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The current report focuses on the analysis of the investigation results of the Abrikosov vortex motion in the YBa2Cu3O7-δ 
(YBCO) device, which is a c-axis textured 0.3 × 50 × 100 µm3 (thickness × width × length) stripe of YBCO 
superconductor deposited on a LaAlO3 substrate. A laser beam focused in a Gaussian-shape optical spot of 5 µm in 
diameter modifies the stripe, initiating the oxygen out-diffusion and its uneven distribution in illuminated areas and in this 
way causing the appearance of a higher level of deoxygenation in the spot center and a lower level at its edges (slopes of 
weak superconductivity region). At temperatures below the temperature of the superconducting transition Tc, the current-
self-produced magnetic field penetrates the optically modified area of the stripe in a form of Abrikosov magnetic vortices, 
and due to the current-self-produced Lorentz force, the vortices move toward their annihilation line resulting in energy 
dissipation. The vortices pinned on the slopes experience strong pinning and exert a magnetic drag force on moving 
vortices, which is confirmed by the stepped current-voltage dependences of the YBCO devices measured at temperatures 
0.933·Tc ≤ T ≤ 0.958·Tc. Our results demonstrate the advantages of partially deoxygenated YBCO material for the 
development of superconducting electronic devices with electronic properties controlled by the motion of Abrikosov 
vortices at temperatures below Tc of the superconductor. 
Keywords: YBCO superconductor, partially deoxygenated cuprate, current-voltage characteristic, vortex motion. 

 
1. INTRODUCTION ∗ 

The temperature of the superconducting transition Tc 
[1], the critical current Ic [2], both critical magnetic fields 
[3, 4], and the resistivity versus temperature dependence [5] 
alter due to the variation in the oxygen concentration and 
oxygen ordering in the Cu-O basal planes of the crystalline 
structure of the YBa2Cu3O7-δ (YBCO) superconductor. The 
residual oxygen content also predetermines the 
concentration of free carriers in CuO2 planes [6] and is 
responsible for a structural transition from orthorhombic (at 
δ ~ 0) to the tetragonal (at δ > 0.6) phase at which the 
YBCO becomes an insulator [7]. When 0 < δ < 0.6, the 
interpretation of electrical and structural properties becomes 
complicated and somewhat ambiguous. 

The type II superconductor at temperatures T < Tc first 
obtains a mixed state (the state where the superconducting 
and non-superconducting (i.e. normal) phases co-exist in 
equilibrium) due to penetration of the magnetic field in the 
form of Abrikosov vortices [8, 9]. The magnetic 
vortices/antivortices nucleate at opposite edges of the 
superconducting film and, under the Lorentz force, move in 
a direction perpendicular to the direction of the bias current 
toward the center of the superconducting sample and 
annihilate there. At temperatures T < Tc, the first magnetic 
flux penetrates the YBCO superconductor through places of 
the weakest superconductivity, i.e. through the 
superconductor characterized by the lowest oxygen 
concentration that causes the lowest Tc and Ic of the material. 
The flux velocity depends on temperature and bias 
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conditions as well as the FL/Fp ratio. Here, FL is the current 
self-produced Lorentz force, and Fp represents the pinning 
force produced by oxygen vacancies [10], defects in the 
bulk of the superconductor [11], or by the crystalline lattice 
mismatch between a superconducting film and its substrate 
[12]. Since the Fp strength depends on the origin of the 
pinning centers and predetermines the critical current of the 
superconductor, the control of pinning in YBCO is a crucial 
challenge in the search for new applications of thin films, as 
well as bulk superconductors in high-power electric, 
optoelectronic, [13] and magnetic devices [14]. 

The dissipation originated from the motion of 
Abrikosov magnetic vortices, leading to undesirable heating 
phenomena, especially in high-power applications [15]. In 
films wider than the effective penetration of the magnetic 
field [16], the Abrikosov vortices/antivortices nucleate at 
random places at the edge of the film and, under Lorentz 
force, wander between the strongest pining centers [17]. 
Due to the dissipation of the electric field power, the 
current-voltage (I-V) characteristic of a superconductor in 
the mixed state becomes nonlinear. When the current self-
produced magnetic field and/or the external magnetic field 
exceed the second critical magnetic field of a 
superconductor [3], the I-V characteristic becomes linear 
because the material becomes normal (i.e. non-
superconducting). 

