
PHYSICAL REVIEW B VOLUME 45, NUMBER 21 1 JUNE 1992-I

Magnetic-field-induced microwave losses in epitaxial Bi-Sr-Ca-Cu-0 films
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Magnetic-field-induced microwave losses in epitaxial c-axis-oriented Bi-Sr-Ca-Cu-0 films have been
observed. At low magnetic field, the behavior of the absorption is qualitatively analogous to that already
observed in granular samples. The dominant part is attributed to the dephasing of a network of Joseph-
son junctions. A structural analysis shows evidence of such a network. The dependence of the absorp-
tion on the angle between the magnetic field and the a-b plane is consistent with this model.

I. INTRODUCTION

Microwave absorption has been shown to be a useful
method for studying the transport properties in conven-
tional superconducting materials. This technique has
also been used to investigated the resistive properties of
high-T, superconductors with and without the presence
of an external magnetic field, ' " revealing the existence
of weak links, glassy phenomena, ' flux flow, flux
creep, ' phase slippage, ' and anisotropy. " The
knowledge of dissipative mechanisms in high-T, copper-
oxide superconductors is of utility in the area of mi-
crowave detection, in order to make passive devices at
the temperature of liquid nitrogen.

In this paper we will present a set of measurements of
the microwave absorption as a function of the magnetic
field in c-axis-oriented 2:2:1:2Bi-Sr-Ca-Cu-0 films grown
by liquid-phase epitaxy and with a mosaic spread lower
than 0.1'. The measurements have been taken at various
temperatures and angles between the magnetic-field
direction and the a-b plane. At low magnetic field
(H (0.3 T) the data show a behavior analogous to that
found in granular samples if the magnetic field is scaled
by an order of magnitude. In order to explain the experi-
mental results, various dissipative mechanisms will be
considered.

The aim of the present paper is to show that the mi-
crowave losses at low fields are dominated by the absorp-
tion due to the dephasing of the network of the Joseph-
son junctions present in these films.

In Sec. II the experimental setup and the sample
preparation are described. In Sec. III the experimental
results are exposed, while a discussion of possible dissipa-
tive mechanisms is given in Sec. IV.

II. EXPERIMENTAL SETUP
AND SAMPLE PREPARATION
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shaped specimen. The microwave apparatus is made sen-
sitive to the absorption of the cavity and the power
reflected from it is detected. In this condition, the
reflected power is proportional to surface resistance of
the superconducting film and the system allows one to
measure the variation of the surface resistance. In Fig. 1

a sketch of the experimental setup is shown. The cavity
is working in the TE&0, mode at the frequency v=22. 5

GHz. The microwave current density J flows in the a-b
plane of the sample (vertical plane) and the magnetic
field, supplied by a conventional electromagnet, rotates in
a horizontal plane, so that, in our arrangement, 6 is the
angle that the H direction makes both with the J direc-
tion and with the a bplane (ins-et of Fig. l). The magnet-

The method of microwave surface resistance has been
used to detect the losses of superconducting samples.
The microwave power is fed into a rectangular cavity in
which a narrow wall is substituted by the rectangular-

FIG. 1. Sketch of the cryogenic section of the experimental

setup. In the inset, the sample arrangement with respect to the

external magnetic field H and the microwave current density J
is also shown.
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ic field is varied in the range 0—1.3 T; the temperature is
changed from 13 to 90 K and stabilized within 0.03 K by
means of a resistance heater. The temperature is mea-
sured by a Pt-resistance thermometer and a Cu-
Constantan thermocouple. Measurements have been per-
formed on c-oriented films of 2:2:1:2Bi-Sr-Ca-Cu-O.

Our growth apparatus is of the kind widely used for
the liquid-phase epitaxy (LPE) growth of garnet films. '~

It consists of a vertical tubular furnace, with a heating
zone about 0.5 m long, whose temperature is measured by
a Pt/(Pt —10 at. % Rh) thermocouple, and kept stable by
a Eurotherm controller. The growth solution is con-
tained in a 100-cm platinum crucible, whose position can
be adjusted vertically so as to obtain the desired vertical
thermal gradient (see below). The substrates, kept hor-
izontal, is attached to a Pt-Au5% holder, at the lower
end of a vertical alumina rod.

The growth solution is prepared as follows. 20 g of the
Bi-Sr-Ca-Cu-0 constituent oxides and carbonates are
mixed and put in the Pt crucible. The crucible is heated
at 900'C for 1 h, and quenched in air: both calcination
of the carbonates and partial melting occurs, so that a
compact black mass is obtained, stuck to the crucible
bottom. On top of this mass, 100 g of KC1 are added,
which is melted in turn, by heating the crucible again at
800'C for 1 h, followed by a further quenching. The cru-
cible is then placed in the upper part of the heated zone
of the growth furnace, so as to create in the solution a
downward thermal gradient, aimed to promote the chem-
ical transport from the solute on the crucible bottom to
the top-dipped substrate.

