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Abstract

The availability of high-quality epitaxial thin films of Hg13a2CaCuz06+a (Hg-1212) and

TlBa2CaCu207 (TI-12 12) with high critical current densities (J.) has made it possible to

examine and compare the JC of these species. Results reveal that the JC of 1212 species

have very similar temperature behavior at low fields, strongly suggesting that the 30-K

shift in critical temperature (TC) induced by the exchange

structure is due largely to a change in charge carrier density.

of Hg and T1 in the 1212
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The availability of high-quality epitaxiaJ thin films of HgBazCaCu20G+a (Hg-1212) and
TlBa2CaCuzOT (T1-1212) with high critical current densities (Jc) has made it possible to examine
and compare the JC of these species. Results reveal that the JC of 1212 species have very similar
temperature behavior at low fields, strongly suggesting that the 30 K shift in critical temperature
(T,) induced by the exchange of Hg and T1in the 1212 structure is due largely to a change in charge

The

carrier density atdor electronic band structure.
[S0003-6951(99)02825-9]

meat success in producing HgBa2CaCu206+a (Hg-
1212) and TiBa2CaCuzOT~a(T1-12i2) high:quali~, epitax{d
thin films]2 has encouraged comparative studies of these two
superconductors. Particularly noteworthy is the cation-
exchange processi with which Hg- 1212 films were made
from TlzBa2CaCu20X (T1-2212) precursor films and which
has recently been applied successfully to T1-1212 precursor
films, thus insuring similar “1212” structures, to within fine
scale, between Hg- 1212 and TI-1212 samples. The isomor-
phwm between these two species is well known. Measure-
ments on optimally doped samples by Radaelli et al.3 and by
Morosin et al.4 show that the distance between CU02 planes
differ by 0.057(7) ~ (less than 10’% of the radius of the
smallest ion in the lattice, CU2+) and that a and c lattice
parameters differ by 0.0014(5) and 0.089(2) ~, respectively
(where in each case Hg-1212 is slightly more compact than
T1-1212). Thk slight dtiference could be due to the different
ionization states of the charge-reservoir cations T13+ and
Hg2+ which is also responsible for the difference in the oxy-
gen filling of this layer (03). For Hg-1212, the 03 site is
nearly empty for as-made samples, while for T1-1212 it is
nearly full. Not surprisingly, this causes a subtle difference
in the electronic band structure near the Fermi surface. Cal-
culations by Vasquez et al. on T1-1212 (Ref. 5) and by No-
vikov and Freeman on Hg-1212 (Ref. 6) reveal that Hg-1212
has one extra band (Hg-0) which crosses the Fermi level. In
agreement with this, it was also found that the potential for
charge transfer is greater for Hg-1212 than for T1-1212,
which could also lead to a greater population of supercon-
ducting charge carriers in Hg-1212.

In a reeent report on these films: it has been found that
their irreversibdity lines coincide when plotted against the
reduced temperature. This not only confirms similar struc-
tural and electronic anisotropy in these two materials but also
shows clearly that a shift in anisotropy is not necessary to
produce a 30 K shift in the critical temperature ( TC) as a
result of replacing TI with Hg, instead it implies that the T=

shift may be due solely to a shift in the superconducting
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charge carrier density, the electronic band structure, or both.
This also indicates that the irrevemibility line is not very
sensitive to slight differences in the crystal structure. Since
the anisotropy correlates intrinsically with critical current
density (J,), this motivated a comparative study on the J= of
these films.

J, in high-temperature superconductors (HTSS) has been
shown to be also affected extrinsically by various growth and
irradiation-induced defects. The intrinsic behavior of J= in
Mln films could be overshadowed by the effect of grain
boundaries. In the cation exchange process, Hg-1212 films
are obtained by replacing Tl cations in T1-2212 or TI-1212
precursor films with Hg cations. Since this cation exchange
occurs on an atomic scale, the process assures that the qual-
ity of epitaxy, grain connectivity, and the status of growth
defects are nearly identical for Hg-1212 and ‘II-1212
samples. 1‘2Thin films of each species were made either from
the same batch or under the same processing conditions so
that they have reproducible properties in terms of structure
and superconductivity. The transport zero-resistivity critical
temperature (T.) is in the range of 120-123 K for Hg-1212
and 90-93 K for T1-1212.