The present work reports on the results of the 
investigation of vortex motion in YBCO devices 
manufactured utilizing a green light beam from a 
continuous-wave laser. The testing devices are 
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0.3 × 50 × 100 µm3 (thickness × width × length) stripes (i.e. 
much wider than the magnetic field penetration length into 
the YBCO superconductor [18]) provided with an 
artificially manufactured weak-superconductivity region in 
a form of a 5 µm wide and 50 µm long line of partially 
deoxygenated (δ ~ 0.2) YBCO material. Due to the lower 
oxygen concentration, nonhomogeneous oxygen 
distribution, and diffusion in and out of the optically 
modified area, the weak superconductivity region under bias 
current significantly alters the electric properties of YBCO 
devices that express themselves as irregular, stepped, and 
wavered nonlinear I-V characteristics at temperatures 
T < Tc. Here, Tc is the critical temperature of the 
superconductor untreated by the laser. 

2. DEVICE TECHNOLOGY 

0.3 µm thick, epitaxial c-axis textured YBCO film was 
grown by a metalorganic chemical vapor deposition 
(MOCVD) technique [19] on optically transparent to green 
light and size of 10 × 10 mm2 LaAlO3 crystalline substrates. 
The films exhibited Tc = 91.4 K, the zero-resistivity 
temperature Tc0 = 91 K, and the critical current density 
Jc ~ 1.5 MA/cm2 at 78 K, estimated from the I-V 
dependences, which have been measured using the 
technique for the generation and measurement of repetitive 
current pulses of 10 ns duration [13]. 

Weak superconductivity regions were manufactured 
using a continuous wave Ar-ion laser light (λ = 532 nm) 
focused down to a spot size diameter of ~ 5 μm onto the 
YBCO surface, scanned at a speed of 50 μm/s utilizing a 
computer-controlled XY translation stage with a sample 
holder and a sample fixed on it. Manufacturing was 
processed in a dry nitrogen gas atmosphere by exposing the 
YBCO device to laser light with an output power of 0.4 W. 
The size of an optical spot on the surface of the YBCO film 
was measured directly using an optical microscope. At this 
optical power, the temperature of the illuminated areas 
increased to ~ 770 K; thus, this optical power of the laser 
activates the partial outflow of oxygen in the illuminated 
area, but does not destroy macroscopic superconductivity 
[20]. The geometry of each device on a LaAlO3 substrate 
was processed at a laser power of 2.5 W and a beam 
translation speed of 5 μm/s. In this regime, the temperature 
of the illuminated areas increased above ~ 907 K [21], 
leading to a much more intensive oxygen out-diffusion, to 
δ > 0.6, and to the orthorhombic-tetragonal structural 
transition in the YBCO material. 

The schematic of the set of six 50 × 100 μm2 YBCO 
superconducting devices is shown in Fig. 1. Four out of six 
devices were provided with a weak superconductivity 
region size of 5 μm in width and 50 μm in length, which was 
created by a laser beam. The remaining two devices were 
not treated by laser and did not contain an artificially 
oxygen-depleted region. Their characteristics were used as 
reference data to interpret the characteristics of the YBCO 
devices with a weak superconductivity region. 

The residual oxygen content and the oxygen 
distribution profile in the artificial region of weak 
superconductivity of the YBCO devices were investigated 
at room temperature using a scanning electron microscope 

and an X-ray energy dispersive system measuring the 
chemical composition. 

 

Fig. 1. The schematic of the set of six 50 × 100 μm2 YBa2Cu3O7-δ 
(YBCO) superconducting devices manufactured in the film 
on the size of 10 × 10 mm2 LaAlO3 substrates. Four out of 
six devices contain a 5 μm wide and 50 μm long artificially 
manufactured region of weak superconductivity with δ ~ 2. 
The remaining two devices, which were not treated with 
laser, were left blank and used for reference purposes. Each 
device is provided with two large contact pads and contacts 
made of Au/Cr layers. The black lines represent the outer 
contours of the YBCO devices 

The level of residual oxygen content was also indirectly 
estimated from the results of electric transport 
measurements of the YBCO devices, using a 4-probe 
technique at temperatures 80 K ≤ T ≤ 300 K. 

