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Superconducting HgB&aCuyOg, s (Hg-1212 thin films were obtained from }Ba,CaCuyO,
(TI-2212) precursor films using a cation—exchange process. In this process, Tl cations on the
precursor lattice were thermally excited and then replaced with Hg cations. The mechanism of such
an atomic perturbation process has presented an interesting topic in material research. This work
investigated the evolution of the crystalline structure and surface morphology of the film during
such a conversion. It has been found that the Hg-1212 films may inherit epitaxy and surface
morphology from their TiBa,CaCyO, precursor films at the low perturbation energy limit.
Although thec-axis lattice constant was reduced from 1.48 nm for TI-2212 to 1.27 nm for Hg-1212
during the cation exchange, the in-plane texture of the film remains. The inverse conversion from
Hg-1212 to TI-2212 has also been investigated. Hg-1212 is found to be energetically preferred so
that a perturbation above a threshold is required to convert it back to TI-2212008 American
Institute of Physics.[DOI: 10.1063/1.1529305

I. INTRODUCTION ied thoroughly so far. The conversion from TI-1212 to Hg-

Since the discovery of Hg-based high-temperature supel:L212 seems 1o be more stra}lghtforward.as the two "1212
conductors(Hg-HTS$%2 a number of processes have beenSystems have nearly identical crystalline structures and

. o hemical compositions. One may speculate that such a con-
applied for fabrication of HgB#g, ,Cu,O, (Hg-1212 at ¢ P y Sp
nipz and Hg-1223 ah=3) s%per?onldu%tinxg (th?n filmi:t  version is reversible if no phase transition is involved. In-

One of such processes, the cation—exchange process dev‘aﬁed' this reversibility has been confirmed in a recent experi-
' 1,'° indicating that the direction of the

oped recently by some of dé,employs an epitaxial precur- ment bY Xmg eta . .
sor matrix that is then subjected to cation exchange—CSCNVersion, either from TI-1212 to Hg-1212, or vice versa, is

replacing certain cations unwanted with others desired Vigorllelyhconctjrollid byr:he_r?zgifé pressurle Of:g anhd Tl. On the
atomic perturbation of the lattice—to form the desired Hg-Ot er hand, when the Tl- Is employed as the precursor,

HTS thin films. Although many other precursors may Workthe FWCI) T[—O planes cpllapr)]se |nt§2d?4ne HE—O plane anq the
equally well, Tl-based high-temperature superconductorg'axIS atlt'ci const_antr;s shorten - Sfuc a2r2n1|(;ro scolp2|(::LZ
(TI-HTSs) were selected first since they have similar crystalStrUCtura change in the conversion from to

structures and chemical compositions to Hg-HTSs. TI_HTS,Sstruhcture sugg_estebd a dlfferer:]nt fzri\gth mechaan|15m from_ ‘h?t
have two series: One contains a single TI-O plane in a unif? the conversion between the system. The question is

cell and the other, two TI-O planes. The former is describetﬁ'|0W exactly this conversion occurs at a microscopic scale
as TIBaCa, 1Cun'O (so T1212 atn=2, T-1223, atn and how the microscopic growth mechanism correlates to the
— X il y

=3,... etc) and the latter, as JBa,Ca, ,Cu,0, (0 T-2212 mgcroscopic physi(_:al properties of the sample. Mqtivqted by
atn=2, T-2223, atn=3,... etc). We have shown that epi- this, we have carried out. an experlmental investigation on
taxial Hg-1212 films can be obtained from both TI-1212 the mlcrostructural evolution durmg' the 2212 to 1212 con-

(Ref. 13 and TI-2212(Ref. 14 films after the precursor version. We show t_hat the Hg-1212 is energetlcally_preferr_ed
matrices are annealed in Hg vapor. We have also obtainex that a p_erturbatlon above the thres_hold energy |s_reqU|red
Hg-1223 films5 and bulksL® respectively, from TI-1223or to convert it back to TI-2212. The details of our experimental

