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Microstructure and Field Angle Dependence of
Critical Current Densities in REBagCu3Oy Thin
Films Prepared by PLD Method

Y. Ichino, R. Honda, M. Miura, M. Itoh, Y. Yoshida, Y. Takai, K. Matsumoto, M. Mukaida, A. Ichinose, and S. Horii

Abstract—A c-axis oriented epitaxial REBa;Cu; O, (RE123)
thin film performs excellent superconducting properties in mag-
netic field. Recently, we reported that a critical current density
(J.) in the RE123 thin film was improved by a deliberate
composition control. A Sm; . Ba;_,Cu3O, (Smi123) thin
film with a small amount of Sm/Ba substitution = showed the
great J. ~ 0.17 MA/crn2 in 5 T at 77.3 K, while the J_ in
(Yb;_.Nd,)Ba;Cu;0, (Yb/Nd123) thin films depended on an
amount of mixed crystal ratio z. In this report, we studied J. as
a function of magnetic field and field orientation with respect to
ab-planes. In low magnetic field, the J. of Sm123 thin film was
almost independent of the applied angle of the field. In the case of
Yb/Nd123 thin film, extremely high J. were observed when the
magnetic field was aligned parallel or perpendicular to the surface
of the film. Because compositional fluctuations in RE123 thin films
were observed by transmission electron microscopy, we found that
the pinning centers in RE123 thin films are strongly affected by
the composition in the thin films.

Index Terms—Critical current

REBa;Cu30,, thin film.

density, magnetic field,

1. INTRODUCTION

ECENTLY, many researchers make a great effort to

develop REBa;CuzO, (RE123) coated conductors with
high critical current density (J.) in high magnetic field. We
have known that the high-J. in magnetic field is established
by the introduction of artificial pinning centers (APC’s) into
RE123 thin film. APC’s are classified into three types. The first
one is 1D-APC such as dislocations, columnar defects and so
on. Second, grain boundaries and twin boundaries etc. corre-
spond to 2D-APC. At last, 3D-APC consists of participates
and/or a fluctuation in a composition in a superconductor.
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To introduce APC’s into RE123 thin film, we have studied
a novel deposition technique and a RE123 mixed crystal thin
film. The former corresponds to Low temperature growth
(LTG) technique, and we reported the Sm;,Bas_,Cuz0,
(Sm123) thin film prepared by the LTG [1]. The latter is
(Yb;_.Nd,)BayCuszO, (Yb/Nd123) mixed crystal thin film
[2]. In this work, the pinning mechanisms in these thin films
were investigated by the observation of microstructure and the
magnetic field (magnitude and applied angle) and temperature
dependences of J..

II. EXPERIMENTAL PROCEDURE

A. Film Preparation and Characterization

RE123 thin film was prepared by usual pulsed laser de-
position technique on MgO (100) substrates with sintered
targets. The sintered targets were synthesized by conventional
solid state reaction method in air. Starting materials were high
purity (99.99%) RE;O3, BaOy and CuO. Appropriate amount
was accurately weighed and thoroughly mixed. In the case of
Sm123 target, composition of target was Sm: Ba: Cu=1+=z
: 2 — x : 3 with the ranging from z = 0 to 0.08, and that for
Yb/Nd123 was Yb: Nd:Ba:Cu =1—z:z:2:3 with the
ranging from z = 0 to 0.8. The mixed powder was pressed into
pellets and sintered at 800, 900 and 950°C for 12 h with an
intermediate grinding and a repressing in air, respectively.

In this study, Sm123 films were prepared by so called LTG
technique using PLD. The LTG technique consists of two steps
as follows. The first step is to fabricate a “seed layer” with a
thickness of 100 nm under the condition of high growth tem-
perature (~ 830°C). As the second step, an “upper layer” with
a thickness of 500 nm is deposited at low growth temperature
(~ 730°C). More details of the LTG were described elsewhere
[1].

