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The intrinsic and effective anisotropies, both in the liquid and solid vortex regimes, of YBa,Cu;0; pristine and
nanocomposite thin-films have been investigated. Angular resistivity measurements under varying fields and
temperatures were performed to characterize the intrinsic vs. effective anisotropy of samples in the regime of long-
range vortex displacements. The effective anisotropy s was determined from the scaling of the irreversibility line,
applying Blatter approach developed for uniaxial anisotropic superconductors. Resistive measurements in flux-flow
were utilized, in addition to H., measurements in ultra-high-fields, to determine the intrinsic anisotropy mass %
enabling the study of a large number of samples with varied nanoparticle compositions. In order to access the
intrinsic anisotropy in the vortex solid phase, complex impedance measurements at high microwave frequencies were
performed, allowing us to access the flux-flow intrinsic anisotropy in the regime of very-short vortex oscillations
within the pinning potential wells. Results show that while the effective anisotropy ¥ decays as the nanoparticles-
induced nanostrain in the YBCO films increases, the intrinsic anisotropy y(determined both in dc and at microwave

frequency) remains unaltered.
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L. INTRODUCTION

At present, different strategies for inducing effective
vortex pinning centers in YBa,Cu;O7., (YBCO) thin-films
have been demonstrated. Attending to the structural
dimensionality of the pinning centers, they are usually
classified as OD (vacancies, substitutional atoms), 1D
(dislocations, irradiation tracks), 2D (stacking faults,
antiphase boundaries, twin boundaries, grain boundaries) and
3D (voids and secondary phases)'. One of the most
successful approaches for improving the performance of
YBCO has been the addition of non-superconducting
secondary phases. An important issue under discussion is the
effect of the added nanocenters on the angular anisotropy of
the superconducting properties in nanocomposites grown by
different methods.

The electronic mass anisotropy is an intrinsic property of
YBCO that depends on the crystalline structure and
electronic properties of the material, and is given by the ratio
y=(m(./ma;,)”2, where m,, and m, are the effective masses
along the ab and c¢ directions. In a single band
superconductor, y is temperature independent and the angular
dependence of the superconductor coherence length is given
by &(O)=e(O)Eu, With g @)=[cos O+ psin*g]'*, thus E~E./ 7.
This anisotropy can be determined from the angular
dependence of different physical magnitudes such as the
upper critical field H,,, and the flux-flow resistivity pg in the
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vortex-liquid state, provided it is far from the solid-liquid
transition®. It has been shown that in the presence of point-
like disorder, the solid liquid transition can be also scaled
using £(6)*".

On the other hand, the angular dependence of properties
determined by the vortex pinning landscape (such as critical
current densities, irreversibility fields and flux creep rates) is
more complex. Clearly, pinning by 1D and 2D centres is
strongly directional, introducing additional angular
dependences. Blatter * proposed a general scaling approach
for vortex matter in uniaxial anisotropic superconductors. In
particular, it predicts that the irreversibility line should scale
as H,(6,7)=¢(6) H;(0,T) and the critical current density as
JA(T,6H)=J(T,0,e(6)H). These behaviours have been
confirmed experimentally in YBCO™®, but the obtained
anisotropy does not always coincide with the intrinsic
anisotropy y. This motivated the definition of an empirical
effective anisotropy, %y, and a generalized angular factor
€¢,K6)=[cos20+%ff'zsinzﬁ]” 2. There is clear evidence that Yerin
YBCO is influenced by the presence of 3D disorder such as
nanoparticles. It is thus an extrinsic parameter, which
depends not only on the crystalline properties of the clean
material, but also on the disorder in each sample.

In the last years, the ICMAB group reported on solution-
derived YBCO nanocomposites (NCs) including different
types of nanoparticles, exhibiting very strong, isotropic
pinning . These nanocomposites follow the anisotropic
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scaling approach over broad angular regions, with a
significantly smaller effective anisotropy (e.g. % =1.4 for a
13% BaZrO; (BZO) NC) than that of pristine samples,
deploying % =5-7°. The decreased value of ¥ correlates
with the increase in the isotropic nanostrain in the material,
associated with the large number of intergrowths emerging
from incoherent interfaces between the random NPs and the
YBCO matrix '°. It has been suggested that the effective
pinning defects may consist of non-superconducting
nanoregions created by Cooper pair suppression under tensile
stress, according to the bond contraction pairing (BCP)
model’.

