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Er&Ba7Cu»O~ is a thin-film high-temperature superconductor (critical transition temperature, T, =93
K). The crystal structure, microstructure, surface morphology, and transport properties of
Er&Ba7Cu»O~ thin films were investigated by x-ray difFraction (XRD), scanning electron microscopy
(SEM), and four-point dc-resistivity measurements under magnetic fields. Oriented Er,Ba7Cu»O~ thin
films on cubic Zr02(100), MgO(100), LaA103(100), and SrTi03(100) substrates were prepared by
molecular-beam deposition and post annealing in wet and dry O2 (BaF2 technique; annealing tempera-
ture =850—890'C). The 0.4-pm Er5Ba7Cu»O~ thin films on cubic Zr02{100) and MgO(100) substrates
grew with mixed b and c orientations. The 0.4-pm Er,Ba7Cu»O~ thin films on LaA103(100) and
SrTi03(100) substrates annealed at 850'C had c- and a-oriented grains, whereas the films annealed in the
temperature range 870—890'C displayed (001) epitaxy. By XRD, the lattice constants of Er&Ba7Cu»O~

0 0 O

were derived as ao =10.38 A, ho=10. 52 A, co=11.65 A, and a=g=y=90. In the SEM studies, the
0.4-pm Er&Ba7Cu»O~ thin films were found to have a smooth-surface morphology. The shape of a-
oriented grains in the Er,Ba7Cu»O~ thin films was found to be thick-rod-like. The transport data of su-

perconducting resistive transitions under magnetic fields (0—5 T) were analyzed with the models of
thermally activated giant Aux creep. The activation energy for Aux creep was determined to be U (K)
= [3X 10 (1—T/T, )"j /H (H~ ab plane), where H =magnetic field (T) and T= temperature (K).

I. INTRODUCTION

The structure and properties of high-temperature-
superconductor materials are important areas of solid-
state research. ' In the R-Ba-Cu-0 system (R =Y, Nd,
Sm, Eu, Crd, Dy, Ho, or Er), RBa2Cu307 s is one of the
most interesting high-temperature-superconductor ma-
terials (critical transition temperature, T, =92 K). Stud-
ies of compositional variations in the R-Ba-Cu-O sys-
tern have led to the discovery of other high-T, super-
conductors such as R Ba2Cu40, and R 2Ba4Cu70, 4.

3

R,+,Ba2 „Cu30» (R AY or Er) oxides also have a
RBazCu307 &-type crystal structure in which the excess
R atoms substitutionally occupy the Ba sites. In case
of R =Y or Er, which are much smaller atoms than Ba, it
has been suggested that the R

&
Ba2 Cu30„structure

is not stable and the material decomposes into multiple
phases (EriBazCu&07 s, Er2BaCuOs, and CuO). Re-
cently, we reported on the discovery of single-phase
Er5Ba7Cu, 20~ high- T, superconductor thin films

(T, =93 K).7 s The ErsBa7Cu, 20 thin films have been
characterized by x-ray difFraction (XRD), scanning elec-
tron microscopy (SEM), and four-point dc resistivity
measurements under magnetic fields. The results are re-
viewed in this paper.

The crystal structure of the Er58a7Cu, 20 thin films
was investigated by XRD. Oriented Er58a7Cu, 20 thin
films of various thicknesses were grown on LaA103(100),

SrTi03(100), MgO(100), and cubic Zr02(100) substrates
by molecular-beam deposition of Er, BaF2, and Cu (oxy-
gen pressure =5X10 torr) followed by post annealing
in wet and dry 02 (annealing temperature =850—890 C).
The composition of some of the films was checked by
Rutherford backscattering spectroscopy (RBS). Using
the XRD data, the lattice parameters of the unit ce11 of
Er5Ba7Cu&20 were determined as shown in this paper.

The SEM studies provided information on the surface
morphology of the Er58a7Cu&20 thin films. These stud-
ies also substantiated that the oriented Er58a7Cu&2Oy
thin film is a single-phase material. The Er, BazCu3O7
and ErsBa7Cu, 20» thin films on LaA103(100) and
SrTi03(100) substrates were examined (film thickness
0.2 —0.4 pm). For the R Ba2Cu307 s thin films on
LaA103(100) and SrTi03(100) substrates, which are
grown by the BaF2 technique (850—890 C post anneal), it
has been reported that the 0.2-pm thin films are mostly c
oriented [(001) epitaxy], but the growth mode changes to
(100) epitaxy when the thickness is greater than 0.2 pm. '

These results were obtained by high-resolution electron
microscopy and transmission electron microscopy by
several groups. ' ' " The a-oriented grains of
R Ba2CU307 $ thin films are needle-like in shape. '

As a result, the RBa2Cu3O7 s/LaA103(100) thin films
with thicknesses ~0.2 pm have both c- and a-oriented
growth modes, in which the a-oriented grains are in a
netlike pattern near the surface whereas the e-oriented
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p„=(U&H)IJ (2a)

p„=(v~H /J ) exp( —U IkJi T ) sinh( O'Iks T ) . (2b)

Below T„the measured conductivity cr,z is a sum of o„
and normal-state conductivity from a volume fraction
which is not superconducting. ' When the normal-state
conductivity approaches zero, o.,z=o.„,or p,&=p„. If
the applied current density is the four-point dc-resistivity
measurements is much smaller than the depinning critical
current density, J„then the term 8'/kz T will be small.
In that case,

p„=[v~HW/(Jkii T)]exp( —UIkii T) (3a)

or

p„/H= 2 exp( —U lkii T), (3b)

where A =vox W'/(Jks T), which can be treated as a con-
stant for constant J and H if the temperature range is not
large. In the Anderson-Kim model of flux creep, if the
temperature dependence of U is neglected then the
magnetic-field dependence of U can be described by the
expression'

