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Low density flux dynamics in Nd based cuprate (NdBa,Cu;0,_) HTSC single crystals
trapped in =1 Oe range DC magnetic fields were investigated for the first time. Complex
measurements of time, temperature and field dependence of magnetization were per-
formed. Using the results obtained and the Anderson-Kim model the normalized magneti-
zation relaxation rate S and the averaged effective pinning potential U were calculated.
We show a significant increase in the effective pinning potential in comparison with
measurements performed in high magnetic fields for similar cuprate single crystals for-
merly. In a wide enough range of temperatures close to T, (0.72<T/T.<0.93) it has been
shown that the doping of NdBa,Cu;O,_, single crystals with calcium atoms leads to an
increase of the averaged effective pinning potential with an insignificant decreasing of the
critical temperature.

Brepsrie mccaeqoBaHa IMHAMHKA MACHATHBIX IIOTOKOB MAJIOM ILIOTHOCTH, 3aXBAUEHHBIX
B IOCTOSHHBIX ITOJNAX mopsaaxa semuoro (=1 9), 8 BTCII moHOKpHCTALIIAX HA OCHOBE HEOMIU-
ma (NdBa,CuzO;_,). IlpoBeleHbl KOMILIEKCHBIE HM3MEPEHNS 3aBUCHMOCTH HAMATHHYCHHOCTH
OT TeMIIePATyPbl, MATHATHOTO IIOJASA M BPeMsA. [[0 IOJYyUYEHHBIM PE3YJbTATAM C IIOMOIIBIO
auHelHo#l momenu AHgepcona-Kuma paccunTanbl BeJIWYNHBI HOPMUPOBAHHOI CKOPOCTU M30-
TepMUYECKOIl penarkcanuu S U ycpegHeHHOe 3HaueHne 3(P(PEeKTHBHOrO MOTEHIINAIA THHHUHTA
U. TlokasaH cyliecTBEHHBIA pocT 3(MPEKTUBHOrO MNOTEHI[HMAJA IMHHUHIA II0 CPABHEHUIO C
paHee HAOIIOZABIIUMCH IJIA CXOMKNX KYIPATHBIX MOHOKPHCTAJJIOB B 9KCIEPHUMEHTAX C CHUJb-
HBIMHM MAUHUTHBEIMH IIONAMH. B gocraTouno mmmpoxom mmamasoHe Temmeparyp BOamsu T,
(0,72<T/T,<0,98) morasamo, uro gmommposanume MoHokpucramros NdBa,Cu,O, , aromamm
KaJbIUsA [IPUBOIUT K YBEJIMYEHHUIO YCPeLHEHHOTO 3 (eKTHBHOrO MOTEHINAA MTNHHUHTA IPU
BeCbMa HE3HAUHTENbHOM CHIKeHHH T.
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1. Introduction

The high-temperature superconductive
single crystals (HTSC) have proven to be a
universal object of investigation while
studying the magnetic and electrical proper-
ties of the solid matter in superconducting
state. Comparing to the polycrystalline or
thin film samples these crystals have no
grain boundary or substrate influence ef-
fects. Rare-earth element based cuprate
HTSCs form a wide class of superconductors
that are widely used both in fundamental
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researches of condensed state and in practi-
cal applications [1, 2]. Contactless magne-
tometric methods allow determining the im-
portant parameters of HTSC (critical tem-
perature T,.; low and upper critical fields
H_.;, H_5; etc.) without preliminary prepara-
tions of the sample and leaving its structure
intact and are widely used in leading scien-
tific centers. In spite of an extensive
amount of publications on studying the
magnetic and electric properties of high-
temperature superconductors with different
crystalline structure the low field and close
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to critical temperature area of the H-T
phase diagram remains unstudied [3]. It can
be explained by an increase of the thermally
activated fluctuation processes near the
phase transition domain and high sensitiv-
ity sensor required at low DC magnetic
fields.