One of the key factors influencing film growth is just
the thermal gradient in proximity of the substrate, which
of course is strongly dependent on the design of the sub-
strate holder. To obtain film growth at a stable and
definite temperature, the furnace thermal controller is
driven by a thermocouple immersed in the liquid, in close
proximity to the substrate. LaGa03 substrates were
used.

The electrical properties of films growth by the LPE
technique were then investigated. The electrical resis-
tance of the films above the transition temperature was
found to have a metallic behavior with low extrapolated
value at 0 K (one-tenth of the room-temperature value).
The width of the dc resistive transition was 4 K and zero
resistance was reached at about 80 K.

We accurately studied the twinning of (001)-oriented
LaGa03 substrates by means of x-ray diffractometry us-

ing a conventional Bragg-Brentano diffractometer. To
investigate the distribution of differently oriented grains,
the detector is kept fixed to the position corresponding to
the Bragg condition for the intense (00 12) reflection of a
2:2:1:2 single phase Bi-Sr-Ca-Cu-0 film grown on a
LaGa03 substrate (28=40.87 using Co Ka radiation),
while the crystal is rotated around the normal to the
diffraction plane (co scan). Different grains will therefore
be in the correct position for giving a Bragg reflection for
differed values of the rotation angle. From a perfect crys-
tal, the co scan should result in a single narrow peak. On
the contrary, as shown in Fig. 2, three peaks were ob-
served for our LaGa03 substrates, spaced about 0.3' and
with a full width at half maximum of 0. 1' each, corre-
sponding to the instrumental broadenning of our
diffractometer. The presence of three separate and nar-
row peaks shows that the grains are not randomly
misaligned with respect to one another (which would re-
sult in a single broad peak) but rather that they are
aligned along three well-defined directions.

The LaGa03 structure is orthorhombic (a =0.5519
nm, b =0.5494 nm, c =0.7770 nm). However, its struc-
ture can be derived from the perovskite structure consid-
ering the original cubic cell stretched along a face diago-
nal so as to form a rhombus having sides of length 0.3894
nm and forming angles of 89.32' and 90.68'. ' Therefore
a possible explanation of our results is that the two side
peaks in the co scan are due to grains tilted in such a way
that the sides of the rhombus are perpendicular to the
substrate surface [i.e., the grains are (110)- and (110)-
oriented in the orthorhombic unit cell]. In these condi-
tions the lattice spacing is 0.7787 nm, to be confronted
with the c lattice spacing of 0.7770 nm for the (001)
orientation. This difference corresponds to 0.09' only in
28 and therefore the (001), (110), and (110) oriented
grains simultaneously fulfill the Bragg condition for the

III. EXPERIMENTAL RESULTS

A. Structural characterization

The possibility of using LaGa03 substrates for the
growth of high-T, superconducting films was suggested
by Sandstrorn et al. in 1988. The main advantages of
LaGa03 substrates over the previously used ones (MgO,
ZrOz, SrTi03) were shown to be the better lattice match-
ing with the high-T, superconducting compounds and
the low dielectric constant. On the other hand, LaGa03
substrates are highly twinned, which was shown' ' to
result in a decrease of the current-carrying capabilities of
the overlying superconducting films.

ROCKING ANGLE 9
FIG. 2. Rocking curve. Co Ka radiation for the 61m grown

on LaGa03 substrate.
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selected reflection. Furthermore, if this picture is
correct, the angular separation of the peaks in the co scan
should vary between zero and 0.68' (the distortion of the
a bs-ubstrate grid from the rectangular shape) as the crys-
tal is rotated around an axis perpendicular to the sub-
strate surface, which was experimentally confirmed.

The same analysis was then performed on a bare
LaGa03 substrate, and the same above-described features
were observed in the co scan of the (004) refiection of the
substrate (Bragg angle 28=54.91'). This clearly shows,
as it was expected from the fact that our films are truly
epitaxial, ' that the structural properties of the film are
strongly related to the substrate ones, and that the pres-
ence of twinning domains in the substrate leads to the ex-
istence of small-angle grain boundaries in the overlying
film.

