leads to the twinning of the crystal
in order to minimize its elastic energy. For
resistivity studies the thin crystals were se-
lected with penetrating the TB and with
unidirectional areas of dimensions
0.5x0.5 mm2. This allowed to cut out
bridges with unidirectional TBs and with a
width of 0.2 mm, and with a distance be-
tween the potential contacts of 0.3 mm. The
twin boundaries inside the bridge were ori-
ented in one direction. Herewith, the bridge
was cut in such a way that the transport
current vector I; was parallel to the planes
of the TB, which minimizes their impact on
the scattering of normal carriers of the
transport current. Electric contacts were
formed by applying silver paste onto the
crystal surface, followed by the connection
of silver conductors and three hour anneal-
ing at 200°C in oxygen atmosphere. Conduc-
tors for the current contacts were made
using foil with thickness of 0.1 mm and
width of 2 mm and for the potential con-

6

4.0x1078
3.5x107°

3.0x107%
c X

Q 5
a 2.5x10
& 2.0x10°%1
1.5x1051
1.0x105 1
5.0x10°%+
0

91 Tm 9 o3
T.K

Fig. 1. Resistive transitions to the supercon-
ducting state under H =0 and H = 12.7 kOe
(curves 1 and 2, respectively). Arrow indi-
cates the T, temperature.

tacts we used conductors with diameter
0.05 mm. This method allowed us to obtain
the low transient resistance in the electrical
contacts and to perform resistive measure-
ments at transport currents up to 1 A with-
out overheating the contacts.

The capacitance voltage characteristics
(CVC) and the resistivity measurements
were carried out at the constant current.
The magnetic field up to 12.7 kOe was cre-
ated by an electromagnet. Rotation of the
magnet could change the orientation of the
field relative to the crystal. The magnetic
field orientation accuracy was 0.2°. The
bridge was mounted in the measuring cell in
such a way that vector H is always perpen-
dicular to the transport current vector j.
Temperature was measured by a platinum
thermistor and voltage measurements were
performed by using B2-38 nanovoltmeter.
The temperature measurement accuracy was
0.005 K and the temperature stability during
CVC measurements was no less than 0.01 K.

3. Results and discussion

Fig. 1 shows the resistive transition to
the superconducting state of YBa,CuzO_g
single crystal measured at zero magnetic
field and at the field of H = 12.7 kOe. The
magnetic field vector is oriented parallel to
ab-plane of the crystal. The critical tem-
perature of the crystal was T,=92.8 K,
and width of the resistive transition was
0T, = 0.8 K. These values indicate the high
quality of the crystals, as well as that the oxy-
gen deficiency & does not exceed 0.07 [7, 16].
The resistive transition in the magnetic
field is substantially broadened. The tem-
perature T, associated with the vortex lat-
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Fig. 2. CVC of YBaCuO single crystal measured
at T, K: 80; 81.38; 81.97; 82.55; 83.09; 83.71;
84.3; 84.85; 85.45 and 86.01 (curves 1-10,
respectively) with the vector H|ab-plane.

tice melting was determined by the low tem-
perature peak of the derivative dp(T)/dT
[17] (the peak is shown with an arrow in the
figure). It is believed that at T > T,,, the
vortex liquid phase is in the non-pinning
state [11-14, 17].

Measurements of the capacitance voltage
characteristics at T > T, show, that in this
temperature range, the CVC are linear, that
is the vortex system is definitely in the
non-pinning state [11-14]. At temperatures
below T,;, the CVC are basically non-linear
as it can be seen from Fig. 2(a). As it is
established in [12], the initial nonlinearity
sections of the curves is due to the ther-
mally activated "flux creep”, which occurs
when the Lorentz force F; = IB (where B is
the magnetic induction vector) is less than
the pinning force Fp = I;B, which, in its
turn, is determined by the depinning ecriti-
cal current I .

Fig. 2(b) shows the same characteristics
in logE—dJ-1 coordinates. It is seen that the
initial sections of the experimental curves are
linear in these coordinates. This suggests that
in accordance to [11, 12] the vortex dynamics
could be well described by the theory of col-
lective pinning model in the small-scale de-
fects or by the vortex glass model.
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Fig. 3. Temperature dependences of the criti-
cal current (a) and of pinning potential (b).