On the other hand, Yb/Nd123 films with the thickness of
600 nm were also fabricated as well. The conditions of PLD are
as follows: ArF excimer laser (A = 193 nm); a target-substrate
distance, 5 cm; a laser energy density, 1 J/ sz; a laser repeti-
tion rate, 10 Hz. We employed substrate temperatures (7%'s) =
750 ~ 850°C. After the film was deposited, the deposition
chamber was filled with pure oxygen gas of 20 Torr, and then
the substrate heater was switched off and the films were rapidly
cooled to room temperature.

The orientation and crystallinity in RE123 film were checked
by X-ray diffraction pattern. Microstructures were observed
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Fig. 1. J.’s in RE123 films are plotted as a function of magnetic field applied

parallel to the c-axis. The J. in Nb-Ti wire measured at 4.2 K [4] and that in
Y123 films at 77 K [3] are also represented in this figure.

using the cross sectional transmission electron microscopy
(TEM). The average composition in RE123 film was evaluated
by inductively coupled plasma spectroscopy. While a compo-
sition in small region of RE123 film was measured by energy
dispersive X-ray spectroscopy (TEM-EDX).

B. Evaluation of Superconducting Properties

‘We measured superconducting properties of RE123 film with
conventional dc four-probe method. Before this measurement,
silver pads were deposited as electrodes on the films, and then
the films were oxygenated at 350 ~ 400°C for 1~3 hours in
O gas flow. J.. and critical temperature (7..) were determined
by adopting an electric field criterion of 1 4V /em. typical T¢.’s
in our RE123 thin films were 91 K for LTG-Sm123, 83 K for
Yb/Nd123 (z = 0.2) and 86 K for Yb/Nd123 (z = 0.7).

We have measured .J.. in the presence of an applied magnetic
filed B as a function of the angle 6 between B and c-axis of
the film with J perpendicular to B. Here, a magnitude of the
magnetic field was the ranging from 1 to 9 T and the 6 was
changed from 0° (B || c-axis) to 90° (B || ab-plane).

III. RESULTS AND DISCUSSION
A. Critical Current Density in Magnetic Field

The magnetic field dependence of .J. in LTG-Sm123 thin film
(z = 0.04) and Yb/NdI123 thin films (z = 0.2 and 0.7) are
plotted in Fig. 1. For reference, J. — B curves in Y123 thin
film [3] and Nb-Ti wire at 4.2 K [4] are also shown. From this
figure, we found that the J. at 77 K in LTG-Sm123 thin film is
much higher than that in the Y123 thin film and comparable to
that in Nb-Ti wire at 4.2 K. There is a crossover of the J. — B
curves at 5 T in LTG-Sm123 thin film and that in Nb-Ti wire.
We think in magnetic fields above 5 T, the drop of .J. — B curve
in LTG-Sm123 thin film comes from a thermally activated flux
creep since the .J. — B measurement is carried out at 77 K which
is higher than 4.2 K for the Nb-Ti wire. However, the high J.
in low magnetic field for the LTG-Sm123 thin film reflects the
substantial enhancement of pinning force owing to the introduc-
tion of APC’s.
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Fig. 2. Cross sectional image in LTG-Sm123 film. (a) TEM image and
(b) schematic drawing of the Sm/Ba fluctuation observed by TEM-EDX. There
are the refined large x regions with dimensions of ~ 50 nmX ~ 100 nm in
the upper layer. The seed layer didn’t contain such large « regions.