U=U H (4)

grains are buried. ' '" Our ErBa2Cu307 &/LaA103(100)
thin films show a similar surface morphology. On the
other hand, the SEM results for the Er58a7Cu, 20 /
LaA103(100) thin films show that the (001) epitaxy con-
tinues in thicker layers ()0.2 pm) for the same post-
annealing temperature. Furthermore, the a-oriented
grains of Er5Ba7Cu»O~ are thicker in cross section in the
ab plane than the a-oriented grains of ErBa2Cu307

The four points dc-resistivity measurements under
magnetic fields were used to study thermally activated
flux creep below T, in the Er58a7Cu»O~ thin films. The
resistivity (p) versus temperature [T (K)] data were fitted
to the models of flux creep. ' ' In type-II superconduc-
tors in the vortex state under magnetic fields, magnetic
flux bundles penetrate the sample, which are also sur-
rounded by supercurrent loops. According to the con-
ventional flux-creep model of Anderson and Kim for the
type-II superconductors in the vortex state, there is al-
ways a finite small resistance below T, which is due to
thermally activated motion of the vortex lines. ' The
creep velocity is given by the formula'

U
&
= ( vox ) exp( —U lk& T ) sinh( W/k& T),

where vo is the attempt frequency for flux hopping, x is
the average hopping distance, U is the activation energy
for fiux motion, W( J,H ) is the energy due to the Lorentz
force acting on a macroscopic current J, which is induced
by the fiux motion, T is the temperature (K); and kii is
the Boltzmann constant. The electric-field gradient due
to the thermally activated flux motion gives a finite resis-
tivity p„to the macroscopic current J, which is given by
the equation

where y is the exponent.
For the R BazCu307 & high-T, superconductors, a

modified (giant) fiux-creep model has been found to work
well. ' ' The giant flux-creep model takes the tempera-
ture dependence and magnetic-field dependence of activa-
tion energy into account. In this model,

U= [Uo(1 —t ) ]IH~, (5)

where Uo is a constant for a high-T, material (activation
energy constant), t =T/T„and exponents a,P are con-
stants. In theory a = 1.5 and P= 1.' ' ' Experimentally,
Zhu et al. have found the values of a and P to be 1.8 and
1 for epitaxial YBa2Cu307 s(001) thin films. '

In our experiments, the objective of the transport stud-
ies under magnetic fields was to compare the flux-creep
behavior of Er,Ba7Cu»Oy and ErBa2Cu307 z high-T,
superconductor thin films. Recently, it has been reported
that in the case of pure YBa2Cu3O7 & single crystals
there is a vortex glass transition (Tg =74 K) in magnetic
fields ~7 T. In the vortex glass model of high-T, su-
perconductors, the resistance truly goes to zero below the
glass transition temperature, T~, in a second-order phase
transition. ' ' We did not make attempt to search for
the vortex glass transition. The modified flux-creep mod-
el was found to be sufficient to describe the transport data
for the Er&Ba7Cui20 (001) thin films.

II. EXPERIMENTAL DETAILS

The Er5Ba7Cu»O~ and ErBa2Cu3Q7 & thin films were
prepared by molecular-beam deposition (MBD) and post
annealing using the BaF2 technique. The ultrahigh vacu-
um (UHV) MDB system consists of elusion cells, an oxy-
gen nozzle with a slow leak valve, a movable (water-
cooled) thin-film thickness monitor (FTM), a residual gas
analyzer, and a sample transfer assembly. The effusion
cells of Er, BaF2, and Cu have alumina crucibles ( —,'-in.
orifice diameter 3 in. long) with inserts of Ta foils. Each
eff'usion cell has a W5%Re-W26%Re thermocouple in-
serted in an alumina slug. The thermocouple touches the
bottom of the crucible. The effusion cells are wrapped
with several layers of Ta foils for radiation shielding to
prevent excessive outgassing.

The Er, BaF2, and Cu vapors in stoichiometric ratio
were deposited on LaA103(100), SrTiO&(100), cubic
ZrOz(100), and MgO(100) substrates at room tempera-
tures (RT) in the presence of 5 X 10 torr 02. Usually,
the base was about 2X10 ' torr, whereas the pressure
just before leaking in 02 was in the 1 X 10 —3 X 10
torr range. The fiux (arrival rate) of each kind of vapor
at the substrate was determined by moving the quartz
crystal FTM at the position of the substrate and measur-
ing the deposition rate in A/sec before deposition. For
accurate measurements with the FTM, the film was de-
posited for 30 sec or more and then the readout of total
thickness was divided by time to get the deposition rate.
Note that the flux is calculated from the deposition rate.
After deposition, the mixture films were taken out from
the UHV system and post annealed in wet and dry O2 at
a temperature in the 850—890'C range to get the epitaxi-
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al (or oriented) Er5Ba7Cu, 20 or ErBa2Cu307 s single-
phase thin films. The film thickness after post annealing
was in the 0.2—1.2 pm range, but most of the films were
either 0.2 or 0.4 pm thick. The composition of some of
the films was verified by Rutherford backscattering spec-
troscopy, as mentioned earlier. The Er5Ba7Cu&zO~ and
ErBa2Cu307 Q

thin films were characterized by x-ray
diffraction, scanning electron microscopy, and measure-
ments of transport properties under magnetic fields as de-
scribed below.

The XRD patterns of the Er&Ba7Cu&zO~ thin films
were obtained with a DIANO diffractometer using a Cu
K source (A, =1.542 A). The diffraction intensity
(counts) versus Bragg angle, 28, data were acquired in the
5' —85' range. The scan rate was 0.2'.