3. EXPERIMENTAL RESULTS AND 
DISCUSSION 

The resistivity versus temperature dependence at bias 
current I = 1 µA of YBCO device with an optically 
produced 5 µm wide and 50 µm long region of weak 
superconductivity is shown by curve 1 in Fig. 2. 

 
Fig. 2. Resistivity versus temperature dependence measured at 

bias current I = 1 µA for the YBCO device with a 5 µm 
wide and 50 µm long region of weak superconductivity (1) 
and without it (2). The inset represents the oxygen 
concentration (in arbitrary units) and oxygen distribution 
profile across the 5 µm wide weak superconductivity 
region, which was manufactured by the 0.4 W optical 
power from the green-light laser (4). Curve 3 represents the 
oxygen distribution profile on the reference device 

Curve 2 (Fig. 2) represents the resistivity versus 
temperature dependence measured for the reference device. 
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At 1 µA bias current and zero external magnetic field, both 
devices exhibit the temperature of the superconducting 
transition Tc = 91.4 K since the superconducting transition 
taking place in the devices is related to the superconducting 
properties of the YBCO material not treated with laser. 

The zero resistivity temperature Tc0 of the optically 
modified device is much lower than Tc, indicating that the 
mixed state in the device is not stable and the level of 
dissipation of electric power depends on the electric 
properties of the oxygen-depleted region in the device. The 
transition from the mixed state to the superconducting state 
appears multiple times as a sharp drop of resistivity towards 
zero with a few repetitive recovering jumps to the value of 
~ 0.05 mΩ⋅cm (Fig. 2). 

The latter observation let us predict that the bias current 
self-produced magnetic field penetrates the type II 
superconductor in the region of weak superconductivity in 
the form of Abrikosov magnetic vortices/antivortices. 
Under the Lorentz force, the vortices and antivortices 
nucleate at the opposite edges of the stripe and move toward 
their annihilation line at its center, converting part of the 
electric energy into heat. Since magnetic vortices repel each 
other they should arrange themselves in a triangle magnetic 
lattice [22] with a lattice constant a ~ �Φ0/𝐵𝐵. Here 
Φ0 = 2.07 × 10−15 Wb is the magnetic flux and B is the self-
produced magnetic induction of the current. Magnetic 
induction penetrates the weak superconductivity region in 
the stripe with a number n ~ 𝐵𝐵/Φ0 of couples of Abrikosov 
vortices-antivortices. The density of magnetic vortices and 
their motion in the weak superconductivity region define the 
overall resistivity (Fig. 2) of the YBCO device. 

The normal-state resistivity of our device with a 
partially deoxygenated region increased significantly 
compared to that of the reference device (Fig. 2). The 
δ ~ 0.2 degrees of optically induced deoxygenation was 
estimated at room temperature using the scanning electron 
microscope, the X-ray energy dispersive system, and also 
using the room-temperature resistivity and the resistivity 
versus temperature dependences data for the normal-state 
YBCO films given, as discussed ref. [23, 24]. As it was 
predicted for the optical spot of Gaussian shape (inset of 
Fig. 2), the oxygen profile in the region of weak 
superconductivity is not uniform with the higher level of 
deoxygenation produced by optical power in the center of 
an optical spot and with a lower level of deoxygenation at 
the edges of the spot. This affects the formation of large 
slopes with a comparatively larger concentration of oxygen, 
resulting in the greater pinning force for magnetic flux 
penetrating them. On the slopes, the oxygen vacancies 
cannot compete with strong pinning centers (grain 
boundaries and screw dislocations), which are characteristic 
of the MOCVD-prepared YBCO films. 