To clarify whether the decreased anisotropy was truly
related to the strained lattice and not to a modification of the
intrinsic electronic properties of the NC, the intrinsic
anisotropy yof a 13%BZ0O NC was determined through the
determination of H, at H//c and H//ab under very high
pulsed magnetic fields. The intrinsic anisotropy of the NC,
7~5.9-6.0, was similar to that of the pristine sample, thus a
modification of the electronic properties was excluded®.

In recent years, the influence of nanodefects on the
effective anisotropy, as well as on the H,(7) dependence and
the intrinsic yhas been a matter of discussion, as apparently
different phenomenology exists:

The reduction of the effective anisotropy % has been
further observed in different types of nanostructured
superconducting thin-films: trifluoracertate (TFA) metal-
organic (MOD) derived GdBa,Cu;O0,+BaHfO; (GdBCO-
BHO)", Chemical Solution Deposition (CSD) grown
Gd,0;+GdBa,Cu;0,"”, and Metalorganic Chemical Vapor
Deposition (MOCVD) grown YBCO with BZO nanorods'.
In these works, the intrinsic anisotropy was not reported.

The group of Labalestier investigated the anisotropy
properties of pulsed laser deposition (PLD) grown YBCO
films containing either Y,O; NPs or stacking faults (SFs)'4.
A larger reduction of the effective anisotropy was observed
for the Y,0; films (%¢=3) than for the SF-containing samples
(%£=5), as a consequence of the enhanced isotropic pinning
in the former, while the intrinsic anisotropy was similar for
both types of samples (7=5-7), thus confirming that disorder
does not affect the electronic properties of the material.

Recently, the anisotropy of MOD-prepared YGdBaCuO
films with BZO has been discussed '>: here again, the
addition of NPs did not affect the intrinsic anisotropy
(7=5.0). However, different from other reported MOD-grown
YBCO with BZO NPs®!®, a reduction of the effective
anisotropy was not observed, a result explained by the
presence of a higher density of twin boundaries.

Besides, it has been shown that the addition of
nanodefects affects H.(7) in a varied manner: while no
changes in H, are produced in some cases 17" an increase in
H, with the concentration of defects has been reported in
others (e.g. our YBCO+NP®, YGdBCO+BHO and BZO-

doped coated conductors'®). We note here that such an
increase does not necessarily imply a change in the intrinsic
anisotropy (i.e. the ratio p=&,/&.). However, the group of
Paturi has reported raised values of H.,(7) and a decrease of
the intrinsic angular anisotropy to =3 for PLD-grown YBCO
thin-films including a small 4-8%wt. of BaCeO; (BCO)" or
BZO™! nanoparticles. In these works the effects of the NPs
on ¥%g were not discussed. In recent years, the effects of
strong-pinning produced e.g. by spherical inclusions** on
the anisotropy of uniaxial anisotropic superconductors™ has
been theoretically investigated.

In the present work we have further investigated the
intrinsic and effective anisotropy of CSD-grown YBCO
nanocomposites, both in the regime of long-range vortex
displacements (in dc) and the range of fast, short-range
oscillations at microwave frequencies. The investigations of
different regimes is important: in dc one can access the onset
of the dissipation with J, and H,,, that are nonlinear dynamic
phenomena and are necessarily affected by all details of
pinning and vortex phases, and the flux-flow regime. The
latter, in dc, is accessible only at high fields and/or high
temperatures and/or high transport currents. A clean dc flux-
flow regime is usually confined to a very narrow region of
the (H,T,J) space. All of the dc measurements are based on
the vortex drag over significant distances. To have access to
complementary information, vortex “shaking” at very high
(microwave) frequency, producing very small oscillations,
can be used by detecting the complex response and
extracting the flux-flow resistivity in the vortex solid state,
that is at lower fields and very small currents (details in Sec.
v).

Resistive measurements in the flux-flow regime were
utilized, in addition to H., measurements in ultra-high-fields,
as an alternative, faster method to determine the intrinsic
anisotropy % allowing us to expand our study to a large
number of samples with varied nanoparticle compositions. In
addition, complex impedance measurements under
microwave frequencies were used to obtain the flux-flow
resistivity in the vortex solid phase at different field
orientations, hence the anisotropy. The angular dependence
and the anisotropy of the different superconducting
observables, determined by the different methods, as a
function of the increased sample nanostrain induced by the
nanoparticles is discussed.