Both transport measurements and magnetic measure-
ments in magnetic fields of O-5 T were performed. The
transport JC was obtained from standard four-point Z-V
measurements on a film mieropattemed with standard photo-
lithography. The JC was defined by applying a criterion of 1
pV/mm and is limited to higher temperatures due to limits of
transport current that can be produced. The magnetization
was measured with a Quantum Design superconducting
quantum interference device (SQUID) magnetometer from 5
K to within 90% of TC. Magnetic J=(T) values were calcu-
lated with a modified Bean model, 20AA4/[a( 1-a/3b)],
where a and b are, respectively, the smaller and larger di-
mensions of the film surface.

Magnetic J.(T) and transport J.(T) curves are shown
for T1-1212 in Fig. 1 and for Hg-1212.in Fig. 2, where the
Hg-1212 sample shown was made from a ‘H-2212 precursor.
For T1-1212, magnetic J= (5 K, O T) is -107 and J= (77 K,
O T) is about 2 XI@ A/cm2, surpassing the performance in
other reported results,s of which there are few for undoped
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FIG. 1. T1-1212 thh titrm magnetic (Bean model) (open circles) and trans-

port J=(T) (closed circles). Note tbe different sets of magnetic tiekt. IOSSC
Magnetically (M) and transport (T) determined irrcversibitity lines, as cat-
ctdated in Ref. 7.

TI-1212 with the T1-Ba-Ca-Cu-O composition due to the
greater interest in other T1-based phases for current-carrying
applications. For Hg-1212, magnetic J, at 5 K is 2-4
X 107 and 2-5X 106A/cm2 at 77 K, which are a great imp-
rovement over the highest reported values thus far9 and are
comparable to those for epitaxial thin films of YBCO and
Hg-1223.

The magnetic curves seem to degrade with increasing
magnetic fields more rapidly than the transport curves. Most
likely this is due to the large difference in criteria by which
J= is defined for the two types of measurements. 10Since the
magnetic measurement tends to be more sensitive, with volt-
age criteria three to four orders lower than those for trans-
porg one expects lower values for magnetic JC than for trans-
port JC. The transport J= for T1-1212 is at least 105A/cm2 at
77 Kin self-field and remains above 1 MA/cm2 at T<20K
for fields up to 5 T. For Hg-1212 (Fig. 2), the zero-field
transport curve is lower than the corresponding magnetic
curve. Since this is typical for other patterned samples in this
batch,’ a slight degradation of the Hg-based thin film by
photolithographic processing is the most likely cause. A pre-
liimwy studyl i has already confirmed the possibility of
such degradation. Despite this, however, the transport values
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FIG. 2. Hg-1212 thin titm made from TI-2212 precursor film magnetic
(Beam model) (open circles) and transport J=(T) (sotid circles). Inset Mag-
netically (M) and transport (2’)dekrrnined irreversibly tines, as catcutated
in Ref. 7.
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FIG. 3. Magnetic (Bean model) .lC(7’) for Hg-1212 thin film made from
T1-1212 precursor film.

in general are still comparable to the highest values reported
for Hg-1212? approaching 106A/cm2 at 100 K in zero field,
while still remaining above 105A/cm2 at 77 K for fields of
up to 1 T. Clearly conventional photolithography hinders the
reporting of the true transport qualities of these films, and
new etching techniques must be devised. As further confir-
mation of this, recent high-current measurements that were
made on unpatterned films from the same batch12 have al-
ready revealed J, (100 K, OT) = 1.13 MA/cm2, which may
place most of the transport J=( T) curve higher than the mag-
netic curve.

As in previous reports, 9,13,14~ temwn~re behavior of

JC(T) roughly follows an exponential decay law, JC- exp
(–T/To) at lowest temperatures, suggesting flux creep. For
Hg-1212, To is greater than 50 K at fields below 0.1 T,
compared to previously reported values of -20 K,9 implying
improved suppression of thermrdly activated flux motion in
these samples, most likely as a result of improved grain con-
nectivity. The temperature range in which the behavior is
exponential decay decreases with increasing field, where J=
then plummets as magnetic reversibility sets in. Because of
the lower TC of T1-1212, the temperature range for
exponential-decay behavior is more limited in the TI-1212
samples (Fig. 1).

