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Tl valence change andTc enhancement„Ì130 K… in „Cu,Tl…Ba2Ca2Cu3Oy
due to nitrogen annealing
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Annealing effects in a reducing environment~flowing nitrogen! in the temperature range of 200–600 °C are
reported on the high Tl content (Cu12xTlx)Ba2Ca2Cu3Oy system, synthesized under high pressure~4.5 GPa!.
A considerable enhancement inTc from 97 K ~as-synthesized! to .130 K ~annealed at 550 °C) and an
anomalous behavior in the resistivity with annealing is found. The results have been analyzed in the context of
the loss of oxygen and Tl valence change.
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I. INTRODUCTION

Since the time of their discovery, bot
CuBa2CanCun11Oy ~Refs. 1–5! and TlBa2CanCun11Oy
~Refs. 6–9! systems, designated as Cu-12n(n11) and
Tl-12n(n11), respectively, have been under extensive
vestigation. Both the systems are found to be isostructura
each other except for the position of oxygen in the cha
reservoir layer. Interestingly, Cu-12n(n11) is synthesized
at high pressure and high temperatures while Tl-12n(n11)
is obtained at relatively low temperature and ambi
pressure.1–5,10,11 It is likely that a hybrid charge reservo
layer with both Tl and Cu might lead to moderate synthe
conditions, maintaining the low superconducting anisotrop3

Such trials have earlier been attempted by us in t
films.12,13 We designate this system as~Cu,Tl!-1223. A
higher member (n53) of this family, ~Cu,Tl!-1234 has in
fact been found to yield a rather highTc of 126 K.10 Besides
affecting the synthesis parameters, Tl by changing
valence state is thought to vary the number of carri
and oxygen content in conventional Tl-bas
superconductors.14,15 The role and dynamics of the Tl va
lence change due to annealing in relation toTc and the elec-
tronic structure have also been reported for conventional
based superconductors.14–17 However, such a study has no
been undertaken on the (Cu,Tl)-12n(n11) system to look
for a possible effect onTc and Tl-valence change. Th
present results on the nitrogen annealing of~Cu,Tl!-1223
synthesized at high pressure indicate a substantial increa
Tc and a change in the Tl valence state.

II. EXPERIMENT

Polycrystalline samples of nomina
(Cu0.5Tl0.5)Ba2Ca2Cu3Oy were synthesized through
Ba2Ca2Cu3Oy precursor with CuO~0.5 mole!, Tl2O3 ~0.25
mole!, and oxidizer AgO~0.6 mole! under high pressure a
4.5 GPa~Riken CAP-07! and 850 °C temperature for 2 h in
a Au capsule.10 Phase purity of the as-synthesized sam
(s-0) was checked through powder x-ray diffraction~XRD!
0163-1829/2001/63~6!/064508~6!/$15.00 63 0645
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~Rigaku RINT 1000 Diffractometer with monochromate
CuKa) and the chemical composition was analyzed throu
energy dispersive spectrometry~EDS! in a scanning electron
microscope~JEOL JSM-6301F!. These samples were the
annealed in flowing nitrogen for 12 h at different tempe
tures in the range of 200–600 °C~Table I! and cooled in the
furnace~i.e., furnace cooling!. Resistivity below 280 K was
measured using the four probe method and the Hall num
(NH) was measured at room temperature for several samp
Oxygen loss in the as-synthesized sample below 800°C
measured by thermogravimetric analysis~TGA! ~Rigaku
TAS 100! in flowing nitrogen. X-ray photoemission spec
troscopy~XPS! for the as-synthesized sample (s-0) and the
sample annealed at 550 °C (s-550) was carried out at room
temperature using a Surface Science Spectra SSX-100 s
trometer with monochromatized AlKa ~1486.6 eV! on their
freshly fractured surfaces in ultrahigh vacuum~UHV! condi-
tions. Au was sputtered to;10 Å thickness on these
samples to serve as a core level energy calibrator w
Au-4f 7/2 of 83.95 eV.

TABLE I. Summary of the experimental results with annealin
TA is the annealing temperature,Tc refers to the onset of supercon
ducting transition,r is the resistivity at 280 K, andNH /CuO2 is the
Hall number per CuO2 plane at room temperature.

Sample name TA(°C) Tc ~K! R (mV cm) NH /CuO2

s-0 as-synthesized 97.6 0.68 0.50
s-200 200 103.5 0.86
s-300 300 104.9 1.7
s-330 330 124.5 7.4

~115.4!
s-350 350 125.6 45
s-380 380 129 140 ,0.05
s-400 400 129.2 69 0.11
s-450 450 128.9 25
s-500 500 129.3 18
s-550 550 131.4 11 0.19
s-600 600 131.2 15
©2001 The American Physical Society08-1
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III. RESULTS

From the XRD pattern of thes-0 sample~Fig. 1! all the
characteristic peaks of the~Cu,Tl!-1223 superconducting
system could be identified. There were also some low int
sity minor peaks corresponding to nonsuperconducting
ides of Ba, Ca, and Cu. Lattice parameters of the tetrago
~Cu,Tl!-1223 system were determined to bea53.854 Å and
c515.890 Å . XRD patterns ofs-0 ands-550 did not yield
any noticeable difference except for,0.02 Å change in the
c-parameter. EDS measurements carried out on a numb
crystallites of typically 53531 mm3 size indicated an av
erage composition of Tl0.79Ba2Ca1.84Cu3.37Oy with Ba stoi-
chiometry fixed to 2. Tl content was seen to be distributed
the range of 0.4 to 1.