HTSCs are known to be type-II supercon-
ductors. The magnetic field penetrates the
volume of the HTSC and can be trapped
there in a form of Abrikosov vortices and
its bundles. The vortices fix them selves on
various structural defects with locally sup-
pressed superconducting order parameter.
This process is referred to as pinning and U
is the effective averaged pinning potential.
There are many defects that can play the
role of potential pinning centers: atomic va-
cancies and crystal lattice substitutions,
dislocations, twin boundaries (TBs), grain
boundaries, etc. While the vortexes are
pinned the superconductor remains in the
dessipationless mixed state. Transport or
screening currents affect the vortices in a
way similar to the Lorenz force, attempting
to drive them off the pinning centers. This
effect is enhanced by thermal fluctuations
that sway the vortices. The effective pin-
ning potential is starting to decrease. It can
be observed as flux creep; dissipation proc-
esses and sample magnetization (M) decay
[4].

The Anderson-Kim thermally activated
flux creep model assumes a linear relation
of the current density J with the creep ac-
tivation energy, equal to the averaged effec-
tive pinning potential depth: U = Uy(l-
J/dJ.), where U is the effective pinning po-
tential in the absence of current, and J, is
the critical (maximal possible dissipa-
tiveless) current density. However, the ex-
periments have shown that this dependence
is significantly nonlinear and can not ade-
quately describe the superconductor behav-
ior in all temperature (0<T<T,), magnetic
field (0<H<H_;) and current (0<J<J))
ranges.

Twinning boundaries exist as natural
structural defects in cuprate HTSC. They
appear in the process of sample fabrication
and can be found in single crystals, poly-
crysatal and thin film samples. The sub-
strate homogeneity additionally strong af-
fect stoichiometry of the thin film samples
[6]. The twinning boundaries in HTCS can
act as pinning centers at high temperatures
as well as flux creep assisting channels at
low temperatures [6]. There is a significant
amount of theoretical and experimental
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publications on the influence of the twin-
ning boundaries on the electrical and mag-
netic properties of HTSC. However the ex-
perimental studies of the pinning effects
and magnetic flux dynamics are usually
conducted in strong magnetic fields, when
the vortex grid is fully formed and the vor-
texes strongly interact with each other (vor-
tex matter).

2. Experimental

As the main objects of investigation we
have chosen cuprate HTSC single crystal
samples based on the rare-earth element
neodymium (NdBa,Cu3;0,_,), undoped and
calcium doped. The typical dimensions of
the crystals under study were 0.5-2 mm for
a and b axes and 0.015-0.1 mm for ¢ axis.
The structure of the samples was analyzed
using an optical microscope with moving po-
larized light source. This method allows to
clearly observe the unidirectional TB areas
and their boarders as well as the mosaic
structure of the crystal. To study the influ-
ence of the planar defects on the pinning
processes we usually selected samples that
contained unidirectional twinning bounda-
ries along c¢ axis through the bulk of the
sample and with minimal mosaicity.

Magnetization temperature dependence
and isothermal magnetization relaxation
curves were obtained using helium-cooled
SQUID-gradientometer. We used a standard
method of magnetization measurement by
registrating the response of a radio fre-
quency SQUID on the sample magnetic mo-
ment change in a homogeneous magnetic
field of the solenoid. The sensitivity of the
experimental set to the minimal magnetic
moment of the sample is =8.6-10711 Am?2.
The effective shielding system reduces the
value of external Earth magnetic field in-
side the measuring chamber to ~0.5 mOe.
The deviation of the temperature in the
chamber from the selected value is ~2 mK
in the 20-120 K range.