Irreversibility lines (Es) give a clear picture as to
current-carrying applications since this clearly indicates the
range of temperature and field (irreversibility field, Hin)
within which J= is nonzero. The ILs for samples in Figs. 1
and 2 are shown as insets. The calculation of these lines is
described in detail elsewhere? Since these results dtifer by
criterion for onset of irreversibility, these data provide an
upper (transport) and a lower (magnetic) limit to the IL. At
77 K, then, Himis between 0.042 and 0.8 T for TI-1212 and
between 0.35 and 2.8 T for Hg-1212, for which at 100 K Ifti
is 0.08-0.9 T and at 110 K is 0.04-0.4 T. Even the lower-
Iimit values give a greatly increased irreversibility region
than previously reported.9’15

Magnetic J=(T) curves for the new Hg-1212 samples
prepared from a T1-1212 precursor are shown in Fig. 3.
Overall, this batch is of comparable quality as tkat made
from T1-2212 precursors. 1However, Rutherford backscatter-
ing spectroscopy (RBS) measurements have shown that the
“1212” structure mav be better meserved in the Tl-1212-
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FIG.4. (a)-(d) NormakedrnagneticJCdat aforHg-1212(clos encircles)
and Tt-1212 (open circles) from H= O–4 T. Here, 2’C= T,(H) or the critical

tempemtme in field H. For Tt-1212, .l=O=Jc (T= 5 K) at each field shown.

J=. for Hg-1212 was seated as fottowx JCfl= (a) JC[Z’/Tc(Jf) = 0.075]; (b)
Jc[iW’c(H) =0.1 18]; (C) JC[2YTC(H) = 0.217].

ecursor sample. RBS channeling x~i~= 1290-1490 waspr
obtained for this film, compared to -19% for films from a
T1-2212 precursor. Thii makes fhe former sample very favor-
able for comparing ~, behavior between the 1212 species.
This is done for magnetic ~C(T) in Fig. 4. In these plots, the
contribution due to me 30° difference in TCbetween the two
species has been normalized out, as have the zero-
temperature ~C values (approximated by ~c at the lowest re-
duced temperature T/TC at each field) which are also related
to this difference in TC. The comparison is illustrated in
Figs. 4(a) -4(d), in which different values are used for the
normalizing factor JCOand TC(H) is defined, as in Ref. 7, as
the temperature at field H where p/p.= 10-3 with p. defined
as the resistivity at the onset of the mixed state (i.e., where
the different-field curves break apart). Very striking here is
tha~ overall, the normalized jC curves for the two different
species coincide to within sample-quality scatter for fields up
to about 1 T. Most impressive is the cdlupse of the curves at
zero field, Fig. 4(a), a phenomenon which to our knowledge
has not yet been reported for superconducting species with
dtiferent charge-reservoir-layer cations. This strongly sug-
gests tha~ in the absence of vortices and, therefore, pinning
effects, this temperature behavior is universal to the 1212
structure. This, in turn, implies that the large dtiference in TC
between the two species is not a factor in the zero-field tem-
perature behavior of ~c. This is reminiscent of isotropic,
conventional superconductors whose intrinsic properties
yield the same reduced-temperature behavior and which dif-
fer only in the superconducting order parameter. Just as the
previous irreversibility study has shown at the boundary be-
tween irreversible and reversible regimes that the difference
in TC is mainly due to a difference in charge carrier density’
andhr electronic band structure, here the jC independently

Gapudet ak

suggests the same possibility, below this boundary. There-
fore Fig. 4(a) provides additional support for this hypothesis
regarding the T, shift in 1212 species.

As the field is increased, one sees increasing deviation
between the normalized curves, suggesting improved pinning
in the T1-based system. The reason for thk may simply be
due to the fact that the T= of T1-1212 is about 30° lower,
making this material less susceptible than Hg-1212 to ther-
mal fluctuations and therefore yielding slightly improved
field behavior.

To summarize, the availability of TI-1212 and Hg-1212
thin films of equivalent epitaxy and grain connectivity has
made it possible to make meaningful comparisons of their
critical current density. Despite their 30 K difference in T=,

the temperature behavior of normalized JC(T/TC) of these
species was found to be nearly identical at lowest fields,
especially in the self-field, which is another confirmation that
changes in T=areless dependent on the crystal structure and
more dependent on the charge carrier concentration and/or
electronic band structure. A Hall-effect investigation is under
way to probe this issue further.