In the case of Yb/Nd123 thin films, we investigated the ef-
fect of the mixed crystal ratio z on .J. — B curves. As shown in
Fig. 1, both .J. in Yb/Nd123 thin films with z = 0.2 and 0.7 are
higher than that in Y123 thin film. A. R. Devi et al. fabricated
Y/Dy123 mixed crystal thin film using PLD method and studied
the effect of crystal defects created by stress fields on flux pin-
ning and J.. [5]. The higher J. — B curves in Yb/Nd123 thin
film imply that crystal defects originating from a lattice misfit
between Yb123 and Nd123 act as APC’s. Other groups also ar-
gued the improvement on the pinning force in the RE123 mixed
crystal [S]-[7]. The J. in high magnetic field in Yb/Nd123 thin
film with z = 0.7 was higher than that with z = 0.2, because
the 7¢.’s are 83 K and 86 K in Yb/Nd123 thin film with z = 0.2
and 0.7, respectively.

B. Microstructures in REBa,Cuz O, thin films

As discussed above, RE123 thin films prepared by LTG tech-
nique and mixed crystal system showed excellent .J. — B curves.
To clarify pinning centers in these films, we observed cross sec-
tional TEM images in RE123 thin films.

Fig. 2 shows the microstructure of LTG-Sm123 thin film.
In Fig. 2(a), we noted the lack of precipitates and any distinc-
tive defects in the film. In order to investigate the candidate for
APC’s, we measured the distribution of the composition in the
film using TEM-EDX in Fig. 2(b). In this figure, a grayscale
represents an amount of Sm/Ba substitution . We found that
the upper layer contains a lot of refined large « regions with di-
mensions of ~ 50 nmx ~ 100 nm. It is well known that a large
x in Sm123 causes decrease in T... Therefore, we suggest that
fluxons are pinned by these refined low-T. phases.

We also performed cross sectional TEM in an Yb/Nd123 thin
film (z = 0.2) as shown in Fig. 3. Although we can observe
columnar contrasts along the substrate normal in Fig. 3(a), their
origin is not cleared. They may come from a fluctuation in a
composition, a misalignment of crystallographic axes and so on.
In order to clarify reasons for the improved .J.— B curves, a fluc-
tuation in a composition was measured by TEM-EDX. Fig. 3(b)
shows RE fluctuation measured at the dashed line represented
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Fig. 3. Microstructure and fluctuation in composition in Yb/Nd123 thin film

z = 0.2). (a) represents the cross sectional TEM image and (b) is the RE
fluctuation as a function of horizontal position which corresponds to the dashed
line in (a).

in Fig. 3(a). Yb-rich domains and Nd-rich domains are periodi-
cally seen with a separation of 400~500 nm, but shapes of these
domains have not been revealed. In the case of (Nd,Eu,Gd)123
melt processed bulk with the excellent magnetic properties, the
nanoscale laminar structure have been observed by a dynamic
force microscope viewed from [001] direction, and the period
in this structure is comparable to the coherence length [8]. We
speculate that the periodic structure in Yb/Nd123 thin film is
similar to the laminar structure in the (Nd,Eu,Gd)123 bulk, al-
though the period in the film is several hundred times larger than
that in the (Nd,Eu,Gd)123 bulk.

C. Effect of Field Angle and Temperature on J.

From the microstructures in RE123 thin films, there is a possi-
bility that the fluctuation in the composition acts as APC’s. One
of the most straightforward methods to evaluate pinning effects
due to APC’s in RE123 thin films with some degree of spatial
alignment is measuring the dependence of .J.. on the angle 6 be-
tween the magnetic field B and the c-axis in the films. When B
is aligned with defects, any influence of defects on flux pinning
can be revealed clearly as a .J. anomaly.

We present the .J. — 6 curves taken at various temperatures
and the several values of the magnetic field for LTG-Sm123 thin
film in Fig. 4. In this figure, the vertical axis is a J. divided by
Je(B || ab) which corresponds to J.(6 = 90°), and ¢ represents
the temperature 71" reduced by 7. = 91 K in 0 T, i.e. t = 0.8,
0.85 and 0.9 correspond to 17" = 73, 77 and 82 K, respectively.
For comparison, the J. in Y123 film on MgO is also plotted [9].