II. EXPERIMENTAL METHODS

Epitaxial  c-axis-oriented =~ YBCO  thin-films  and
nanocomposites (thickness 180-200 nm) were grown on
single-crystalline 5x5 mm® LaAlO; (LAO) substrates by
using a metal-organic decomposition method based on the
TFA route [14]. For this study we considered NCs including
different types of secondary phases: BaZrO; (BZO), Y,0;
(YO), Ba,YTaOs (BYTO) and BYTO+Cu. Details on the
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sample preparation can be found in previous works '°. We
showed that for all these NCs, the increase in the incoherent
specific interface introduced by the nanoparticles correlates
with the sample nanostrain (%). The YBCO thin-films and
NCs were chosen so as to span a broad nanostrain range
between 0.08-0.28 %. Nanostrain was determined by
exploiting XRD integral-breadth measurements through
semiquantitative Williamson-Hall method '°.

For resistive measurements narrow bridges in the range of
10-30 um were patterned by standard optical lithography.
Silver metal contacts were evaporated and post-annealed, to
assure a good contact resistance. Electric transport
measurements were performed in a 4-point bridge
configuration, in a PPMS Quantum Design system provided
with a 9 T magnet, variable temperature from 5-300 K and a
rotator with 0.1° resolution. Angular measurements were
carried out by rotating the sample around a horizontal axis
with an angle @ varying from 0° (H//c) to 90° (H//ab).
Resistance measurements were performed using an AC-
current of 10 pA and 33 Hz. The normal state resistivity,
Pn(T), was determined from the linear fit of the p(T) curve
measured at H=0 in the ohmic regime (7>150 K). The
transition of the resistivity to zero in the absence of applied
field (H=0), and at different fields served to determine,
respectively, the critical temperature 7, and the irreversible
temperature T;.(H) curve.

The criterium used to determine T, and T, was pcrflo_3
(100 K). The effective anisotropy of samples () was
determined using Blatter scaling from the analysis of the
irreversibility line H;(7, 0) obtained from angular resistive
data, p(H,T,0). In addition, from the analysis of resistive
measurements in the flux-flow regime, p(H,T,6), the
intrinsic anisotropy, M s could be obtained.

Angular-dependent resistivity measurements in pulsed
magnetic fields up to 65 T, with pulse duration of 50 ms,
were carried out at the National High Magnetic Field
Laboratory at Los Alamos National Laboratory, following
the same protocols described in refs.**’. The sample was
mounted in the maximum Lorentz force configuration on a
rotation sample holder, and measured at different angles
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from 0° (H//c) to 90° (H//ab). The experimental data were
recorded on a digitizer using a high-resolution low-noise
synchronous lock-in technique with an applied ac electric
current of 10 pA and 110 kHz along the bridge. The value of
H, at a given T was determined from the intersection field
between the linear fit of R(H) in the normal state and the
linear (flux-flow) region of R(H) during the transition. These
measurements allowed us obtaining the angular anisotropy of
the upper critical field, denoted, )., ur. We note here that the
obtained value is independent of the particular criterium used
to determine H,.

High-frequency measurements were performed by means
of the dielectric resonator technique on unpatterned samples.
We measured the transmission scattering coefficient of a
sapphire-loaded dielectric resonator” operating at f=47.3
GHz, as a function of the applied magnetic field ¢/ < 0.8 T
and the field orientation. The resulting resonance curve was
fitted to a Lorentzian curve with the appropriate corrections®’
to obtain the unloaded quality factor Q and the resonant
frequency f; as a function of H and 6, at different 7. The field
variation of Q and f; are directly related to the field or angle
variation of the surface impedance Z=R+iX according to™*:

AZ(H)=Zs(H)—-Zs(0)=

G{ L1 +2l.fo<H)—fo(o>}

O(H) 0(0) 1,(0)