In order to investigate the supercon-
ducting phase transition of the sample it
was cooled down to =20 K in the homoge-
nous magnetic field (field cooling, FC-
method). The magnetic field was then
turned off and the sample was slowly heated
up with a constant rate of 0.2 K/min while
the magnetization of the sample was re-
corded constantly. Superconducting phase
transition curves obtained, M(T), were used
to define the critical temperature T, = T "
set of the HTSC crystal under test. While
studying the isothermal magnetic relaxation
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Fig. 1. Magnetic relaxation M for one of the
tested samples normalized to its initial
value MO. Methods for calculation of normal-
ized relaxation rate S and effective pinning
potential U, respectively according to the lin-
ear model of creep for two time windows are
shown at inset.

we used the following measurement se-
quence: the sample was cooled below T ons¢t
to a fixed temperature in constant homoge-
nous magnetic field. After that the field
was turned off. Remanent (due to trapped
flux) magnetization change, M(%), was re-
corded. The curves obtained were used to
determine the isothermal relaxation rate S
and the effective averaged pinning potential
U using various models [4]. Fig. 1 shows
the typical isothermal relaxation curve for
one of the samples and the S and U estima-
tion method:

S =1/MydM/dlnt) and U = kT/S, (1)

where M is the initial magnetization and &
is the Boltzmann constant.

To compare different methods of the
magnetic flux dynamics investigations in
HTSC, we also performed additional meas-
urements of the magnetic properties of cu-
prate single crystals using a commercial
SQUID-magnetometer (Quantum Design,
MPMS 5). During those measurements mag-
netization loops M(H) of the HTSC samples
were obtained (Fig. 2), as well as M(T) and
M(t) characteristics. The magnetization
loops allowed us to determine the penetra-
tion field H, and the first (low) critical
field H,; of €he samples which are difficult
to calculate taking into account the geomet-
rical parameters of the sample and boarder
effects.

The magnetization curves of the type-II
superconductors containing various pinning
centers become irreversible and hysteretic.
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Fig. 2. Sample W195 magnetization loop
M(H) for the high temperature range.
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Fig. 3. Averaged values of the normalized
isothermal relaxation rates at wide tempera-
ture range for two tested samples.

For the typical HTSC samples the presence
of pinning centers leads to the transforma-
tion of the M(H) curve to a magnetization
loop. The width of the magnetization loop
AM is proportional to the averaged effective
pinning potential. According to the Bean’s
critical state model the critical current den-
sity J, is associated with the geometrical
parameters and AM of the sample under
study. The value of J. can be estimated for
example by a relation: J, = 15AM /R, where
R — is the function of the sample geometry
which include the demagnetizing factor and
J(H) dependence [7].

The experimentally obtained magnetiza-
tion loops of the single crystals under test
are strongly asymmetrical in respect to H
axis which indicates a strong influence of
the surface barriers on the vortex dynamics.
In these conditions it seams not possible to
apply the Bean’s critical state model to esti-
mate the critical current density J, in the
selected field and temperature ranges. Thus
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Fig.4. Isothermal magnetization rate S drop at the low fields due to TBs effective pinning potential
increase in comparison with data from the publication [9] (a) and creep activation energy U increase
at the low field in comparison with data from publications [10, 11] (b).

to estimate the effective pinning potential
in low field domain which corresponds to
the initial part of the magnetization curve
M(H), it seams more reasonable to register
the magnetization relaxation curves M(t) and
use the relation (1) for U value calculation.

3. Results and discussion

Fig. 8 shows the averaged values of the
isothermal relaxation rate for two typical
single crystals in a wide temperature range.
The sample W191 is undoped
(NdBay,Cu30g gg), T, = 95.8 K. The sample
W195 is doped with calcium
(Nd0_88C30_12832CU306_93), TL‘ = 82.83 K. The
cuprate single crystal doping is used to cre-
ate artificial point defects which allow to
increase the current carrying abilities of the
superconductor, J,. [8]. The sample-field ori-
entation was Hllc at which the most effec-
tive vortex pinning by TBs was observed. It
can be seen that the doppant plays the role
of additional dot-like pinning centers caus-
ing the relaxation rate to drop at a wide
temperature range.