The surface morphology of the film was then investi-
gated by scanning electron microscopy. As shown in Fig.
3, several cracks are observed on the film, on a 50—100-
pm scale. This roughly corresponds to the spacing
among twinning domains in the substrate, but the pat-
terns of the cracks observed do not follow the twinning
domains' shape, and therefore they should be attributed
to thermal stresses rather than to structural causes only.
Anyhow, evidence for the effects on the electrical proper-
ties of the film of the presence of grain boundaries in-
duced by the substrate twinning comes from the large
difference between the critical current densities measured
on Bi-Sr-Ca-Cu-0 films grown, under the same condi-
tions, on twinned LaGa03 substrates and untwinned
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FIG. 4. Variation P(H) —P(0) of the microwave absorbed
power as a function of the external magnetic field H at various
temperatures, with Hla-b plane. Arbitrary units remain the
same in successive figures.

SrTi03 or NdGa03 substrates (5X10 A/cm at 4 K for
films grown on NdGa03, to be compared with 3X10
A/cm for films grown on LaGa03). ' '

B. Microwave absorption

The experimental results refer to the measurements of
the microwave absorbed power by the superconducting
films as a function of the static magnetic field at various
temperature and angles between the magnetic field and
the a-b plane.

1. T dependence

In Fig. 4 the variations of the microwave absorbed
power as a function of the magnetic field H, at various
temperatures, with H directed along the c axis (8=90'),
are shown The measurements have the same qualitative
behavior of granular Y-Ba-Cu-0 and Bi-Sr-Ca-Cu-0 sam-
ples, in which the existence of a network of Josephson
junctions had to be assumed in order to explain the ex-
perimental results. The freezing effects depending on

C)
O
U

~N
4

CL

0.05

first run after ZFC

j I I I I I I I I I I I I I I I I I I I

0 0.1 0.2 0.3

FIG. 3. Surface morphology of the film investigated by scan-

ning electron microscopy.

FICz. 5. Plots of the microwave absorption at low ternpera-
ture for the first run in H after ZFC and for successive runs.
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FIG. 6. Behaviors of P(H) —P(0) for a fixed temperature at
various angles 8 between H and the a-b plane.

2. 8 dependence

In Fig. 6 the variations of the microwave power as a
function of the magnetic field for a fixed temperature, at
various angles 8, are shown. As can be seen, a strong an-
gular dependence is present in the magnetic losses. To
better characterize this effect, in Fig. 7 we show that the
magnetic dependence of the power absorbed scales as
sin8 from 8=90' down to a few degrees (8=5') from the
a-b plane. This scaling has been verified in the tempera-
ture range 60-80 K.
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FIG. 7. Scaling of the curves of Fig. 6 as a function of
Hsing. In the figure only the part below Hsing=0. 3 T is
shown.

the magnetic and thermal history found at low tempera-
tures in granular samples should also be present in films.
In particular, if the sample is cooled in zero magnetic
field (ZFC) at a temperature sufficiently low and is succes-
sively subjected to a field H high enough (first run in H),
a second run of H shows that the amplitude of the ab-
sorption is reduced. This amplitude is not modified by
further applications of H (see Fig. 3 of Ref. 5). This be-
havior for our superconducting films at T=14 K is
shown in Fig. 5.

IV. MODELS AND DISCUSSION

In order to explain the experimental results presented
in the preceding section, one must compare the different
mechanisms which can give rise to dissipation in magnet-
ic field for high-T, superconductors. The main models
for dissipation at microwave frequencies given in litera-
ture are connected to flux flow, flux creep, phase slippage,
and dephasing of the Josephson junctions.

The flux-flow model refers to the dissipation due to the
motion of fluxons in magnetic field, when the effect of
flux pinning is negligible. In dc measurements, in order
to observe the flux flow, it is necessary to impose on the
sample a current density J higher than the critical
current density J, for depinning, but in ac measurements
the necessity that J & J, can be avoided by choosing a
frequency larger than the pinning frequency. This fre-
quency lies generally below the range of the microwave
frequencies. The role of the flux flow in granular high-T,
superconductors at microwave frequencies has been care-
fully analyzed. The behavior of the power absorbed by
the specimen as a function of the magnetic field is pro-
portional to the surface resistance and is given by the ex-
pression

P =a I
—1+[1+(a H) ]' I' '

where a
&

and a2 (which are explicitly reported in Ref. 7)
are in the following assumed as parameters of the fit of
experimental results. As has been shown, the flux-flow
contribution in granular samples is strong enough at high
temperatures (T/T, & 0.6, see Fig. 3 of Ref. 7).

The flux-creep model considers the dissipation con-
nected to the temperature-activated jumps of fluxons
from the pinning centers. At the microwave frequencies,
the activation energy turns out to be low, so that the ab-
sorption due to the flux creep is preeminent at low tem-
peratures ( T/T, (0.5), where irreversible effects are also
present. At higher temperatures (T/T, &0.6) the creep
changes into flow and the absorption becomes reversible
in H.