The surface morphology and microstructure of the
Er5Ba7Cu, zO and ErBazCu307 & thin films were studied
with an ISI Model 60A scanning electron microscope.
The microscope was mostly operated in the backscatter-
ing mode, although the secondary electron detection
mode of SEM was also applied. Note that in the back-
scattering mode of SEM operation the Z contrast of
phases is enhanced (Z is the atomic number). Hence, the
backscattering mode is very useful for the identification
of second-phase grains. The SEM pictures were taken at
magnifications in the 500—10 K range.

The transport properties of the epitaxial
Er5Ba7Cu, 20 (001)/LaA103(100) thin films were investi-
gated by four-point dc-resistivity measurements. For the
resistivity measurements, the samples were cut in the size
2.5 mmX6 mm, approximately. Four collinear silver
pads were deposited along the length of each sample by
thin film vapor deposition (Ag film thickness=0. 5 )Mm).
The electrical leads were connected to the silver pads by
soldering with pure indium. In each measurement, a
sample holder mounted with one sample was placed in a
cryogenic measurement system (LAKE SHORE Model
DRC-91C controller, CRYOGENIC Model SCU 500
cryostat, and HP Model 34401 voltmeter). The resistivity
measurements were done in applied magnetic fields of
0—5 T. The magnetic field was applied perpendicular to
the ab plane of the epitaxial Er5Ba~Cu, 20~/LaA103(100)
thin films. Note that the single-phase Er5Ba7Cui20 ma-
terial has an orthorhombic crystal structure for which
the lattice parameters a0 and bo are much different from
the lattice constants a0 and ba of ErBa2Cu307 $ as
shown in Sec. III. A constant current of 0.1 or 1.0 mA
was applied between the outer two silver pads and the
voltage drop between the central two pads was measured
(measured resistance =voltage drop divided by constant
current). The measured resistance values were converted
into resistivity.

III. DATA ANALYSIS AND RESULTS

A. X-ray diffraction

Figures 1(a) and 1(b) show the XRD patterns for 0.4-
IMm Er~Ba7Cu, zO» thin films on LaA103(100) and
SrTiO3(100) substrates. The films were annealed at
850 C. The interplanar spacings, dI, k&, were calculated
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FIG. 1. XRD patterns for 0.4-pm Er,Ba7Cu»O~ thin films
on LaA103(100) and SrTi03(100) substrates (x-ray source, Cu
K; g= 1.542 A). The diffraction peaks were indexed with the
lattice parameters of Er,Ba7Cu&20 as described in the text
(aa = 10.38 A, b0= 10.52 A, c0 = 11.65 A, and a=P=y =90').
(a) Diffraction intensity (counts) versus Bragg angle, 20 (deg) for
Er5Ba7Cu&2O~ /LaA103(100). (b) Diffraction intensity (counts)
versus Bragg angle, 20 (deg) for Er5Ba7Cu»O~/SrTi03(100).
[( a ) Peak due to diffraction from the substrate or K& x rays;
(+ + ) Bragg angle could not be measured accurately].

according to Bragg's law. In the calculations, corrections
for sample displacement error were also made. ' ' The
results are shown in a tabulated form in Ref. 8. The
diffraction patterns indicate that the film is primarily c
oriented. Using the experimental d00& values, the lattice
parameter c& of Er5Ba7Cu&20~ was determined to be
11.65+0.02 A, which has been reported earlier. In Figs.
1(a) and 1(b), another mode of oriented growth is also ob-
served for which the diffraction peaks are labeled as h00.
At this point, it has been hypothesized that the
Er5Ba7Cu&zO„material has an orthorhombic crystal
structure. A justification for this hypothesis is given
later. Using the interplanar spacings, d&00, for the first-
order and higher-order diffraction peaks, the lattice con-
stant a0 is derived as 10.38+0.02 A.

In Fig. 2(a), the XRD pattern for a 1.2-pm
Er~Ba7Cu, 20 thin film on a cubic ZrOz(100) substrate is
shown, whereas Fig. 2(b) shows the XRD spectrum of a
0.5-pm Er&Ba7CuizO thin film on a MgO(100) substrate.
These films were post annealed at 880 C. The diffraction
patterns show a dominant b-oriented growth of
Er58a7Cu&2O thin films. The lattice constant ba is deter-
mined to be 10.52+0.02 A. The Ok0 and 00l diffraction



9700 CHOUDHARY, SESHADRI, BAE, BLACK, AND LEWICKI 48

Eraaazcu12ojcubic-zro2(100)
10000

8
Sample: C

8000—
O
O

6000—
0)
X
LLi

Z 4000—
Cl
IZ
X

2000—

Film
Thickness:

1.2 N.m

C)
C)

C)
T

(

(a)

I I

C)
Ol
Cl

Pl
C4

(D
C9
C)

C4
C)

C4
Ol
C)

C)
CD

C9
1

CI
CI
C4
Cg
Ol

LIJ

CO
1
1

(Z)

Cl
C) ~

l c)

I I I I I I I

Ol
Ol

C)

CIA
W

10000—
Eraaarou, 2OQMgo(100)

N 8000

O

6000I-
Ch
K

4ooo

O
CL"

2000

CD

C)

C)
CI

Film
Thickness:

0.5 P.m

CD
C4
C)

8
0

Sample: 0

0
I

10 15
I I I I I I I I

20 25 30 35 40 45 50 55 60 65

8RAGG ANGLE 20 (deg. )

FIG. 2. XRD patterns for Er5Ba7Cu»Oy thin films on cubic
Zr02(100) and MgO(100) substrates (x-ray source, Cu K;