The comparison of our results on the re-
laxation rate behavior with the results ob-
tained for similar HTSCs in significantly
higher magnetic fields by other authors [9-11]
is presented in the Fig. 4. The high mag-
netic fields suppress the random Josephson
weak link system in the twinning and grain
boundaries thus significantly decrease acti-
vation energy for magnetic flux creep and
increase the apparent S value. Earlier in the
experiments with the HTSC samples the
growth of the normalized relaxation rate
(approximately twice) with the field increas-
ing from =0 to 1 kOe was observed [12].
Effects associated with the flux pinning in
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superconductors, have been actively investi-
gated experimentally [13].

4. Conclusions

Low density flux dynamics in Nd based
cuprate (NdBa,Cu;0,_,) HTSC single crys-
tals trapped in =1 Oe range DC magnetic
fields were investigated for the first time.
Complex measurements of time, tempera-
ture and field dependence of magnetization
were performed to achieve this aim. Using
the results obtained and relation (1) we
were able to calculate the normalized mag-
netization relaxation rate S and the aver-
aged effective pinning potential U. We have
shown a significant (one or even two orders)
increase in the effective pinning potential
in these samples in comparison with meas-
urements performed in high magnetic fields
for similar cuprate single crystals formerly.
It can be explained, for example, by the
existence of unperturbed system of ran-
domly distributed Josephson weak links
that are present in the volume of the HTSC
in twin boundary areas, interblock areas
and other planar defects.

In a wide enough range of temperatures
close to T, (0.72<T/T.<0.93) it has been
shown that the doping of NdBa,Cu;0,_, sin-
gle crystals with calcium atoms leads to an
increase of the averaged effective pinning
potential with an insignificant decreasing of
the critical temperature.

The results obtained are useful for un-
derstanding the nature of pinning and mag-
netic flux dynamics in layered HTSC cu-
prates as well as for a practical application
in low current superconductive electronics.
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V.I1.Belet-
2, 401

30inpmIeHN# MiHHIHT Y MOHOKPHCTAJIB
BHCOKOTEMIIEPATYPHHMX HAJANPOBIAHUX KyNnpaTiB
y MaJuX MarHiTHHUX HOJIX

B.IO.Monapxa, 10.0.Cagina, B.Il.Tumogees

Hocaimxeno AWUHAMIKY MAarHIiTHUX IOTOKIB MaJiol T'YCTUHU, B3aXOIJIeHUX y HOCTiiHUX
mosax mopagky semuoro (=1 €), y BTHII monokpucranax Ha ocHori Heogumy (NdBa,Cu;O,_,).
ITpoBemeno KOMILIEKCHI BUMipHOBaHHS B3ajJieXKHOCTI Hamar"iuewocTi Bix Temmeparypu,
MAartgiTHOro moJs i yacy. 3 oTpuMaHUX Pel3yJbTaTiB 3a HOIIOMOrO0 JiHiliHOI Momeai Anmep-
coua-Kima pospaxoBaHo BeJIWUYMHN HOPMOBAHOI IIBMAKOCTL isorepmiumoi pemxaxcarmii S i
ycepenHene 3HaueHHs edexTuBHOro moreniiiany mimaiara U. Iloxasano icrorHe 3pocranus
eeKTUBHOrO IIOTEHIIiaJy IIiHHiHra y nopiBHAHHI 3 THM, III0 CIOCTepiraBcsa pamimie piasa
CXOKHX KYIPATHUX MOHOKPHCTAJIB B €KCIIEPUMEHTAX 3 CHJIbHUMY MArHiTHUMU MMOJAMHA. ¥
AOCTATHLO IIMPOKOMY Aiamasomi Temmeparyp mobaumsy T, (0.72<T/T ,<0.93) noxasano, mo
momysaHHA MoHOKpucranis NdBa,Cu,0,,, aromamu Kanblilo HpuBOAMTE A0 36iIbIIeHHA yce-
penHeHoro e()éKTHUBHOTO MOTCHIIANy IHHIHra IpW Ay#e HesHAYHOMY 3HMKeHHI T .
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