Another dissipation model in high-T, superconductors
is due to the presence of a network of Josephson junc-
tions (JJ), linking islands of the superconducting sample.
The losses result from the voltage induced in a junction
produced by the phase slippage in the presence of a mag-
netic field. ' This process is thermally activated and
should be negligible at low temperatures.

The last absorption mechanics, i.e., the JJ dephasing, is
also connected to the presence of links of the JJ: the ap-
plication of a magnetic field changes the state of the junc-
tion to a dissipative one, so that the microwave can be ab-
sorbed. Because the JJ network is constituted by a set of
junctions statistically distributed with respect to their
geometrical parameters, at a fixed temperature, the varia-
tion of microwave absorbed power P as a function of the
magnetic field H can be attributed to the gradual decou-
pling of the junctions with the increasing of H. Contrary
to the slippage the amplitude of this effect should in-
crease with the lowering of the temperature (see Fig. 4),
because the lower the temperature the larger the number
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of coupled junctions. This absorption, found in granular
superconductors (Y-Ba-Cu-0 and Bi-Sr-Ca-Cu-0) has
been quantitatively discussed in a previous paper. As-
suming the junctions to be mutually independent, the rel-
ative reduction of the number of coupled junctions

(d—N/N) is proportional to the rise dH of the magnetic
field, —(dN/N) = (Hd ) 'dH, where Hd can be con-
sidered the mean decoupling field of the junctions. Then,
the microwave absorbed power is given by the exponen-
tial behavior

(2)

where AP0, the power variation when all the junctions
are decoupled, is proportional to the number of coupled
junctions at a given temperature.

As we will show in the following among the former
proposed models of absorption only the JJ dephasing and
the flux-flow mechanisms are able to explain the behav-
iors of the microwave power as a function of the magnet-
ic field for temperatures higher than 50 K. At lower tem-
peratures, the quantitative analysis of the experimental
results is complicated by the freezing effects depending
on the magnetic and thermal history of the sample. As a
consequence, the model of mutually independent junc-
tions ruled by Eq. (2) is no longer valid. Anyway, the
freezing effects observed at low temperatures confirm the
presence of a network of JJ's.

It is not possible to fit the whole set of experimental
data of the microwave absorbed power for T & 50 K, as a
function both of temperature and of magnetic field,
without including the JJ and flux-flow contributions.
Furthermore, the phase-slippage contribution is not cru-
cial for the fit once JJ and flux-flow terms are considered.
As a consequence, the analysis of the experimental data
has been carried out with the functions (l) and (2). Here
we do not take into account the flux-creep mechanism be-
cause of the temperature range considered ( & 50 K).

In Fig. 8 we present a typical fit of the measurements,

obtained by means of the equation

P =Pf+PJ,
where Pf and PJ are given, respectively, by Eqs. (l) and
(2) with BPo, Hd, a „anda2 fit parameters.

We will show in the following how the behaviors of
EPp and Hd, as a function of the temperature T and of
the angle 8, allow one to obtain information on the mi-
croscopic structure of the junction network and on the
intensity of critical current. In Fig. 9, the parameters
EPo and Hz are shown as a function of T (open circles).
The values of H& are an order of magnitude larger than
those found in granular 2:2:1:2Bi-Sr-Ca-Cu-0 and 1:2:3
Y-Ba-Cu-0; this fact indicates that the coupling is
stronger.

Under the hypothesis of the existence in the sample of
a network of JJ's, it is possible to calculate the behavior
of the junction parameters APo and Hd as a function of
temperature, on the line of the theory of the JJ in mag-
netic field. The analysis has been carried out considering
the Josephson coupling energy EJ as a function of T and
H:

sin(n. / o)
Ei(T,H)= F(T) Io

2e n P/Po

0.2

0.1-

0.10—

~ ~ I ~ I

40 60 70
~ ~

90

T(K)