This work is supported in part by AFOSR, NSF, and
DoD/NSF EPSCOR. The authors are especially grateful to
Midwest Superconductivity, Inc. for use of their facilities,
and to D. K. Christen for insightful discussions. Sandia is a
multiprogram lab operated by Sandia Corp., a Lockheed
Martin Co., for the U.S. DOE under Contract No. DE-AC04-
94AL85000.
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The recent success in producing HgBazCa@orj+a (Hg-1212) and l’lBa2CaCu207.

~(T1-12 12) high-quality, epitaxial thin films [1,2] has encouraged comparative studies of

these two superconductors. Particularly noteworthy is the cation-exchange process [I]

with which Hg-12 12 films were made from and T12Ba2CaCu20X (T1-2212) precursor

films and and which has recently been applied successfully to T1-1212 precursor films,

thus insuring similar “12 12” structures, to within fine scale, between Hg-1212 and Tl-

1212 samples. In a recent report on these films [3], it has been found that their

irreversibility lines coincide when plotted against the reduced temperature, confirming

similar structural and electronic anisotropy in these two materials and suggesting that the

30-K difference in their critical temperatures is due solely to a difference in charge carrier

density. Since the anisotropy correlates intrinsically with critical current density (JC), this

motivated a comparative study on the J. of these films.

J. in high-temperature superconductors @ITS) has been shown to be also affected

extrinsically by various growth and irradiation-induced defects. The intrinsic behavior of

Jc in thin films could be overshadowed by the effect of grain boundaries, In the cation

exchange process, Hg-1212 films are obtained by replacing T1 cations in T1-2212 or Tl-

1212 precursor films with Hg cations. Since this cation exchange occurs on an atomic

scale, the process assures that the quality of epitaxy, grain connectivity, and the status of

growth defects are nearly identical for Hg-1212 and T1-1212 samples [1,2]. Thin films of

each species were made either from the same batch or under the same processing

conditions so that they have reproducible properties in terms of structure and

superconductivity. Transport zero-resistivity critical temperature (TC) is in the range of

120--123 K for Hg-1212 and 90-93 K for T1-1212.
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Both transport measurements and magnetic measurements in magnetic fields of O

to 5 Tesla were performed. Thetransport 3Cwas obtained fiomstandard four-point I-V

measurements on a film micropatterned with standard photolithography. The JC was

defined by applying a criterion of 1 pV/mm and is limited to higher temperatures due to

limits of transport current that can be produced. Magnetization was measured with a

Quantum Design SQUID magnetometer from 5 K to within 90% of T, . Magnetic JC (T)

values were calculated with a modified Bean model, 20AM/[a(l-a/3b)], where a and b

are, respectively, the smaller and larger dimensions of the film surface.

Magnetic J.(T) and transport J.(T) curves are shown for TI-1212 in Fig. and Hg-

1212 in Fig. 2, where the Hg-1212 sample shown was made from a T1-2212 precursor.

For T1-12 12, magnetic JC (5 K, O T) is -107 and Jc (77 K, O T) is about 2 x 104 Ncmz,

surpassing performance in other reported results [4] -- of which there are few for undoped

T1-1212 with the T1-Ba-Ca-Cu-O composition, due to the greater interest in other Tl-

based phases for current-carrying applications. For Hg-1212, magnetic J. at 5 K is 2--4 x

107 A/cm2 and 2--5 x 10b A/cm* at 77 K, which greatly improve upon the highest reported

values thus far [5] and are comparable to those for epitaxial thin films of YBCO and Hg-

1223.