TI-2223) film and bulk precursors. Besides having high Su_results are described next.

perconducting transition temperaturek.§) typically above

120 K, the cation—exchange processed Hg-HTS films havl. SAMPLE PREPARATION

high critical current densitiesJ{s) and superior microwave The TI-2212 precursor films were prepared on LaAlO
performance, many ?7 [hese remain as the best so 130y substrates using dc-magnetron sputtering and postan-
achieved for HTS films! nealing proces&?! Films of nominal composition were off-

The mechanism of the cation exchange presents an inyis sputtered at room temperature from a pair of supercon-
teresting topic in materials processing and has not been StUGUcting TI-2212 targets. A gas mixture of 80% Ar and 20%
O, was used for sputtering. The as-deposited films were
dElectronic mail: jwu@ku.edu amorphous with the cation composition ratio Tl:Ba:Ca:Cu
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=2:2:1:2. These films were placed in an,@k crucible to- : y —
gether with a reacted TI-Ba—Ca—Cu—-0O pellet and annealed
at 760 °C for 6 h inpure argon of ambient pressure to obtain
superconducting TI-2212 films. These TI-2212 films were
then sealed in an evacuated quartz tube together wiiBé&jg
CaCu0, or HgBa,CaCu0,/Ba,CaCu;O) annealing
pellets. The BaCaCu;O, powder was prepared by thor-
oughly mixing high-purity B&NO3), of 99% (or BaO, of
95%), CaO of 99.9%, and CuO of 99 powders and an-
nealing them at 910 °C for 48 h. The RBp,CaCu;0, pel-

let was used for the Hg source and was prepared by mixing
HgO of 99+% and Ba CaCu;O, powders. The whole
sample assembly was then annealed in a furnace at
T,=650°C—-820 °C for 1-12 h to convert the TI-2212 phase .
to the Hg-1212 phase via TI-Hg exchange. At the final stage,
the Hg-1212 films were annealed at 350 °€ Ich in flowing

O, to optimize the oxygen concentration. It should be men- ’ : . .
tioned that, since both the amorphous as-deposited TI-Ba— L,L,_J____kl

(@) ) " w

U

® i . ®»

) Se—

Intensity (a.u.)

Ca-Cu-0 films and the superconducting TI-2212 films are 0 20 30 0 50
stable in air, all the samples reported here were prepared in
air. 26 (deg)

FIG. 1. XRD 6-26 patterns ofa) a TI-2212 precursor film antb) Hg-1212

films processed via cation exchange at 700 °C for 12 h.
I1l. EXPERIMENTAL RESULTS

The crystalline structure and phase purity of the samples

were characterized using x-ray diffractiohRD) 6—26spec-  cation—exchange process have been studied using XRD pole
troscopy and pole figures. Scanning electron microscopyigures(not shown in this article The sharg105) poles for
(SEM) equipped with energy dispersive x-ray spectroscopythe T|-2212 film observed indicate that the film grew epitaxi-
(EDS) was employed for analysis of the film surface mor- g1y with its (100 axis aligned with the(100) axis of the
phology and chemical distribution. Superconducting proper{ 3A|0, substrate. After the conversion, the TI-22(105)
ties, such aJ., andJ., were studied both electrically with pgjles disappeared while the fo(t03 poles of Hg-1212
standard four-point transport measurements and magnetical peared at the sangeangles, illustrating that theL00) axis
using a Quantum Design superconducting quantum interfeipf the Hg-1212 is aligned with th@ 00) axis of the LaAlQ.
ence device(SQUID) magnetometer. The results are dis- This observation suggests an interesting procedure during the
cussed next. Hg—TI cation exchange: While the TI-2212 lattice is collaps-
A. Structural Variation ing along thec axis, the in-plane texture remains, allowing
] Hg-1212 films to inherit epitaxy from their TI-2212 precur-