0
A, =1.542 A). The diffraction peaks were indexed with the lat-
tice parameters of Er&Ba7Cu&zOy as described in the text. (a)
Diffraction intensity (counts) versus Bragg angle, 20 (deg) for
1.2-pm Er5Ba7Cu&20y/cubic Zr02(100). (b) Diffraction intensi-

ty (counts) versus Bragg angle, 20 (deg) for 0.5-pm
Er,Ba7Cu, 20r/Mgp(100). [(a ) Peak due to difFraction from
the substrate or Ir

& x rays].

peaks are indexed in the figures. The 0.5-pm
Er1Ba7Cu, zO» thin film on the MgO(100) substrate has b
and c-oriented growths only [Fig. 2(a)]. Although the
1.2-pm Er1Ba7Cu, zO thin film on the cubic Zr02(100)

substrate has b- and c-oriented growths, it also has a large
volume of polycrystalline material. Consequently, the
XRD pattern for 1.2-pm Er58a7Cu&20y on cubic
Zr02(100) shows some high-index diff'raction peaks such
as 113 and 116. A comparison between the experimental-
ly derived d&kI values and d&k&~,d,&)

has been shown in
Ref. 8. The agreement between dpkl( pt) and

ddt)( mpdc) ) is excel lent. Therefore, the unit cel1 of
Er5Ba7Cu&20y is understood. The lattice parameters of
EI5Ba7Cu ]20y are derived as ap = 10.38+0.02 A,
bp=10. 52+0.02 A and c =11.65+0.02 A and the crys-
tallographic angles are a =P= y =90'.

We would like to comment on the superconducting
resistive transitions and metallicity of the Er5Ba7Cu&20
thin films on LaA103(100), SrTi03(100), cubic Zr02(100),
and MgO(100) substrates. The Er5Ba7Cu)zO thin films
on LaA103(100) and SrTi03(100) substrates show metallic
behavior and sharp resistive transitions ( T, =93 K). '

The b-oriented Er58a7Cu&20 thin films on the cubic
Zr02(100) substrate show semiconducting behavior but
the onset of superconducting transition is at 92 K and the
transition is broad. The b-oriented Er58a7Cu, 20 thin
films on the MgO(100) substrate show T, ,„„,at about 83
K.

B. Scanning electron microscopy

The SEM pictures of a 0.2-pm Er5Ba7Cu]20y thin film
on the LaA103(100) substrate, which was post annealed at
890'C, are depicted in Figs. 3(a) and 3(b). The SEM pic-
ture shown in Fig. 3(a) was taken at 3 K magnification
whereas the picture shown in Fig. 3(b) was taken at a
magnification of 10 K. The film shows (001) epitaxy,
which was also confirmed by x-ray diffraction. The sur-
face is smooth. The pictures show few rods of a- or &-

oriented growth in the surface region. From the Z con-
trast of second phases (z is the atomic number), any
significant amount of second phases was not observed. If
the Er58a7CuI20 thin film is not a single-phase material,
then it will decompose into three phases according to the
formula

5Ba7Cu120y = 3Er )Ba2Cu3O7 —5 + Er2BaCuO5

(74 vol. %) (18 vol. %%uo)

2CuO .

(6 vol. %)

Since the phase decomposition is not observed, the SEM
results substantiate that the Er5Ba7Cu&2O thin film is a
single-phase material.

Figures 4(a) and 4(b) show the SEM pictures of a 0.4-
)Mm ErBa2Cu307 s thin film on LaA103(100) substrate
(magnification, 500 and 10 K). This film was post an-
nealed at 850'C. The film shows a typical surface mor-
phology of the RBa2CuaO7 & thin films grown by the
BaF2 technique, if their thickness is greater than 0.2

pm. ' ' By electron microscopy studies, several groups
have reported that the needlelike grains in the form of a
net near the surface region are a oriented whereas the
material under the netlike structure has a c-oriented
growth. ' '" There are also some bright regions on the
surface which might be second-phase particulates or dust
particles.

In Fig. 5, the SEM picture of a 0.4-pm Er5Ba7Cu&2O
thin film on a LaA1O3(100) substrate is shown (annealing
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temperature=850'C; SEM magnification, 10 K). For the
same sample, the XRD pattern was shown in Fig. 2(a).
As described in Sec. IIIA, the film has both c- and a-
oriented growths. The picture at 10 K magnification in
Fig. 5 shows a small amount of netlike structure. But
there are two major differences between the surface mor-
phologies of the 0.4-pm Er&Ba7Cu&zO thin film on
LaA1O3(100) and the 0.4-pm ErBazCu&07 & thin film on
LaA103(100) (30-min anneal at 850'C): (1) the amount of
a-oriented growth for the Er5Ba7Cu]pO& thin film is
much less; and (2) the a-oriented grains of Er~Ba7Cu, 20~
are rodlike (thicker in cross section), whereas the a-
oriented grains of ErBa2Cu307 & are needlelike.

Figures 6(a) and 6(b) show the SEM pictures of a 0.4-
pm Er~Ba7Cu, 20 thin film on a LaA103(100) substrate,
which was annealed at 870'C (magnification, 500 and 10
K). There are very few particulates on the surface and
the film displays a smooth surface morphology. The pic-
tures were taken in the backscattering mode of SEM and
the brightness of SEM was reduced to enhance the con-
trast of surface topography. The SEM pictures of a simi-
lar 0.4-pm Er~Ba7Cu, zO thin film on a SrTi03(100) sub-
strate at magnifications of 500 and 10 K are depicted in
Figs. 7(a) and 7(b). This film was annealed twice (anneal-
ing temperatures, 850 and 870'C). Again, the surface is
found to be smooth, but there are few a-oriented grains
near the surface.