The magnetic curves seem to degrade with increasing magnetic fields more

rapidly than the transport curves. Most likely this is due to the large difference in criteria

by which J. is defined for the two types of measurements ‘[6]. Since the magnetic

measurement tends to be more sensitive, with voltage criteria three to four orders lower

than those for transport, one expects lower values for magnetic JCthan transport JC. The

transport J. for T1-1212 is at least 105 A/cm2 at 77 K in self-field and remains above 1

3



MNcm2 at T< 20 K for fields up to 5 T. For Hg-1212 (Fig. 2), the zero-field transport

curve is lower than the corresponding magnetic curve. Since this is typical for other

patterned samples in this batch [2], a slight degradation of the Hg-based thin film by

photolithographic processing is the most likely cause. A preliminary study [7] has

already confirmed the possibility of such degradation. Despite this, however, the

transport values in general are still comparable to the highest values reported for Hg-1212

[5], approaching 106 A/cm* at 100 K in zero field, while still remaining above 105 Mcm2

at 77 K for fields of up to 1 T. Clearly conventional photolithography hinders the

reporting of the true transport qualities of these films, and new etching techniques must

be devised. As further confirmation

made on unpatterned films from the

= 1.13 MA/cm2, which may place

magnetic curve.

of this, recent high-current measurements that were

same batch [8] have already revealed J.(100 K, O T)

most of the transport JC(T) curve higher than the

As in previous reports [5,9,10], the temperature behavior of JC(T) roughly follows

an exponential decay law, JC- exp(-T/TO) at lowest temperatures, suggesting flux creep.

For Hg-1212, TO is greater than 50 K at fields below 0.1 T, compared to previously

reported values of-20 K [5], implying improved suppression of thermally activated flux

motion in these samples most likely as a

temperature range in which the behavior is

result of improved grain connectivity. The

exponential-decay decreases with increasing

field, where J. then plummets as magnetic reversibility sets in. Because of the lower T. of

T1-1212, the temperature range for exponential-decay behavior is more limited in the Tl-

1212 samples (Fig. 1).

4



Irreversibility lines (IL’s) give a clear picture as to current-carrying applications

as this clearly indicates the range of temperature and field (irreversibility field, Hin)

within which JCis nonzero. The ILs for samples in Fig. 1 and 2 are shown as insets. The

calculation of these lines are described in detail elsewhere [3]. Since these results differ

by criterion for onset of irreversibility, this data provides an upper (transport) and lower

(magnetic) limit to the IL. At 77 K, then, Hin is between 0.042 T and 0.8 T for T1-1212

and between 0.35 T and 2.8 T for Hg-1212 -- for which at 100 K Hin is 0.08 --0.9 T and

at 110 K is 0.04 -- 0.4 T. Even the lower-limit

irreversibility region than previously reported [5, 11].

values give a greatly increased

Magnetic J.(T) curves for the new Hg-1212 samples prepared from a T1-1212

precursor are shown in Fig. 3. Overall, this batch is of comparable quality as that made

from T1-2212 precursors [2]. However, RBS measurements have shown that the ‘1212’

structure may be better preserved in the T1-12 12-precursor sample. RBS channeling ~mi~

= 12 – 14 Y. was obtained for this film, compared to -19 Y. for films fi-om a T1-2212

precursor. This makes the former sample very favorable for comparing JC behavior

between the ‘1212’ species. This is done for magnetic J.(T) in Fig. 4. In these plots, the

contribution due to the 30-degree difference in TC between the two species has been

normalized out, as well as the zero-temperature JC values (approximated by JC at the

lowest reduced temperature T/TCat each field) which are also

T.. The comparison is illustrated in Figures 4(a) to 4(d), in

used for the normalizing factor JCOand TC(H) is defined as

related to this difference in

which different

the temperature

values are

at field H

where zero JCis defined at 103 A/cm2. “Very striking here is that, overall, the normalized

J. curves for the two different species coincide to within sample-quality scatter for fields

5



up to about 1 T. Most impressive is the collapse of the curves at zero field, Fig. 4(a), a

phenomenon which to our knowledge has not yet been reported for superconducting

species with different charge-reservoir-layer cations. This strongly suggests that, in the

absence of vortices – and, therefore, pinning effects – this temperature behavior is

universal to the ‘1212’ structure. This, in turn, implies that the large difference in TC

between the two species is not a factor in the zero-field temperature behavior of J. . This

is reminiscent of isotropic, conventional superconductors whose intrinsic properties yield

the same reduced-temperature behavior and which differ only in the superconducting

order parameter and therefore in superconducting charge carrier density. Just as the

previous irreversibility study has implied that the difference in T. is mainly, if not solely,

due to a difference in charge carrier density at the boundary between irreversible and

reversible regimes [3], here the JCindependently suggests the same possibility, below this

boundary. Therefore Figure 4(a) provides additional support for this hypothesis-

regarding the TCshifl in’12 12’ species.