Figure 1 shows the XRDY-26 spectra of & precursor g films, In fact, the full width half maximum of theL05)
TI-2212 film [Fig. @] and the Hg-1212 film{Fig. Ab)]  poles for this TI-2212 film is nearly the same as that of the
converted from this TI-2212 film. The conversion was Pro-(103 poles of the Hg-1212 film. The former is about 0.57°
cessed at 700°C for 12 h. TIi@0) peaks(marked as ©")  ang the latter is about 0.71°. These values suggest that the
in Fig. 1(@ show that the precursor film is pure Tl-2212 1j_pq cation exchange occurs uniformly at microscopic
phase and highly textured witraxis perpendicular to the gcajes and the relative grain tilting or rotation is minimal.
substrate surface. After the cation exchange, the film becamg;mijar in-plane structural replication from TI-2212 to Hg-

purely Hg-1212 phase and is i'?@XiS oriented as indicated 1217 was also observed on films cation—exchange processed
by the (00l) peaks|marked as *" in Fig. 1(b)]. The reduc- 4 3 higher temperature below800 °C, while degradation of
tion of the c-axis lattice constant during conversion from epitaxy occurred at higher processing temperat(neswill
Tl-2212 to Hg-1212 is evidenced from the XRD data. Thegiscyss this later in this artidlelt should be pointed out that
c-axis lattice constants calculated for TI-2212 and Hg'lzl?quality of epitaxy in Hg-1212 films obtained via cation ex-

are~1.48 nm and~1.27 nm, respectively. Since tfteaxis  change from TI-2210r TI-1212 precursor films is much
of Hg-1212 is shorter than that of TI-2212, the film experi- heter than that of the same films made from amorphous
enced a volume reduction of approximately 14% alongcthe precursor films.

axis, or the normal of the film, during the cation exchange.
This has been confirmed recently in film thickness measure-
ments, in which a 300 nm thick TI-2212 film, for example,
was found to be approximately 260 nm thick after the con-
version to Hg-1212 film. Generally speaking, the surface morphology of the Hg-
The in-plane texture of a precursor TI-2212 film and the1212 films made in the cation—exchange process, whether
converted Hg-1212 film processed at 700 °C for 12 h in thefrom TI-1212 or from TI-2212 films, is also much smoother

B. Surface Morphology
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film. In order to understand how the voids are formed during
the cation—exchange process, several samples were
guenched after a short period of cation—exchange process
and subjected to a chemical mapping using SEM/EDS. Inter-
estingly, a high density of Hg cations was observed near the
voids in the initial stage of the cation exchange, indicating
that the voids may be formed as the vertical channels for
TI-Hg exchange. Since no voids were observed on Hg-1212
films converted from TI-1212 films, one may speculate that
the extra Tl cations in TI-2212, by making a way out, are the
major reason for the formation of the voids.

The low-temperature cation—exchange processed Hg-
1212 film [Fig. 2b) for T,=700°C] has a very different
surface morphology compared to that processed at high tem-
perature§ T,=780°C in Fig. 2c)]. The former replicated
that of TI-2212 precursor except the additional voids as we
have discussed here, while the latter showed terracelike fea-
tures all over the surface, indicating the possibility of melt-
ing or localized melting during the cation exchange. Never-
theless, both low-temperature and high-temperature
processed Hg-1212 films show comparable XRD pole fig-
ures, highT s andJ.s (see Sec. Il ¢ and microwave sur-
face resistance. In fact, the high-temperature processed films
have dense surfaces with minimal impurity phases. This sug-
gests that the crystal lattice may melt during cation exchange
at high processing temperatures close to 800 °C, leading re-
construction of the lattice. Such reconstruction of the lattice
may be fairly localized below 800 °C, yielding mainly point
defects that are neither detectable by XRD pole figures, nor
affect the superconducting propertiésThis argument is
supported by the higher minimum yielg ;) of Rutherford
backscattering  spectroscopy/channeling  in  higher-
temperature cation—exchange processed Hg-1212 films. For
example, xmin IS about 10%—-12% for Hg-1212 films pro-
cessed at around 700 °C. It increases to abed0% for
Hg-1212 films processed at 780 °C, and 100% when the pro-
G 2 SEM | . 2212 fimb) & Ho1212 i cessing temperature is raised to 810 °C. Above 810°C, no
proc'es'sed viam(::tgi]oe: :x(c?azg(;e;fgs(% °C for 12er((a;1; Hg-1212 f:lm channeling axis could be Identlfled. ar!d S.e”ous degfadat'on
processed via cation exchange at 780 °C for 3 h. The precursor films for th@f TcS andJcs were also observed, indicating the replication
two Hg-1212 films were TI-2212 films made under the same processing®f the crystalline structure from the precursor matrix may no
condition. longer be the case.