It can be seen that the .J. — 6 curves at 1 T hardly depend
on 6. On the other hand, at 5 T, broad .J. peaks were observed
when the B was aligned parallel to the CuO planes (6 = 90°).
Furthermore, an additional J. peak occurs only at ¢ = 0.9 and
6 = 0°. In the case of the .J. — f curve in Y123 thin film, a sharp
J. peak is observed when field is aligned with the CuO planes,
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Fig. 4. Normalized J. in LTG-Sm123 thin film at different temperatures as a
function of field angle 8. Opened and filled symbols show the J. at I Tand 5 T,
respectively. Here, ¢ is reduced measurement temperature 7" by 7.. = 91 K.
The dotted line corresponds to the J. in Y123 on MgO for comparison (. =
8TK, T =77K,1T)[9]
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Fig. 5. Normalized J. in Yb/Nd123 thin film (» = 0.7) at different

temperatures as a function of field angle 8. The 7. in this film was 86 K.
Opened and filled symbols show the J. at 1 T and 5 T, respectively. Anomalous
J. peaks appeared at 5 T and were pointed out by the black arrows. The dotted
line corresponds to the J. in Y123 on MgO for comparison (7. = 87 K,
T=77TK,1T) ][9]

and an additional .J, peak appears at around § = 0° in some in-
stances, for example when the B is aligned with defects corre-
lated along the c-axis of the film such as dislocations [10], [11].
Thus, the additional .J. peak is due to correlated dislocation ||
c-axis, it is just hidden by the higher .J, values of lower angle-de-
pendences, which the large-z regions are dominant, presumably.
On the basis of both results, we suggest that these regions con-
tribute to the isotropic J. — # curve, since fluxons can be pinned
when B is aligned with any directions.

Next, we also present the J. — 6 curves measured at var-
ious temperatures and several values of the magnetic field for
Yb/Nd123 thin film (z = 0.7) in Fig. 5. Here, Tt is 86 K, there-
fore ¢ = 0.8, 0.85 and 0.9 correspond to T" = 69, 73 and 77 K,
respectively.
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As seen in Fig. 5, J.(B || ¢) at 1 T is larger than J.(B || ab)
independent of £. Similar results are reported in the literature
[12]. Their broad .J. peaks at around # = 0° appeared in
Y123 films deposited on SrTiO3 and LaAlO3, because the
c-axis directed pinning centers such as dislocations were gen-
erated on the substrates. Although our films were deposited on
MgO, our result also originates from pinning centers correlated
along the c-axis. Additionally, from the TEM observation in
Yb/Nd123 thin film (z = 0.2), there are the RE fluctuations
in the film. Although the .J. — # measurements were carried
out on Yb/Nd123 thin film (2 = 0.7), we expect a similar
microstructure in the film. From the viewpoint of RE fluctu-
ations in the film, we suggest that pinning centers correlated
along the c-axis are also generated by lattice misfit between
Yb-rich domain and Nd-rich domain.

Interestingly, anomalous J. peaks appeared at 5 T and an-
gles between 0° and 90°, and shifted to lower angles for de-
creasing ¢. We can not explain mechanisms for the appearance
of the anomalous J. peaks yet. However, there is a possibility
that pinning centers introduced by the RE fluctuations affect the
J. — 6 curves.

IV. CONCLUSION

We have measured J.’s and microstructures in LTG-Sm123
(z = 0.04) and Yb/Nd123 thin film (2 = 0.2 and 0.7). High
J. in magnetic field comparable to J. in Nb-Ti wire at 4.2 K
was achieved by LTG-Sm123 thin film, and .J. — B curves in
Yb/Nd123 thin films were higher than that in Y123 thin film.
From the results both of TEM observations and J, — 6 mea-
surements, we suggest that APC’s in LTG-Sm123 thin films are
the refined large = regions with dimensions of ~ 50 nmx ~
100 nm and those in Yb/Nd123 thin films are the RE fluctua-
tions with a separation of 400~500 nm.
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