The temperature dependence of the resistivity (r) of the
various samples is depicted in Figs. 2~a! and 2~b!. The room
temperaturer increases with annealing temperatureTA up to
380° C, decreases continuously forTA between 400–550 °C
and shows an increasing trend at 600 °C. The sample
nealed at 550°C (s-550) showed aTc,onset of over 130 K,
possibly the highest ambient pressure value reported for
high Tc system without Hg. While thes-300 sample depicts
a signature of a second transition at 123 K, boths-330 and
s-350 samples show clear double transitions. The Hall nu
ber ( NH) at room temperature for the sampless-0, s-400
ands-550 were estimated to be 0.5, 0.11, and 0.19 per C2
plane, respectively~Table I!.

It would be worth mentioning that the results report
here are typical of a number of~Cu,Tl!-1223 samples con
taining varying oxidizer~AgO! contents between 0 and 0.6
mole with a maximumTc of ;110 K. These samples, whe
annealed in flowing nitrogen between 550– 600 °C, gav
Tc of around 130 K and it was seen to be a common fea
of ~Cu,Tl!-1223 synthesized under high pressure. The hi
estTc;133 K obtained in such material was confirmed
sharp resistivity and magnetic transitions.18 These samples
however, were not found to be highly stable in ambient c
ditions with Tc lowering to 128 K in a week’s time with a
tendency to deteriorate further. The unannealed sam
however, showed long term stability in ambient conditio
The relation of such metastability to CO2 or moisture in the
ambient is still not clear at present.

TGA data for thes-0 sample~Fig. 3! show a small weight

FIG. 1. XRD pattern of the as-synthesized~Cu,Tl!-1223 sample
prepared under high pressure.
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loss in the temperature range of 30– 650 °C and a la
weight loss above 650 °C. The former was ascribed to
release of oxygen. The latter to the escape of Tl~or Tl ox-
side! vapor from the system19,20 and the sample starts t
decompose around that temperature simultaneously. Sig
cantly, a distinct weight loss of about 0.5 wt% also occurr
around 350 °C~inset! and a larger one around 530°C. On th
preliminary experiment this process was not reversible e
under the oxygen annealing.

The surfaces of both the sampless-0 ands-550 fractured
under UHV conditions were of high quality as the photoele
tron Fermi edge could be clearly observed in their X
spectra.21,22 The Tl-4f 7/2 core level, calibrated with the
Au-4f 7/2 core level of 83.95 eV, was clearly seen to shift
the s-550 sample~Fig. 4!. The Tl-4f 7/2 core-level binding

FIG. 2. ~a! Resistivity behavior with annealing in N2 below
330 °C.~b! Resistivity behavior with annealing in N2 above 350 °C.
8-2
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Tl VALENCE CHANGE AND Tc ENHANCEMENT ~.130 . . . PHYSICAL REVIEW B 63 064508
energies andTc values of thes-0 ands-550 samples when
compared with those reported17,23 for Tl-1212, Tl2O3 and
Tl2O ~Table II! indicate a clear shift of Tl valence from 31
towards the 11 state due to annealing.

IV. DISCUSSION

A. Overall annealing behavior and importance of thallium
valence change

The decrease of room temperature resistivity with ann
ing temperature withTA between 380°C and 550°C@Fig.
2~b!# and the loss of oxygen above 380°C appear to pre
an abnormal situation of carrier density enhancement des
oxygen removal. Another interesting case is that ofs-300
ands-550 samples possessing differentTc values in spite of
being both in the nearly optimally doped state. We deal w
such a situation in the next section in terms of compet
sources of hole addition and depletion. The observed
transitions have been categorized as the 100 K phase and
K phase, generated below and aboveTA;380 °C. Both these
phases may have the respective changes in their resis
andTc with the varying of hole concentration (nh) and may
apparently cross over near 380 °C as suggested in Fig.~b!.

The recovering of the resistivity on the annealing abo
380 °C was not observed on the (Cux ,C12x)Ba2Ca2Cu3
@~Cu,C!-1223# in which there is not any thallium element.24

The resistivity of~Cu,C!-1223 monotonically increased wit

FIG. 3. TGA of the as-synthesized sample. Inset shows
weight loss at;350 °C.
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increasing of the annealing temperature. We think the rec
ering of the resistivity cannot be explained without the su
plying holes relating to the Tl valence change, as mentio
in the next section, though we cannot rule out the effect
the local depression of oxygen in grain boundaries.