than that of the same films made from amorphous precurso(%' Superconducting properties

films. One of the remarkable features associated with the TheT; andJ, of the films were obtained from the mea-
improved surface morphology is the much lower microwavesured dc magnetizatiofM) as functions of temperature and
surface resistance on the cation—exchange processed Happlied magnetic fieldH) using a Quantum Design SQUID
1212 films"*® Figures 2a)—2(c) depict the SEM images of magnetometer. Figure 3 shows the superconducting transi-
a TI-2212 precursor film and two Hg-1212 film cation— tion curves of some fully converted Hg-1212 films. For com-
exchange processed from this TI-2212 film. Unlike the surparison the transition curve of a precursor TI-2212 film is
face of Hg-1212 films made from TI-1212 precursor films, also presented in Fig. 3. THe. of the 0.3um thick TI-2212
where the smooth surface morphology transferred from Tlprecursor film was 105 K. Samples b, ¢, and d were cation—
1212 to Hg-1212, the surfaces of Hg-1212 films made fromexchange processed at 810 °C for 10 min, 780 1C3fb and
TI-2212 become rougher after the cation exchange. Esper00°C for 12 h, respectively. The annealing pellets for
cially, voids of up to submicron dimensions are visible on thesamples b and c are HgBa,CaCu;0, and that for sample d
surface of the Hg-1212 films whether the cation exchangés 3HgBgCaCu;,0, /Ba,CaCusO, . The T.s of samples b,
was processed at low temperatuf@e0 °C for Fig. Zb)] or ¢, and d are 121 K, 121.5 K, and 122 K, respectively, al-
high temperaturegr80 °C for Zc)]. It should be pointed out though the samples were annealed at diffefiepfor differ-

that such features are not present on the original TI-2212nt times and with different annealing pellets. Thes of
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T " ' ' ' than that of the TI-2212 film. At 77 K, Hg-1212 film hadla
of 3.4x 1P A/lcm? that is about three times higher than that
: of the TI-2212 film at the same temperature. At 100 K, he

of the Hg-1212 film is 1.%10° A/lcm? which is 75 times
1 higher than that of the TI-2212 film. This is mainly because
the T, of Hg-1212 film is much higher than that of TI-2212
film. For comparison, thé. versusT curve of a 0.2um thick
Hg-1212 film converted from TI-1212 film is also included
in Fig. 4 (solid triangles. It is interesting that the
J.s of the Hg-1212 film converted from TI-2212 film are
0 20 20 50 160 200 much higher than that converted from TI-1212 film, espe-
cially at higher temperatures. At 100 K, the latter only has a
J.=3.6x10° A/lcm?, that is about four times smaller than
FIG. 3. M vs. T curves of(a) a precursor TI-2212 film and three fully that of the former. Since thil versusT curves for Hg-1212
converted Hg- 1212 films annealed(h 810 °C for 10 min(c) 780°C for  films made from either TI-2212 or TI-1212 precursors
3 h, and(d) 700°C for 12 h, respectively. showed comparable superconducting transitions, incomplete
conversion may not be the reason for the loyg observed

i . . on Hg-1212 films converted from TI-1212. We speculate that
Hg-1212 films were typically in the range of 120124 K for more pinning centers were formed in the Hg-1212 film con-

most samples that were fully converted into Hg-1212 phase\./ : : :
) erted from TI-2212 film during the cation—exchange pro-
TheseT s are about 16—17 K higher than that of the Tl'2212cess, leading to a higher temperature susceptibility,sfin

film. . . o :