The easy vortex motion in the region of weak 
superconductivity is also evident in Fig. 3 a, showing the 
stepped I-V characteristics of a stripe with a weak 
superconductivity region. The stepped I-V characteristics 
were observed in a narrow range of temperatures ranging 
between 85.25 K (0.933·Tc) and 86.26 K (0.944·Tc) while 
the region of weak superconductivity stays in the mixed 
state. At temperature T < 85.55 K (curves 1 and 2 in Fig. 3) 
the steps in the I-V characteristics appear at I < Ic of the 

superconducting device (a criterion for determining the Ic 
was used as an amplitude of the current resulting in the 
10 µV voltage across the device). 

 
Fig. 3. a – current-voltage characteristics of a 0.3 × 50 × 100 µm3 

YBCO stripe with an artificial region of weak 
superconductivity produced by a laser beam; b – e – curves 
1 – 9 in extended scale showing the onset of the stepped I-
V characteristic at different temperatures. All curves were 
obtained in the interval of temperatures 
0.933 ≤ T/Tc ≤ 0.958 with a temperature step of ~ 330 mK. 
The inset in the main figure represents a fragment of the I-
V characteristic measured at T = 86.87 K = 0.950⋅Tc in the 
interval of current amplitudes 3.320 mA < I < 3.336 mA, 
near the limit of our measurement setup 

With an increase in temperature, i.e. at T > 85.55 K 
(curves 3 – 9), the steps appear at current I > Ic. 

Fig. 3 b presents the I-V characteristics at very low 
current biasing. We note that with decreasing temperature 
and increasing bias current, regularity in the step structure 
disappears (see curve 6 in Fig. 3 c – d and curves 7 – 9 in 
Fig. 3 d – e). Steps in the I-V characteristics appear when the 
FL ≥ Fp for Abrikosov vortices in an artificially 
manufactured region of weak superconductivity in the 
YBCO stripe and give a clue that they correspond to 
different levels of energy dissipation in the device. The 
analysis of the results shown in Fig. 3 gives a clue that when 
vortices/antivortices are set to motion (when FL ≥ Fp), the 
level of energy dissipation increases (sudden increase in 
voltage in the I-V characteristic) and when vortices stop 
moving (when FL < Fp), the level of energy dissipation 
decreases with a corresponding change in angle of the I-V 
characteristic. 

In general, the pinning force, which is associated with 
various types of structural defects in the film, predetermines 
the character of the motion of Abrikosov magnetic vortices 
in superconductors. Extended growth defects, such as edge 
dislocations, twin planes, and grain boundaries, which 
depend mainly on the growth mode and stresses arising from 
the structural growth mismatch between the film and its 
substrate [19], behave as very efficient pinning centers. The 
dominant pinning centers in MOCVD films, used in the 
current experiment, are extended defects in the form of 
growth spirals with central screw dislocations [17, 25] and 
point defects such as oxygen vacancies in Cu-O2 layers 
[26, 27]. Increasing the concentration of oxygen vacancies 
in the oxygen-deficient region of the stripe can affect the 
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suppression of superconducting parameters and the increase 
of a pinning for Abrikosov vortices. In the case of a c-axis-
textured YBCO stripe containing a 5 µm wide oxygen 
depleted (δ ~ 0.2) region being biased with a relatively 
strong current of several milliamps and locally heated by 
moving vortex bundles, oxygen diffusion along Cu-O 
chains (tracer diffusion) and oxygen diffusion from regions 
rich in oxygen to regions poor in oxygen (chemical 
diffusion) are very promising. This assumption is based on 
experimental results [28] showing that the oxygen activation 
energy along the grain boundaries in the YBCO film and the 
bulk of the material can be of the order of 0.21 – 0.37 eV and 
0.45 eV – 0.86 eV [28], respectively, which are very close to 
current experimental conditions. The irregular steps 
observed in the I-V characteristics in the low bias current 
region (Fig. 3, curves 6 – 9) measured at low temperatures 
serve as an indicator of oxygen reordering in the Cu-O 
chains because of the electric field-assisted process of tracer 
diffusion of oxygen in the oxygen-depleted area. As shown 
in [6], tracer diffusion in oxygen-depleted YBCO can result 
in the formation of superconducting regions with a 
noticeably increased superconducting critical temperature 
Tc. This was explained by the formation of weak links in the 
oxygen-depleted area, resulting in granular 
superconductivity [6]. According to the above 
consideration, the electric field of current and the excess 
heat of moving vortices can make favorable conditions for 
oxygen reordering in the oxygen-depleted region of the 
YBCO strip causing a random elongation or shortening of 
Cu-O chains. Oxygen ordering in the Cu-O chains of the 
YBCO material can significantly contribute to the material’s 
electric conductivity [29] and to the efficiency of the 
pinning for moving vortices [29, 30]. 