C. Four-point dc-resistivity measurements
under magnetic 6elds

The superconducting resistive transitions of a 0.24-pm
epitaxial Er5Ba7Cu&20~(001) thin film on a LaA10&(100)
substrate under 0—5-T magnetic fields are shown in Figs.
8(a) and 8(b) for a constant dc current of 0.1 and 1.0 mA,
respectively (four-point resistivity measurements). The
magnetic field was applied in a direction perpendicular to
the ab plane i.e., H is perpendicular to the film surface.
The T, ,„„,is at about 93 K and the superconducting
transition in low magnetic fields is sharp. The XRD
studies revealed that the film has c epitaxy (XRD pattern
not shown). This film was post annealed at 885 C.

First, while neglecting the temperature dependence of
activation energy, U, the data were fitted with the
Anderson-Kim model of thermally activated Aux creep
[Eq. 3(b)]. The plots of logio(p) versus 1000/T for 0.1-
and 1-mA constant currents are shown in Figs. 9(a) and
9(b). In the low resistivity region below T, (above
1000/T, ) the curves are almost linear. In that region, a
linear least-squares fit was made to get the activation en-
ergy, U, as a function of magnetic field, K. Figures 10(a)
and 10(b) show the plots of U [in normalized units, U/k~
(K)] versus H for 0.1- and 1.0-mA constant currents. To
determine the magnetic-field dependence of activation en-
ergy, i.e., to determine the constants Uo and y in Eq. (4),
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Magnification: 3000 FIG. 3. SEM pictures of a 0.2-pm
Er&Ba7Cu»O~ thin film on a LaAlO3(100) sub-
strate (post-annealing temperature, T,„„„&=890 C). The pictures were taken in the
secondary electron detection mode of SEM.
The surface is found to be smooth. The film is
primarily c oriented, but there are few a-
oriented grains which have a rod-like shape.
(a) SEM magnification of 3 K, (b) SEM
magnification of 10 K.
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(a)

Film: Er& Ba2Cu307 $
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FIG. 4. SEM pictures of a 0.4-pm
ErBazCu307 q thin film on a LaA103(100) sub-
strate ( T,„„„&=850'C). The pictures were tak-
en in the backscattering mode of SEM. The
netlike structure near the surface is formed by
a-oriented grains of ErBa&Cu307 q, as ex-
plained by several groups for this kind of sur-
face morphology of the R Ba2Cu307 z thin
films with thicknesses &0.2 pm (Refs. 10 and
11). The region under the netlike structure is
thought to be a c-oriented epilayer (Refs. 10
and 11). (a) SEM magnification of 500, (b)
SEM magnification of 10 K.

Film: Er&Ba2Cu307 $
Substrate: LaAIO3
Thickness: 0.4 p, m

Tanneal- 850
Sample: F

Magnification: 10000

the plots of log, o( U) versus log, o(H ) were made as shown
in Figs. 11(a) and 11(b) for 0.1- and 1.0-mA constant
currents. Linear least-squares fits to the data yielded the
constants Uo (intercept on the y axis) and y (slope). The
values of Uo [K T~] are 6607 and 5705 for O. l- and 1-mA
currents, and their respective values of y are 0.39 and
0.36. Hence, the average UD is 6156 (or 6X10 ) K T~
and y =0.375.

The transport data were also analyzed with the giant
Aux-creep model. In this analysis, the temperature
dependence as well as the magnetic-field dependence of

activation energy U were taken into consideration [Eq.
(5)]. Substitution of Eq. (5) in Eq. (3b) gives an equation
for the resistivity. Using a value of 1.8 for a in Eq. (5),
log, o(pl&) versus [1000(1 t ) ]/T w—ere calculated
(t = T/T„T,=92.5 K). Figures 12(a) and 12(b) show
the plots of log, o(p/H) versus [1000(l t) ]/T fo—r 0.1

and l.O-mA constant currents. The slopes of curves in
the linear region below T, on the right-hand side yielded
a function of Uo [see Eqs. (3b) and (5)], which can be de-
scribed as

Film: Er5Ba7Cu&20&
Substrate: LaAl03
Thickness: 0.4 p,m

Tannea~- 850 C
Sample: A

Magnification: 10000

FIG. 5. SEM pictures of a 0 4 pm
Er58a7Cu»0~ thin film on a LaA103(100) sub-
strate ( T,„„„&=850'C) at a magnification of 10
K. The film has c- and a-oriented grains as re-
vealed by its XRD pattern in Fig. 1(a). The
SEM was operated in the secondary electron
detection mode. The thick rods of a-oriented
grains are in a netlike structure near the sur-
face. The amount of a-oriented grains of
Er,Ba7Cu»0„ is much smaller than the
amount of a-oriented grains of ErBa2Cu307 —$
in Fig. 4(b) for similar film thicknesses and
post-annealing conditions.
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(a)

Film: Er58a7CU)20y
Substrate: LaAIO3

Thickness: 0.4 pm
Ta„neal. 870 C
Sample: G

Magnification: 500

FIG. 6. SEM pictures of a 0 4 pm
Er,Ba7Cu»O~ thin film on a LaA10, (100) sub-
strate. The film was post-annealed twice
( T,„„„&=850 and 870'C). The SEM pictures
were taken in the backscattering mode of
SEM. The brightness of the CRT screen of
SEM was reduced to enhance the contrast of
surface topography. The film shows a smooth
surface and (001) epitaxy. The orientation of
film growth was confirmed by XRD. (a) SEM
magnification of 500, (b) SEM magnification of
10 K.