The J.. of the film was calculated using the critical state g;isfﬁr:lmis; sFL:arct;Ztlaa:tilc?rY estigation s certainly necessary to
Bean modelJ.=20 (M*-M")/R.2222 Here M and M~ P '
are, respectively,.the upper and lower branches. of the M-H, MECHANISM OF CATION—EXCHANGE PROCESS
hy;tere3|s loopR is estimated for a rectangular film sample |\ cONVERTING TI-2212 TO Hg-1212
usingR=Db(1— a/3b), wherea andb represent the short and
long dimensions of the sample, respectively. In the calcula- Although the cation—exchange process provides a simple
tion, the entire area of the film is used rather than the graifvay to obtain high-quality epitaxial Hg-HTSs films, the
size. Figure 4 shows the temperature dependence of the sefflechanism of this process has not been investigated system-
field J s for a 0.3um thick TI-2212 precursor filn{solid ~ atically and, hence, is barely understood. Nevertheless, sev-
circles, and a 0.26um thick Hg-1212 film(solid squares  eral important pieces of evidence have been obtained in this
The Hg-1212 film was annealed at 700 °C for 12 h using arfXPeriment. First, it is confirmed that the cation exchange is
Hgo Ba,CaCu;0, pellet and hadT, of 123 K. J.s of the @ perturbation process that can be performed in a large win-

Hg-1212 film and TI-2212 film are almost the same at verydow of the processing temperature. In fact, the Tl-Hg cation
low temperatures. For example, tlgs (5K) are 1.9<107  exchange was observed at the temperature as low as 620 °C,

Alcm? and 2.2<10° Alcm?, respectively, for the TI-2212 that is substantially lower than that required for the conven-

and Hg-1212 films. Thé.of TI-2212 film, however, is much tional processtypically ~800 °C or higher for the Hg-1212
more susceptible to temperature and, therefore, at highdthase. It should be pointed out that HgO powder was em-

temperatures thé.s of the Hg-1212 film are much higher Ployed in this experiment and its sublimation temperature is
about 570 °C. We suspect that even lower temperatures may

be applied for cation exchange if a more volatile Hg-vapor
T ™ source is employed. The rate of cation exchange, however,
increases monotonically with the processing temperafyre

ok ~is | For example, when the TI-2212 film was annealed at 660 °C
for 12 h, Tl was partially replaced by Hg, which resulted in
A two phases of Tl-2214marked with ©O’] and Hg-1212
. [marked with “*” ] as shown in Fig. &). At a higherT,
10F \ 3 =690 °C for 12 h[Fig. 5b)], the replacement rate of Tl by
Hg was evidently increased. At,=700°C for 12 h, TI-

0.0+

021

04t

0.6}

x (a.u.)

0.8}

T(K)

%
2
~° \
| —e— @22 22_12 phase was replaced completely by the Hg-1212 phase
10°F _u (b) Hg-1212(1) from TI-2212 \ 1 [Fig. 1b)]. WhenT, was 810 °C, the TI-2212 phase can be
—Aa— () Hg-1212(2) from TH-1212 completely converted into Hg-1212 phase in only 5 minute
as shown in Fig. &).