(1

where G is a calculated geometrical factor. Considering the
problem of the high frequency response in the mixed state in
tilted  fields for  isotropic®*® and  anisotropic
superconductors®'*?, an expression for the high frequency
complex resistivity Yuw is available®>*. In addition, since the
films are thinner than a few London penetration depth, the

effective surface impedance 1is, to a very good
approximation™, given by:
7 _Pwr _P(HE.T)+ip,(H,60,T) )
N - s
tS tS
1o 0° (H/IC) 90° (H//ab)|  (b)
£ 20}
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FIG. 1. (a) Isothermal R(H)=V(H)/I measurements made in pulsed magnetic fields up to 65 T. The determination procedure of W,H,, is
indicated; (b) HoH., as a function of the reduced temperature for different magnetic field orientations. Inset: collapse of the three curves
using an intrinsic Y res=5.4%0.3. (Sample: 15%BYTO nanocomposite).
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FIG. 2. (a) Determination of H,(T) as the envelope of the LyHRn/cxR(T) curves, measured at different magnetic fields, applied in the
direction H//c; (b) woH(T) lines obtained in this way for different field orientations; Inset: Collapse of all the curves using Blatter
scaling with an intrinsic Ycy res=5.4+0.2. (Sample: 6%BYTO nanocomposite).

where puw is the complex resistivity, ¢, is the sample
thickness and the last equation reinstates the field, angle and
temperature dependences. A detailed description of the

measurement setup,

the method and the uncertainties

involved can be found in ref.?. For the purposes of this

paper, we

will be concerned with measurements of the

complex resistivity change Apyu(H;6=0°)=pymH;6=0°)-

Pum(H=0)

and  Apy(WeH=0.75T; O=pr(H=0.75T; 6)-

Pu(H=0; 0) at fixed temperatures, see Egs. (1) and (2).

III. LONG-RANGE VORTEX DISPLACEMENT

REGIME

A. Intrinsic anisotropy Yuc,ur

The intrinsic anisotropy can be determined from the study
of the angular dependence of the upper critical field, H,.
From the evaluation of the temperature-dependence H.(T)
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under H//c and H //ab, the coherence lengths & and & are

obtained using:

H‘,Z(H//C)=2—0

H,(H//ab)=

Do (3)
(I)O

— (4)

27[541}75('

where & (T)=¢&)(1-T /T.)""* near T, and the intrinsic mass

anisotropy is obtained as: yﬂcz,ﬂpzéo"h/ &°. In order to carry
out this analysis, one approach is to determine H.(7) from
magnetoresistance measurements at different orientations
under very high fields. The intrinsic mass anisotropy
obtained in this way will be denoted o pr. It is emphasized
here that resistivity measurements must be performed over a
wide region of fields to ensure the linear region, and the
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FIG. 3. (a) Resistance as a function of temperature at different magnetic fields applied in the direction H//c. Dashed line shows the
criterium used to determine the IL; (b) Irreversibility line as a function of the reduced temperature at different magnetic field
orientations. Inset: Scaling of the IL allowing the determination of the effective mass anisotropy, j =2.9+£0.1 (Sample: 6%BYTO
nanocomposite).
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correct determination of H,.

In this work, we performed resistivity measurements
under pulsed fields as high as 65 T in order to obtain
Miconr of two standard samples and three NCs. Figure la
displays e.g. several p(H) curves measured at different
temperatures at H//c for a 15%BYTO NC. Grey lines
indicate the criterion used to determine the value of Hy,. In
Figure 1b, H, is plotted as a function of the reduced
temperature, =7/T,, for three different field orientations: 0°
(H//c), 45° and 90° (H//ab). In this example, the coherence
lengths obtained from Eq. (3-4) were &=1.7 nm, &°=0.32
nm and thus the intrinsic anisotropy was Hjc yr=5.4.

All the studied samples presented a similar intrinsic
anisotropy, Jic2nr=5.1-5.9, independently of the nanoparticle
concentration and nanostrain induced in the sample, in
agreement with earlier results reported by our group *'*'%,
The data are summarized in the final Figure 7 (blue squares).