As the field is increased, one sees an increasing deviation between the normalized

curves, suggesting improved pinning in the T1-based system. The reason for this may

simply be due to the fact that the Tc of T1-1212 is about 30 degrees lower, making this

material less susceptible than Hg-12 12 to thermal fluctuations and therefore yielding

slightly improved field behavior.

To summarize, the availability of T1-1212 and Hg-1212 thin films of equivalent

epitaxy and grain connectivity has made it possible to make meaningfid comparisons of

their critical current density. Despite their 30-K difference in TC, the temperature

behavior of normalized Je(T/TC) of these species were found to be nearly identical at

6



lowest fields, especially in the self-field, which may be another confirmation that the

difference in T. is largely due to a difference in superconducting charge carrier density.

ACKNOWLEDGMENTS

This work is supported in part by AFOSR, NSF, and DoD/NSF EPSCOR. The

authors are especially gratefil to Midwest Superconductivity, Inc. for the use of their

facilities, and to D. K. Christen for insightful discussions. Sandia is a multiprograrn lab

operated by Sandia Corp., a Lockheed Martin Co., for the U. S. D. O. E. under Contract

DE-AC04-94AL85000+

7



References

1. S. L. Yan, Y. Y. Xie, J. Z. Wu, T. Aytug, A. A. Gapud, B. W. Kang, L. Fang, M. He,

S. C. Tidrow, K. W. Kirchner, J. R. Liu, and W. K. Chu, Appl. Phys. Lett. 73, 2989

(1998).

2. M. P. Siegal, E. L. Venturini, B

Research, 12, 2825 (1997); M.P.

Morosin, and T. L. Aselage, Journal of Materials

Siegal, D.L. Overmyer, E.L. Venturhi, and P.P.

Newcomer, IEEE Transactions on Applied Superconductivity 7, 1881 (1997); P,P.

Newcomer, M.P.Siegal, E.L. Venturini, B. Morosin, and D,L. Overmyer, L?lEl?

Transactions on Applied Superconductivity 7,1887 (1997).

3. A. A. Gapud, J. Z. Wu, B. W. Kang, S. L. Yan, Y. Y. Xie, and M. P. Siegal, Phys. Rev.

B 59,203 (1999).

4. S. Senoussi, A. Kilic, H. K. Kilic, J. C. Moore, C. R. M. Grovenor, A.J. Collien, and

M.J. Cornige, Physics C 280,187 (1997).

5. L. Krusin-Elbaum, C. C. Tsuei, and A. Gupta, Nature 373,679 (1995).

6. S. Senoussi , J. Phys. III France 2,1041 (1992).

7. T. Aytug et al., unpublished.

8. D. K. Christen, private communication.

9. D. K. Christen and J. R. Thompson, Nature 364,98 (1993).

10. U. Welp, G. W. Crabtree, J. L. Wagner, and D. G. Hinks, Physics C 218,373 (1993).

.

11. Z. J. Huang, Y. Y. Xue, R. L. Meng, and C. W. Chu, Phys. Rev. B 49,4218 (1994),

and references therein.

8



●

!

Figure Captions

Fig. 1. T1-1212 thin film: magnetic (Bean model)(open circles) and transport JC(T)(solid

circles). Note different sets of magnetic field. Inset: magnetically and transport

determined irreversibility lines, as calculated in Ref. [3].

‘!

Fig. 2. Hg-1212 thin film made from T1-2212 precursor film: magnetic (Bean

model) (open circles) and transport JC(T)(solid circles). Inset: magnetically and

transport determined irreversibility lines, as calculated in Ref. [3].
..

Fig. 3. Magnetic (Bean model) J.(T) for Hg-1212 thin film made from T1-1212 precursor

film.

Fig. 4. (a) to (d): Normalized magnetic J. data for Hg-1212 (solid) and T1-1212 (open)

from H = Oto 4 T. Here, T, = T.(H) or the critical temperature in field H. For Tl-

1212, JCO= JC(T = 5 K) at each field shown. J,. for Hg-1212 was scaled as follows: J.O

= (a) JC(T / TC(H) = .075); (b) J.(T / T,(H) = 0.1 18); (c) J.(T / T,(H) = 0.217).
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