For a thermal perturbation process such as the cation—
exchange process in this experiment, one may expect the
T(K) probability of cation exchange to be proportional to
FIG. 4. Temperature dependencelg of (a) a precursor TI-2212 thin film, —exXp (_ Uin/KT), Where_uth: KTy is the Cr,yStaI lattice de-
(b) a Hg-1212 thin film converted from a TI-2212 thin film, afd) a ~ COMPOSiNg energy ank is the Boltzmann's constant. The
Hg-1212 thin film converted from a TI-1212 thin film. efficiency of the cation exchange increases monotonically
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with the processing temperature which agrees qualitativeli'G- 6. Normalized critical current densities at 77 K and self-field af
! 1-2212, Tl- 2212 andb) Hg-1212 thin films after annealing at different

with the experiment. To find outly,’s for TI-1212, TI-2212, temperatures fol h in 0.8 atm Q.
and Hg-1212 films, we heated TI-2212, TI-1212, and Hg-

1212 films in 0.8 atm Qto different temperatures and stayed

for 1 h and cooled back to room temperature. After eactdiscussed in our earlier sections. It should be realized that
thermal cycle, the XRD#-26 spectra,T.s andJ s of the theseTy, values were obtained in 0.8 atm, Owhile cation
samples were measured. The normaliZed at 77 K are exchange is usually carried out in mixed vapors of Hg and
shown in Fig. 6. Remaining more or less constant at loweoxygen of higher total pressures. A quantitative fitting is still
temperatures, the normalizdds for all three types of films difficult at this point due to inadequate data available.
experienced a sharp drop above certain temperatures Interestingly enough, th&y, for Hg-1212 is slightly
(Tihonsed @nd reached zero at slightly higher temperaturesigher than that of TI-1212 and TI-2212. This raises a ques-
(Tthzero - In addition, the sharp drop id.s at theTy, onses  tion on whether the conversion from TI-2212 to Hg-1212 is a
was found to be accompanied by diminishing(@0l) peaks phase transition. We have shown recently that the conversion
in the XRD spectra of the film, signaling collapse of the between TI-1212 and Hg-1212 is reversible and the direction
crystal lattice. If we take the midpoint between thg ...t  Of the cation—exchange process can be controlled by the ratio
andTy, ,er0@S theTy,, theTys for TI-1212, TI-221]see Fig.  between the Tl and Hg cation populatichisln a similar
6(a)] and Hg-1212 filmgsee Fig. @)] will be, respectively, attempt, several Hg-1212 thin films, made from TI-2212 in
620 °C(890 K), 680 °C(950 K), and 780 °Q1050 K). Since  cation—exchange process, were used as precursor films for
lattice collapse is due to evaporation of Tl in TI-2212 andTI-2212 thin film. These Hg-1212 films were sealed in an
TI-1212 or Hg in Hg-1212 films, one may estimate the bind-alumina crucible together with a Ba,CaCu;O, pellet, and

ing energies of Tl or Hg to the lattice to be near 890 K forannealed at temperature of 740 °C to 830 °C for 30 min to 2
TI-1212, 950 K for TI-2212, and 1050 K for Hg-1212. The h in flowing O,. The TLBa,CaCu;O, pellet provided a

T, defines the upper limit of the perturbation energy oneTl-rich atmosphere during the annealing process. The Hg-
may provide to a precursor matrix without destroying it. In- 1212 films annealed at temperatures below 800 °C turned
deed, our experiment confirmed that there is an upper limiinto TI-1212 with a negligible trace of TI-2212. Those pro-
for T,. For Hg-1212 films converted from TI-2212 precursor cessed at above 800 °C, however, were predominantly con-
films, this limit is around 800 °C. Beyond this limit, the qual- verted back to TI-2212. FiguregaJ and 7b) show, respec-

ity of epitaxy in Hg-1212 films degrades dramatically as wetively, the XRD spectra of the Hg-1212 precursor film and
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phology from their TI-2212 precursor films. The fully con-
verted Hg-1212 thin films show higfi.s in the range of
120-124 K and higl.s in the self-field. At 77 K, thd.. is

up to 3.4x10° A/cm? and 100 K, 1.5 10° A/lcm?. In com-
parison with the conversion between TI-1212 and Hg-1212,
where the conversion can be controlled solely by the popu-
lations of Tl and Hg cations, we have shown that a phase
transition may occur in the conversion between TI-2212 and
Hg-1212.

(a) Hg-1212

g
g
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