Film: Er58a7Cu&20y
Substrate: LaAIO3

Thickness: 0.4 pm
anneal- 870 C

Sample: G

Magnification: 10000

(b)

F(UO)= Uo/H~ (H perpendicular to ab plane), (7)

IV. DISCUSSION

A. Crystal structure

Our XRD results for the Er~Ba7Cu&20 thin films indi-
cated that the unit cell of Er58a7Cu&20 is orthorhombic

where the units of Uo are KT~. The plots of F(UO)
versus 1/H were found to be nonlinear, which indicated
that P&1. Therefore, log&0[F(Uo)] versus log, o(l/H)
were obtained as shown in Figs. 13(a) and 13(b) for 0.1-
and 1.0-mA constant currents. The y-axis intercepts of
linear least-squares fits to these plots gave the Uo values
of 34041 and 27 227 [KT~ unit] for 0.1- and 1.0-mA con-
stant currents, respectively. Neglecting the current
dependence of activation energy in the regime of J«J, .
The average value of Uo was computed as 30634 (or
3 X 10 ) K T~. The slopes of the linear least-squares fits in
Figs. 13(a) and 13(b) were found to be 0.748 and 0.665.
Hence, the average value of P is 0.7.

The data were also analyzed with o.=1.5. The results
obtained with cz = 1.5 were similar. Further data analysis
and modeiing will be carried out when extensive trans-
port data are acquired in further experiments.

(Sec. III A). The lattice constants were determined to be
ao=10 38 A, ho=10 52 A, co=11 65 A, and
a=P=y=90'. In comparison, the lattice constants of
the orthorhombic unit cell of ErBa2Cu307 & are the fol-
lowing: ao=3 ~ 83 A SO=3.85 A and co=11.65 A.
Hence, one of the lattice constants of Er5Ba7Cu&20„and

0

ErBa2Cu307 g is the same (co=co=11.65 A). To un-

derstand the relationships of the lattice constants of
Er5Ba7Cu&20y and ErBa2Cu307 &

in the ab plane, a mod-
el can be used. Figure 14 depicts four unit cells of
ErBazCu307 s in the ab plane (solid lines). The lattice
constants ao and bo of Er5Ba7Cu&20 are slightly smaller
than AC and AE (dashed lines).

As mentioned earlier, the composition of
Er&Ba7Cu&20y is equivalent to the composition of four
ErBa2Cu307 & with one excess Er atom and one less Ba
atom. The results indicate that Er58a7Cu, 20 is not
Er&+ Ba2 „Cu3O (x =0.25) structurally, i.e. , there is
no random substitution of Ba atoms by the excess Er
atoms. In other words, a defect structure in each set of
four unit cells of ErBa2Cu3O7 & with an excess Er atom
and less Ba atoms is ordered so that the new unit cells of
Er5Ba7Cu&2O are formed. At this point, it is not very
clear if the crystal structure of Er5Ba7Cu&20 will be
stable in the bulk processing conditions. In a thin-film
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Film: Er58a7CU)2Oy
Substrate: SrTiOS
Thickness: 0.4 p,m

Tanneal: 870
Sample: H

Magnification: 500

Film: Er58a7Cu&20y
Substrate: SrTiO3
Thickness: 0.4 pm
Tannea): 870 'C

Sample: H

Magnification: 10000

FIG. 7. SEM pictures of a 0 4 pm
El 5Ba7Cu»O~ thin film on a SrTiO, ( 100) sub-
strate. The film was annealed twice
( T ]

=850 and 870 C). The SEM pictules
were taken in the backscattering mode of
SEM. The brightness of the CRT screen of
SEM was reduced to enhance the contrast of
surface topography. The film shows a smooth
surface and c epitaxy. Few a-oriented grains
are also observed. The XRD pattern of this
film after the first anneal (850'C) was shown in

Fig. 1(b). (a) SEM magnification of 500, (b)
SEM magnification of 10 K.

form, metastable crystal structures are found to be stable,
which cannot be synthesized by the bulk processing tech-
niques. For example, a Sn in the cubic (diamond) struc-
ture can be formed as epitaxial thin films but a solidified
tin from its melt at temperatures above 13 'C is P Sn,
which has a tetragonal structure, or y Sn above 161'C.
One reason for the stability of thin-film metastable crystal
structures is that in the case of thin films the surface en-

ergy and strain energy in epitaxial or oriented filrn

growth make significant contributions to the total free
energy, which determines the growth thermodynamics
and phase stability. The MBE technique of thin-Alm

growth allows synthesis of rnetastable phases of materials
which might not be displayed in the equilibrium phase di-
agrams. ' Usually, the equilibrium phase diagram of a
multicomponent system describes the phase relations and
stability of compounds at a pressure of 1 atm. Ai this
point, it shonld not be assumed that Er&Ba7Cu&2O is not
stable as a bulk material. In Sec. III A, we have seen that
the 1.2-pm Er58a7Cu&20~ thin film on the cubic
Zr02(100) substrate gives a polycrystalline-type material
[Fig. 2(a)]. Although the film is not thick enough to be a
bulk material, the possibility of the existence of bulk
Er58a7Cu&zO is not ruled out.

shown in Sec. III 8, a large amount of second phases was
not observed. The SEM results on the microstructure of
EI$Ba7CU, 2O~ thin films support our earlier claim that
the Er&Ba7Cu&2O thin film is a single-phase material.

The surface morphology of the Er5Ba7Cu, 2O thin
Alms was found to be very interesting. For 0.4-pm
Er~Ba7Cu, 20 thin films on the LaA103(100) substrate,
which are prepared by molecular-beam deposition and
post annealing at 850'C, the growth is dominated by
(001) epitaxy, although there are few a-oriented grains in
the surface region. For 0.4-pm Er58a7Cu&20 thin films
on LaA103(100) and SrTi03(100) substrates post an-
nealed in the 870—890'C range, the Alms have a smooth
surface morphology and c-oriented epitaxial growth. The
smooth Er,Ba7Cu, zO (001) thin films show a great po-
tential for applications in high-T, superconductor elec-
tronics because surface smoothness is desired for making
superconductor microelectronic devices.