o 005—
CL

CL

0.10—

0.05

&&'~g "+Eeet
~~~"(x)"—

() () " 1 "-""-.5 ()()"

0.5

FIG. 8. Typical fit of the variation of the microwave ab-
sorbed power P (H) —P (0) by means of Eq. (3) (continuous line).
Open circles are experimental points. In the inset, an enlarge-
ment of the curve up to 0.2 T is shown. The magnetic field is
perpendicular to the a-b plane.
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FIG. 9. (a) Behavior of the mean dephasing magnetic field

Hd, (b) maximum variation of the JJ absorption EPO (open cir-
cles) when H is orthogonal to the a-b plane.
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where p is the magnetic fiux through the junction cross
section, Pe=eh/2e is the fiux quantum, Io is the max-
imum Josephson current in the junction, and F( T) is a
function of the temperature, which in the Arnbegaokar-
Baratoff theory is given by

F(T)= tanh
&(T) &(T)

0.2

0.1

T = 70.15 K

with b, ( T) the temperature-dependent gap parameter and
b, (0) the gap at T =0. The dephasing field Hz is implicit-
ly given by the condition

Eq(T, Hg)=kJJT .
30 60

6 (deg)

In Eq. (4) the angle brackets mean an average on the sta-
tistical geometrical parameters of the junctions. The de-
tailed procedure of an analogous fit is reported else-
where. 4

In Fig. 9(a) the fit of H& and in Fig. 9(b) the fit of EPo
as a function of temperature are superimposed (continu-
ous lines) to the data (open circles), assuming for b,(T)
the BCS expression. As can be seen, for T )50 K the
theory fits the data fairly well. The fit parameters for
both the curves are the magnetic-field penetration A,o at
T=0, the averaged value of the junction linear dimen-
sion w, the junction averaged thickness I, and the vari-
ance o. of the statistically distributed junction linear di-
rnensions. We have obtained XO=O. 16 pm, w =0.12 pm,
I =0.01 pm, and a =0.04 pm. It has to be stressed that
the numerical values of A,o, w, and o are critical for the fit

development. The value found for A,o is in remarkable

agreement with the value A,o-—0. 18 pm as reported in
literature. The values of w and I are much smaller than
those obtained by the same procedure in granular sam-
ples: JJ's are smaller in epitaxial films, correctly
re6ecting the stronger coupling indicated by the higher
values of H&.

Defining T, as the temperature above which the JJ's
are all dephased, from the experimental data one obtains
T, =81 K. It is then possible to evaluate the critical
current density J,(0) at T =0 by means of the equation
(in Systeme International units) (Ref. 24)

T,
J,(0)= 1.57 X 10

w (T, —TJ)
(5)

where T, =84 K is the temperature of the onset of the
transition.

Equation (5) gives J,(0)= 10 A/cm . This value, two
orders of magnitude higher than that found in granular
samples [(0.5 —1)X 10 A/cm ], is of the order of the one
extrapolated from dc measurements (3 X 10 A/cm ) car-
ried out on the same specimen. Also, it is remarkable
that recently critica1 current densities in excess of 10
A/cm have been obtained in artificial JJ's of Y-Ba-Cu-0
(YBazCu307 «-PrBa2Cu307 «-YBa2Cu307 —«).

In Fig. 10, the angular dependence of H& is shown

FIG. 10. Angular variation of Hq at a fixed temperature.
Open circles are the points extracted by the P(H) —P(0) fits,
full line is obtained by the equation Hz(8) =Hajj /sin8.

(open circles). In the same figure, the curve given by the
equation Hz =H&~/sin8 is superimposed (H&j is the H&
value for Hla bplane). -The sin8 scaling of the dephas-
ing field H& indicates that only the magnetic component
orthogonal to the a-b plane is efFective. The amplitude
APo is angle independent. The angular dependence of H&
suggests that most of the junction planes are parallel to
the c axis. This conclusion is corroborated by an electron
microscope analysis (Sec. III A).

Preliminary measurements made on 2:2:1:2Bi-Sr-Ca-
Cu-0 films, grown on untwinned NdGa03 substrates by
the same epitaxial technique, show the same behavior of
the magnetic microwave absorption but with larger H&
values, as expected from the dc higher measured values of
the critical current density.

V. CONCLUSION

Epitaxial c-axis-oriented Bi-Sr-Ca-Cu-0 films have
been studied by means of magnetic-field-induced mi-
crowave losses. An analysis of the measurements allows
us to ascribe the losses to the presence of Josephson junc-
tions, as a consequence of the following results: (i) the ex-
ponential behavior of the microwave absorption at low
magnetic field (H (0.3 T), (ii) the electron microscope
observation of thermal cracks parallel to the c axis of the
samples, (iii) the 8 dependence of the junction mean de-
phasing field Hz scaling as sin8 for 8 larger than 7' (8 is
the angle between the a-b plane and the direction of the
magnetic field).

A theoretical model, based on the hypothesis of in-
dependent junctions, allows us to obtain, for ternpera-
tures larger than 50 K, the mean geometrical parameters
of the junctions and to estimate the intensity of the criti-
cal current, which turns out to be of the order of that
found in dc measurements.
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