Unfortunately, in our experiments the
regime of viscous flow of the magnetic flux
was not reached and therefore we were not
able to determine the depinning critical cur-
rent by extrapolating the linear portion of
the CVC to the point of intersection with
the horizontal axis (dynamic method) [11].
Therefore, to set up the critical current we
choose the method of determination by the
electric field intensity on a specimen E,
equal to 1075, 107 and 1073 V/cm, respec-
tively (statistical method) [12]. The tem-
perature dependence of the critical current,
corresponding to these values is shown in
Fig. 3(a) by the shaded symbols. Presenting
to the equation

E = EgexplU/T(1 - J,/J)] (1)

value of the critical current J, defined in
terms of the electric field intensity on the
sample we determined the temperature de-
pendence of the pinning potential U(T).
Here, U is the pinning potential, and E; is
a phenomenological parameter, the physical
interpretation of which depends on the model.
The temperature dependence of the pinning
potential, as defined in the framework of the
collective pinning (or vortex glass) model, re-
garding the criterion for determining the
critical current E = 107% V/em is shown in
Fig. 3(b). It can be seen that the pinning
potential decreases when the temperature is
decreasing. Notably, the absolute values
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Fig. 4. CVC for YBaCuO single crystal, meas-
ured at T, K: 90.94; 90.55; 89.99; 89.45;
88.94; 88.43; 87.95; 87.56; 87.02, 864;
86.06; 85.49; 84.93; 84.59 and 83.86 (curves
1-15, respectively) at disorientation angle 8
between H and ab-plane equal to 3°.

Uy = 200 K obtained are about an order of
magnitude lower than the values obtained
within the Kim-Anderson model [18].

We have also measured the CVC at the
disorientation angle B of the magnetic field

vector relative to ab-plane (p = 8°). Accord-
ing to [12, 17] for this geometry, an influ-
ence of the intrinsic pinning on the dynam-
ics of the magnetic flux is excluded. The
results are shown in Fig. 4a. As it can be
seen from the figure the CVC form is
changing under the temperature decreasing.
The slope of the curves decreases and their
density changes at a fixed level of tension
in the entire range of currents. Fig. 4b
shows the same characteristics in logarith-
mic coordinates. We can see that near TM
the initial sections of the characteristics are
straightened. As the temperature decreases

8

the CVC are worse described by the Kim-
Anderson model [18]. Fig. 4c shows the
same characteristics in logE—J-1 coordi-
nates. It can be seen that at low tempera-
tures the CVC are satisfactorily described
by the equation predicted in the theory of
collective pinning model in the small-scale
defects (or vortex glass model) [17]. Using
the above criteria to determine the critical
current, we obtained the curves shown in
Fig. 3a with the hollow symbols. The figure
shows that the dependence of J.(T) has the
so called s-shaped form that is rather
sharply increasing at temperatures below
T = 86.5 K. Herewith, the difference in the
magnitude of the critical current in the
field with H|ab-planes of the crystal com-
pared to the values of the critical current in
field inclined at the angle (at the same tem-
perature intervals) increasing with the in-
creasing levels of E, by which the value of
J. was determined. Notably, as the tempera-
ture decreases, the difference increased,
which in turn indicates the increase of the
intrinsic pinning contribution. In this, the pos-
sible strengthening of the role of some specific
mechanisms of the quasi-particle interaction
could play a significant role [19-25].

4. Conclusion

To conclude the experimental results we
would like to mention that when the orien-
tation of the magnetic field vector is in the
locality of ab-plane, the dynamics of mag-
netic flux near the melting point of the
vortex lattice can be well described by the
Kim-Anderson model and when the tempera-
ture is lowered — by the collective pinning
(or vortex glass) model. The intrinsic pin-
ning caused by the layered crystal structure
of the material has a significant impact on
the dynamics of the magnetic flux that in-
creases by decrease of the temperature.
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