The shape of the a-oriented grains of Er5Ba7Cu&20
thin films is also interesting. The a-oriented grains in the
Er&Ba7Cu&2O~ thin films are like thick rods. It suggests
that the mechanical properties of Er~Ba7Cu, 20~ and
ErBazCu3Q7 & thin films might not be the same.

B. Microstructure and surface morphology

The SEM pictures provided information on the micro-
structure of the oriented Er58a7Cu&2Q thin Alms. As

C. Thermally activated flux-creep behavior

The transport data of superconducting resistive transi-
tions under magnetic fields (0—5 T) were analyzed using
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the models of thermally activated Aux creep. In the
Anderson-Kim model, the activation energy for flux
creep for the Er&Ba7CuizO (001) thin films is given by the
expression

U(K)=6X10 H (H perpendicular to ab plane),

(8)

where 8 is T. In the giant Aux-creep model for high-T,
superconductors, the experimentally derived T and H
dependences of U for the Er58a7CuizO (001) thin films
can be described by the relationship

U(K ) = [3X 10 (1 t )
' —]/H

(H perpendicular to ab plane), (9)

where the applied magnetic field is in T.

%e would like to apply these two models to predict the
activation energy at the liquid-nitrogen temperature (77
K) for I-T magnetic field and H perpendicular to the ab
plane. Using a value of 92.5 K for T„Eq.(8) gives a
value of U =6000 K (0.52 eV) in the Anderson-Kim mod-
el whereas U is calculated to be 1200 K (0.1 eV) from Eq.
(9) in the giant flux-creep model. In the first model, there
is not temperature dependence of U. Hence, the first
model is not useful for predicting the Aux-creep behavior
at low temperatures. The second model can be used to
calculate the activation energy for Aux creep at any tem-
perature. For example, at T=50 K and H=1 T, Eq. (9)
gives a U value of 7400 K (0.64 eV).

Obviously, the giant Aux-creep model is more accept-
able. However, as shown in a recent paper, in the case of
pure ErBa2Cu307 & single crystals there is a vortex glass
transition at about 74 K (T ). In the vortex glass transi-
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FICx. 8. Superconducting resistive transitions of a 0.24-pm
epitaxial Er,Ba7Cu»O&(001) thin film on a LaA103(100) sub-
strate (T,„„„&=885C) under 0—5 T magnetic fields. (a) p
(pQ cm) versus T (K) curves for an applied constant current of
0.1 mA in the four-point dc-resistivity measurements; (b) p
(pA cm) versus T (K) curves for an applied constant current of 1

mA.

FIG. 9. log&op (pQcm) versus 1000/T (K ') curves for the
data shown in Figs. 8(a) and 8(b) for the epitaxial 0.24-pm
ER,Ba7Cu»O~(001) thin film on a LaA103(100) substrate. (a)

log&op (pQ cm) versus 1000/T (k ') for 0.1-mA constant
current; (b) log&op (pQcm) versus 1000/T (K ') for 1-mA con-
stant current.
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tion model, the resistance truly goes to zero. ' Therefore,
if the Er58a7Cu&2O thin films also have a vortex glass
transition near 74 K or at a lower temperature then it
might not be necessary to predict Aux creep at lower tem-
peratures.

Sun et al. have studied the Aux-creep behavior of c-
oriented ErBa2Cu307 & thin films. ' In the giant fIux-

creep model, their experimentally derived expression for
the activation energy is given as

U =27(eV kG)( 1 —t )' /H

(H perpendicular to ab plane), (10)

where H is in kG (1 T=10 kG). This equation predicts

that at 1 T and 77 K the value of U for the
ErBa2Cu307 & thin films is 0.15 eV. This compared well
with our experimentally derived value of activation ener-
gy (0.1 eV) for the c-oriented Er5Ba7Cu, 20 thin films (H
perpendicular to the ab plane H = 1 T and T=77 K).

Hence, the results indicate that the Aux-creep behavior
of c-oriented Er5Ba7Cu&20~ and ErBa2Cu307 & thin films
are similar. The value of the activation energy for Aux
creep also gives qualitative information on the strength of
Aux pinning and Aux-pinning mechanisms. Since the Aux
pinning in ErBa2Cu307 & thin films is known to be
strong, the Er58a7Cu, zO~ thin films are expected to have
a strong Aux pinning. The mechanisms of Aux pinning in
Er5Ba7Cu, 20~ and ErBa2Cu307 & thin films might also
be similar. In YBa2Cu307 & single crystals, pinning by
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FIG. 10. Activation energy for Aux creep, U, as a function of
magnetic field (H perpendicular to the ab plane) for the 0.24-pm
Er5Ba7Cu] pO& (001 ) thin film on a LaA10, ( 100) substrate. The
activation energy values were obtained from the slopes of linear
least-squares fits to the data in the linear low-resistivity region
of log, op (pQcm) versus 1000/T (K ') curves [data points on
the right-hand side in Figs. 9(a) and 9(b)j. The temperature
dependence of U was neglected in this analysis. (a) U (in nor-
malized units K) versus H (T) for 0.1-mA constant current; U
(K) versus H (T) for 1-mA constant current.

FICz. 11. Log-log plots of U (K) versus H corresponding to
the data shown in Figs. 10(a) and 10(b) for the 0 24 pm
Er,Ba7Cu»O~(001) thin film on a LaA103(100) substrate. Linear
least-squares fits were made to the data to obtain the constant
Uo and exponent y according to Eq. (4) to describe the
magnetic-field dependence of activation energy, U, for H per-
pendicular to the ab plane. (a) log, oU (K) versus log, oH (T) for
0.1-mA constant current; (b) log&OU (K) versus H (T) for 1-mA
constant current.
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grain boundaries as well as intrinsic pinning have been
observed.