B. Intrinsic anisotropy Yuca,res

The determination of Hy(7) from magnetoresistance
measurements in ultra-high fields requires the access to a
large facility, thus limiting the number of samples that can be
studied. An alternative approach, proposed by Gordeev et al.
3536 is to use resistive measurements in the flux-flow regime
to obtain H,(7). In fact, although the flux-flow resistivity is
a complex matter and different expressions can be worked
out depending on the microscopic mechanism adopted *7*
many models yield pg o H/H,. In particular, according to the
expression given by Ivlev et al. *'*:

, (5)
pv () CﬁHL-z(e,T)

where pp(T) is the normal state resistivity and c;=1.45 is a
constant. When H is sufficiently larger than H.;, H.x(T) is
obtained as the envelope of the woHpn/cro(T) dependencies
plotted at different fields applied in a fixed direction (see
Figure 2a). Measurements under different magnetic field
orientations allow obtaining H.,(7, ) curves (Figure 2b). As
shown in the inset, all the curves collapse into a single
H,(T)&(0) curve, when using an intrinsic Y. Figure 2
exemplifies the procedure applied to a 6%BYTO NC, which
yielded Jic2res=5.4. We note here that the numerical prefactor
¢y in Eq. (3) simplifies out in the determination of e res,
which is then independent on the specific flux-flow model
adopted (although the numerical values of H,, can vary).

The use of this methodology allowed us to explore the
intrinsic anisotropy of a large number of thin-films and NCs
of different types. Figure 7 (black circles) shows that the
Yicares ODtained for the 11 studied samples is virtually
independent of the nanostrain, and the average intrinsic

anisotropy mass value, coincides  with

Wic2, HF within 10%.

%-IcZ,res:6 3 s

C. Effective anisotropy %

Resistive measurements p(H,7,6) were used to analyse the
angular dependence of the irreversibility line (IL), and
determine the effective anisotropy in the pinning regime.
Figure 3a shows e.g. the R(T) curves at different applied
magnetic fields for H//c orientation and the determination of
the irreversibility temperature, Ti,, for a 6% BYTO NC. As
shown in Figure 3b, an excellent scaling of the IL,
H; (T, ), is obtained for a broad range of dwhen using the
effective y%=2.9. It should be noted that the IL at =90° and
0° do not follow the scaling since in this case we have the
effect of anisotropic (1D and/or 2D) pinning centres, as a
further demonstration of its different origin. As shown in
Figure 7 (red stars), different from the intrinsic anisotropy
mass, the effective mass shows a pronounced decay with the

nanostrain, as earlier found for other NCs in our group '°.

IV. MICROWAYVE, SHORT-RANGE VORTEX
OSCILLATION REGIME

In order to estimate the anisotropy in the mixed state, the
dc measurements are obviously limited to the regimes where
fluxons move, and then give a measurable voltage. Thus, the
observable regimes are either above the irreversibility line,
with the dc resistivity, or in the strongly nonlinear regime,
with critical current density measurements. However, when
vortices are subjected to an alternating current J,; the ac
response can be observable also below the IL. At very high
frequencies in the microwave (MW) regime, (in our case 50
GHz), vortex displacements are extremely small, much less
than 1 nm™®. Then, vortices oscillate around their equilibrium
positions in their potential wells and give a measurable signal
well below the IL. Measuring the high-frequency ac
resistivity vs. the field and angle can yield the intrinsic
anisotropy, here denoted as J,w, as we explain below.

We consider that vortices are subjected to the driving
Lorentz force, the recall pinning force and the dissipation due
to flux-flow (we neglect momentarily the flux-creep, see
below), which can be described according to the well-known
force equation:

nv+k,x=Jygx QO (6)
where 7 is the so-called vortex viscosity (or drag coefficient),

k, is the pinning constant (Labusch parameter) and x and v
are the displacement from the equilibrium position and the
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FIG. 4. (a) Microwave complex resistivity shift vs. applied field
dependence of the complex resistivity, Ap,(LH=0.75T,6) and Ap,
nanocomposite).

velocity of the vortex, respectively. One may note that, by
writing the recall force as kyx, we have approximated the
potential well for each vortex as a parabolic well.

This is justified by the tiny vortex displacement from the
equilibrium. Moreover, since we are dealing with a system of
many vortices, one might worry about the applicability of a
single-vortex equation like Eq. (6). However, although the
vortex equilibrium positions are determined by a complex
balance between the details of pinning and vortex-vortex
interactions, such intricate framework is of almost no
importance to very small oscillations: vortices do not leave
their equilibrium sites, and their motion reflects: (i) the
curvature of the pinning well (strength of the recall “spring”,
k,), and (ii) the microscopic dissipation mechanism (flux-
flow). In this framework a single-vortex dynamics is
adequate to the description of the vortex motion®***. Of
course, the resulting vortex parameters should be intended as
an average over all vortices. We stress that this is a /inear
response regime, and that the response is detectable deep in
the vortex solid phase.