The resistivity of the YBCO stripe containing a weak 
superconductivity region is mainly predetermined by the 
level of energy dissipation due to vortex motion when this 
region is in the mixed state. The shape of nonlinear I-V 
dependences, measured at temperatures at which laser-
untreated areas of the stripe are fully superconducting, 
varies with excess heating generated by moving vortices in 
the mixed state material. The shape of nonlinear I-V 
characteristics at large bias currents (I > 0.5 mA) becomes 
wavy (Fig. 3 a, c – e). The dynamic resistivity of the mixed 
state region in the YBCO strip changes in the range between 
~ 55 µΩ·cm and ~ 70 µΩ·cm with a subsequent, quick 
recovery to the initial path. The wavy character of the I-V 
characteristics is attributable to variation in the 
concentration of moving vortex bundles, which generates 
different levels of energy dissipation in the mixed-state 
material in the YBCO stripes. The level of energy 
dissipation in mixed-state material depends on the ratio 
between the FL and Fp amplitudes [23]. The FL is almost 
linearly dependent on the bias current amplitude, but the Fp 
depends on many various factors related to the shape and 
homogeneity of the oxygen-depleted region, the escarpment 
of its slopes, and the dynamics of local temperature, which 
is, in its turn, related to the concentration and speed of 
moving vortices in this region. Energy dissipation can also 
be associated with chemical diffusion (diffusion due to 
oxygen gradients in the sample) and/or oxygen drift into the 
oxygen depleted region with δ ~ 0.2 from the sample’s 

fully-oxygenated regions (δ ~ 0), as well as due to oxygen 
diffusion from the oxygen depleted region through grain 
boundaries [24] to laser untreated regions of the YBCO 
stripe. The oxygen tracer and chemical diffusion in and out 
of the oxygen-depleted region can sufficiently change the 
pining force for the moving vortices and, as a result, the total 
dissipation level in the YBCO stripe containing a narrow 
region of weak superconductivity. 

4. CONCLUSIONS 
Results of analysis of the stepped current-voltage 

characteristics observed in a range of temperatures 
0.933 ≤ T/Tc ≤ 0.958 of YBCO stripes with a region of weak 
superconductivity showed that the electric field of bias 
current together with a heat generated by the moving 
vortices might cause oxygen redistribution in the oxygen-
depleted YBCO material. Oxygen redistribution via tracer 
diffusion (that is, spontaneous mixing of oxygen atoms in 
the Cu-O chains of the YBCO material) and chemical 
diffusion (due to oxygen concentration gradients) can 
contribute significantly to the electrical conductivity and the 
efficiency of the pinning force for moving vortices. Current 
results show that the motion of vortices is very sensitive to 
the temperature, bias current, and oxygen content of the 
YBCO superconducting film. A deeper understanding of the 
vortex motion mechanism in an oxygen-depleted (δ ~ 0.2) 
region, which is manufactured using a beam from a 
continuous wave laser focused into a few micrometers wide 
optical spot of Gaussian shape, can open the way for new 
applications of YBCO superconducting films in 
superconducting electronic and optoelectronic devices for 
precise measurements of current, magnetic field, and/or 
temperature. Current results also show that, to use YBCO 
devices with a narrow region of weak superconductivity in 
high-power applications, the electric field of bias current 
and heat from moving vortices can initiate a chemical 
diffusion of oxygen from oxygen rich regions toward 
oxygen poor regions. Oxygen redistribution can 
significantly modify the oxygen distribution profile in the 
oxygen-depleted region, which is responsible for the electric 
properties of the YBCO device containing the oxygen-
depleted region. 
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