In the analysis of transport data with the models of
thermally activated Aux creep, the tail region of the su-
perconducting resistive transition curves have been used.
In our experience, the tail region is also sensitive to the
quality of samples. For the ErBa2Cu307 & and
Er5Ba7Cu, 20„thin films grown by the BaF2 technique, if
the sample is not annealed for sufficient time then either
the tail region expands significantly or the T, drops. In
those cases, the presence of a Er2Ba4Cu80 -like material

0
has been found by XRD, since a d spacing of about 27 A
is measured which corresponds to the lattice constant co
of ErBa2Cu40s (Er248). It is well known that the Er248
phase is stable when the samples are post annealed at
temperatures less than about 830'C. In the post-

1000

annealing treatment when the samples are heated in wet
02, the sample goes through the lower temperature range
in which the formation of the Er248-like phase is favored,
before it reaches the final annealing temperature
( 850'C). In our resistivity measurements, it has been
observed that the ErBazCu307 & or Er5Ba7Cu &20 thin
films mixed with a significant amount of the
Er28a4Cu80 -like material possess much lower resistivi-
ty, but the samples have a broad tail or lower T, . When
the thin films are annealed at ~ 850 C for sufficient time,
the Er28a4Cu80 -like phase reacts with other phases to
form a single-phase ErBa2Cu307 & or Er5Ba7Cu&20 thin
film. Furthermore, the tail of a superconducting resistive
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FIG. 12. logIop/H (pQ cm/T) versus [1000(1—t)"]/T
(K ') curves for the data shown in Figs. 8(a) and 8(b) for the ep-
itaxial 0.24-pm Er,Ba7Cu»O~(001) thin film on a LaA103(100)
substrate. These curves were used to calculate the activation
energy for Aux creep from Eqs. (3b) and (5). (a) log&~/H
(pD cm/T) versus [1000(1 t )"]/T (K '—

) for O. 1-mA constant
current; (b) logIO p/H (pQ cm/T) versus [1000(1—t )' ]/T
(K ') for 1-mA constant current.

FIG. 13. Plots of function F{Uo) versus 1/H on a log-log
scale for the epitaxial 0.24-pm Er58a7CulpO&(001) thin film on a
LaA103(100) substrate. The function F( Uo) was obtained from
the slopes of linear least-squares fits to the data in the linear low
resistivity region of logIop/H versus [1000(l t)")/T curves—
[data points on the right-hand side in Figs. 12(a) and 12(b)]. (a)
F( Uo) (K) versus H (T) for 0.1-mA constant current; (b) F( Uo)
(K) versus H (T) for 1-mA constant current. The y-axis inter-
cepts and slopes of these log-log plots were calculated with
linear least-squares fits to obtain the parameters Uo with P ac-
cording to Eq. (5).
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F /
ao = Lattice constant of Er Ba2Cug07

]
bo = Lattice constant of ErBa2Cu307

r
rr 0 C

r
rr

r

A B

AB = 2ao/

BC 2bo

AC = 2/2ao

AE = 2P2bo

FIG. 14. A model of the relationships between the unit cells
of ErBa&Cu30& z and Er,Ba7Cu»O~ in the ab plane. The figure
shows four unit cells of ErBa2Cu307 z in the ab plane (solid
lines). The lattice constants ap and bp of Er5Ba7Cu»O~ are
slightly smaller than AC and AE (dashed lines).

A, bo=10.52 A, co=11.65 A, a=P=y=90.
In the scanning electron microscopy studies, the c-

oriented Er58a7Cu, zO thin films on LaA103(100) and
SrTi03(100) substrates were found to be smooth if (1) the
post-annealing temperature was in the 870—880'C range
and (2) the film thickness was ~0.4 pm. Furthermore,
the a-oriented grains of Er&Ba7Cu&20 thin films were
found to be thick-rod-like in shape.

By the dc-resistivity measurements under magnetic
fields, the Aux-creep behavior of epitaxial
ErsBa7Cui20 (001) thin films was studied. For the
Er5Ba7Cui20» thin films under magnetic fields ( 0—5 T),
the experimentally derived values of activation energy for
Aux creep can be described by the relationship
U(K)=[3X10 (1 —t)' ]/H (H perpendicular to the
ab plane). At H=1 T and T=77 K, the equation gives
an activation energy value of 1200 K or 0.1 eV. The ac-
tivation energy values for c oriented Er5Ba7Cu&20 and
ErBa2Cu307 & thin films were found to be similar.

transition curve becomes very big if the film composition
is not controlled well during the molecular-beam deposi-
tion process. Therefore, the Er5Ba7Cu&20 thin films for
the Aux-creep studies were always checks for their purity
by XRD.

V. CONCLUSIONS

Er58a7Cu&zO thin films on LaA103(100),
SrTi03(100), cubic Zr02(100), and MgO(100) substrates
grown by molecular-beam deposition and post annealing
were studied by x-ray diffraction, scanning electron mi-
croscopy, and four-point dc-resistivity measurements un-
der magnetic fields. Some of the Er&Ba7Cu&20 thin films
on LaA103(100) and SrTi03(100) substrates annealed at
850'C grew with mixed c and a orientations, but most of
the films were c oriented. The Er5Ba7Cu&20~ films on cu-
bic ZrOz(100) and MgO(100) substrates had mixed b and
c orientations. By XRD, the lattice parameters of the
Er~Ba7Cu&20~ thin film were determined to be ao =10.38
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