The response function is the complex vortex resistivity p.
By recalling the definition of the flux-flow resistivity,
ps=DoB/n, and of the depinning frequency, v, =k,/2ny, one
has **:

1

S 7
1-iv,(H,T)/v’ @)

P (H,0)=p, +ip,=p;(H,0)

where in principle all parameters depend on temperature,
magnetic field and field orientation. Here 1, marks the
crossover between reactive (v < V;,) and dissipative (V> V;,)
response; pgr is the flux-flow resistivity, as it would be
obtained in absence of pinning (¥, — 0). The details of
pinning are contained in V,. We stress that, in general, both

for a nanocomposite, Ap;(H,6=0°) and Ap,(H,6=0°); (b) angular
(LoH=0.75T,8), at a fixed field poH = 0.75 T (Sample: 6%BYTO

py1 and p,, contain a combination of pg and V, so that
measurements of both real and imaginary parts are needed to
invert Eq. (7) and obtain py and V,. In the range of small
magnetic field here reported (0-0.75T), we can safely
identify the experimental Ap (Egs. (1)-(2)) with p,, Eq. (7),
and thus obtain pg.

A final note on the potential effect of flux-creep. First, we
note that the measurements here presented are taken below
the irreversibility line, so we expect a little -if any-
contribution of flux creep to the overall response. Second,
thanks to a combination of physical and analytical properties
of the full expression of the vortex complex resistivity, the
creep contribution can be treated as a correction of which one
can estimate the weight in the form of a confidence band of
the derived pg and V,. The lengthy procedure is described in
detail in ref*. This contribution is the main source of
uncertainty on the microwave-derived anisotropy parameter
ymw, reported in the final Figure 7 as uncertainty bars.

To obtain the anisotropy, we rely on the Blatter scaling
applied to our microwave data for pg. We note that the
Blatter scaling cannot apply to V,, as any directional source
of pinning introduces an additional, extrinsic anisotropy
source”. Indeed, as shown in Figure 5, the angular
dependence of the depinning frequency, v,(6), exhibits a
sharp peak at 8=90° due to ab-plane intrinsic pinning and a
broader maximum at 6=0° associated to pinning at twin
boundaries present in the sample. Therefore, the data do not
support a scaling.

Instead, the scaling applies to py which is exclusively
related to intrinsic processes. So, microwave measurements
can estimate the intrinsic anisotropy, via the extraction of pg
in a region of the H-T phase diagram otherwise inaccessible.
The capability of this technique to actually access the
intrinsic anisotropy has been first demonstrated in ref. *,
where a PLD YBCO film with 5% mol BaZrO; addition was
found to have y =5.
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FIG. 5. Depinning frequency v,, normalized to the measuring
frequency (left axis), and absolute (right): the sharp peak at 6=90°
is due to intrinsic pinning, while the broader maximum at 6=0° is
associated to twin boundary pinning. The angular dependence
reflects all the details of at least two sources of directional
pinning, acting in a competitive way, so that v, cannot be
reconciled to a scaling function. (Sample: YBCO thin-film,

Ymw=5.1).

We note here a technical complication: our system makes
use of a cylindrical symmetric resonator, and thus the
Lorentz force on flux lines (J,r X @, in Eq. (6)) changes with
the same angle 6 that the field makes with the c-axis. The
expected angular scaling then contains g(d) and the angular
variation of the Lorentz force L(6). It is worth stressing that
the specific form of L(6) is written under the assumption that
vortex lines are parallel to the externally applied magnetic
field. Although in very thin films and at low flux densities
(fields very close to the lower critical field)***"* this
assumption can be debated, the present measurements are
taken in a very different field range: the measurements for
tilted angles are taken in fields much larger than the
(anisotropic) penetration field, so that the field almost fully
penetrates (small vortex spacing regime). As a consequence,
the tilt angle of the vortices follows the tilt angle of the

applied field**¥. As a further reinforcement, we also note
that our angular results (see Fig. 5¢ below) are independent
on the field intensity, consistently with an average fluxon
direction which is aligned with the external field (negligible
boundary effects). It turns out that the scaled field
H=He&(6) is replaced by H=He(Q)L(6), with®:

1 5, .
—¥omy Sin’ @+ cos’ 0

L(6) = ®)

Yipy Sin> @+cos’ 6

Eq. (8) is valid when the flux-flow resistivity is almost
linear with A * (as it is the case here). We define the scaling
function:

f(O)=1/&(O)L(6), ©)
such that the effective field reads H.z=H/f(6). We note that
this is still a one-parameter function, where Jw is the
intrinsic, microwave-obtained mass anisotropy. Combining
the pg data as a function of the field with H//c, and as a
function of the angle at a fixed field Hy, we derive the scaling
function as graphically depicted in Figs. 6a and 6b. The
procedure can be repeated at different H, to ensure the
independence of f{6) on the applied field (obviously, this is
made using additional data sets like those reported in Figs.
4b and 6b, at different Hj)). We then compared the
experimental f{ 6) with Eq. (8). In Figure 6¢ we report the so-
obtained scaling function, together with the result of Eq. (8).
We stress that this equation does not contain adjustable
parameters, since f{0°)=1 and f{90°)=2y (the factor 2 comes
from the Lorentz force contribution to f, Eq. (7)), so the
agreement of the experimental f{6) with the theoretical
expression, Eq. (8), which is based on the Blatter scaling, is a

125 [ T v T . . 10[ .
(a) 7N 0 (©)
wol 000 e iy S S
oo on flo)y L “. ]
o 7sL T=TTK E o" o ]
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FIG. 6. (a) Field dependence of the flux-flow resistivity, derived from the data of Figure 4 by means of Eq. (7); (b) Angular dependence of
the flux-flow resistivity measured at constant magnetic field poH;=0.75 T. The procedure to obtain the effective field H,;at a sample angle
0, is depicted graphically. Repeating the procedure at all angles one gets H () and f{6)= Hy/H,; ; (c) Scaling functions f{#) as derived
from the data in panels (a) and (b) (grey full dots) and at two other fields H,, and the theoretical expression Eq. (8), black line, calculated
with %sw=4.5 in this sample. (Sample: 6%BYTO nanocomposite).
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FIG. 7. Dependence of effective anisotropy factor (%) and the
intrinsic ~ anisotropy  factors, determined from resistive
measurements in high fields (}icour), resistive measurements
(Mcares) and microwave measurements (41w), as a function of the
nanostrain (%) for the studied YBCO thin-films and NCs.
(Nanostrain error bar omitted for sake of clarity is £0.02%).

demonstration of the applicability of the scaling to our data
for pgr. From the angular scaling of the flux-flow resistivity,
obtained in the vortex solid by means of microwave-induced
vortex oscillations, we finally get the mass anisotropy. The
intrinsic mass anisotropy found for all the studied samples
was similar, ¥%;w=4.5-6, see Figure 7 (green diamonds),
confirming that the introduction of NPs in YBCO does not
induce significant changes in the electronic state.

V. DISCUSSION AND CONCLUSIONS

Figure 7 summarizes the intrinsic mass anisotropy,
determined by the different methods (Jicomr » Hiczress Haw)s
and the effective anisotropy factor (%) as a function of the
nanostrain for all the studied samples. The following
conclusions can be drawn:

The intrinsic anisotropy factor determined from resistivity
measurements, Micores, 1S similar to Jopr values obtained
from experiments in pulsed high fields. Therefore, the
resistivity approach is an attractive method to investigate the
intrinsic anisotropy of many samples, not requiring a large
facility. The flux-flow, intrinsic anisotropy obtained from
MW (s1w) coincides within the uncertainty error with that
obtained from long-range direct current measurements. In
every case, the intrinsic anisotropy is independent of the %
nanostrain. The results allow us to conclude that in our CSD-
grown YBCO thin-films, nanostructuration, increasing the
associated nanostrain does not change the underlying
electronic state. The values for the intrinsic anisotropy ratio
are close to commonly accepted values, and they do not
report anomalously small values. This is consistent with the
difficulty of reaching a dirty limit that would have disorder

in a scale smaller than the coherence length. In contrast, the
effective anisotropy (%) decreases in correlation with the
increase of % nanostrain in YBCO, achieved through the
inclusion of the nanoparticles.
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