We notice that the highestTc of the as-prepared sample
was about 110 K, just varying the nominal oxygen conte
without annealing, as mentioned in Sec. II. After anneali
the highestTc was about 133 K. We believe that the pha
induced by the annealing is different from that of the a
prepared sample. On both of thes-300 ands-550 samples,
Tc seems to be nearly equal to that of the optimum one or
highest ones. As we will discuss in Secs. IV B 1 and IV B
we believe both of them are in the nearly optimally dop
situation.

The XRD pattern of the as-synthesized sample can
indexed as~Cu,Tl!-1223 with a basic structure equivalent
that of ~Cu,C!-1223 and Tl-1223. The charge reservoir lay
here comprises Cu, Tl, and O. The occupancy of these ion
still not determined for want of a large enough single crys
of this material. Even though the crystal structures
~Cu,Tl!-1223 and Tl-1223 might be similar, the annealin
effects observed in the two cases are entirely different. Mo
over, if only Tl-1223 had formed, impurity phases lik
Ba2CuO3, CaCuO2, and CuO would have shown up in larg
quantities, contrary to observation~Fig. 1!. We also rule out

e

FIG. 4. XPS spectra of Tl core-level binding energy ins-0 and
s-550 samples.
TABLE II. Comparison of Tl-4f 7/2 core-level binding energy in different systems.

Material Tc ~K! Condition Tl-4f 7/2 ~eV! Ref.

~Cu,Tl!-1223 97 as-synthesized 117.5 this work
131 annealed at 550 °C 118.0 this work

Tl-1212 74.5;87 117.66;117.83 17
73 117.7 23

Tl2O3 117.4 23
Tl2O 118.6 23
8-3
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the possibility of the formation of a double Tl-O layer on th
basis of a low anisotropy seen in the as-synthesi
sample.25

In view of the complicated stoichiometries seen in all T
based compounds, the possibility of antisite occupancie
Cu and/or Ca at Tl or vice versa have been suggested.26–29

The average composition observed in the as-synthes
samples may have two candidates with some variation
their occupancy levels. Either Cu occupies Tl vacancies
(Tl0.79Cu0.21)Ba2Ca1.84Cu3.16Oy , or Tl occupies Ca vacan
cies as (Tl0.63Cu0.37)Ba2(Ca1.84Tl0.16)Cu3Oy . Since there is
not much change observed in itsc parameter compared wit
that of Tl-1223, and in the absence of any conclusive e
dence about Tl at Ca-sites on this system, it can safely
conjectured that only a part of Cu occupies Tl sites in
charge reservoir layer. It would be worthwhile mentioni
here that the single superconducting transitions seen in
annealed samples suggest that the distributed Tl content
not be present in the annealed samples or at least in
superconducting grains. We think that there is no chanc
the intergrowth like Tl-1234 up to about 650°C where the
loss started as observed in the TGA data. Efforts are be
made to synthesize single crystals of this material for a p
cise determination of its crystal structure.

B. Analysis of the annealing process

In this section we focus our attention on the possible
valence state conversion. The observed anomalousr(T) be-
havior with increasingTA demands that the suppression
charge carriers in the CuO2 planes resulting from the oxyge
removal, should be compensated by some other counter
cess. This we believe is provided by the possible Tl vale
change. These two processes have competing rates with
gen removal being dominant at temperatures below 40
and the Tl valence effect becoming predominant at aro
550°C, where a single phase highTc (.130 K) supercon-
ductor is obtained. For a further in-depth inspection we
vide the annealing range into three regions as below.

1. Annealing effect below300°C

The change ofr(T) with TA in this region is rather nor-
mal and can simply be explained on the basis of a decre
of nh due to oxygen removal. The as-synthesized mate
(s-0) was a heavily doped one. It was found that the den
of states at the Fermi level@D(EF) # measured by XPS, is
about twice as high as that of an optimally doped conv
tional Tl-1223.21,22 Hall number (NH) of 0.5 per one CuO2
plane and the nominal composition are also consistent w
its heavily doped situation. Tl is considered to be in the 31
state as estimated by the Tl-4f 7/2 core-level binding energy
spectra. Thes-0 sample being already in the overdoped st
may not accept any further carrier increase created by th
valence change. The large amount of excess oxygen, w
may be in the neighborhood of Tl ions, would also inhib
formation of the higher ionic radius Tl11.

The resistivityr of the s-300 sample is seen to be abo
three times that of thes-0 sample. A nearly optimally dope
state is suggested by the observed nearly linearr(T). The
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improvement ofTc with increasingTA indicates the ap-
proach to the optimally doped regime from the overdop
one.

The ;0.85% weight loss was detected up to 300 °C a
nealing. It corresponds to a loss of oxygen of 0.43 mole
a unit formula. The lost holes due to annealing are;0.28 per
one CuO2 plane when all of the lost oxygen is relevant to t
supply of holes. This large amount of missing holes m
mainly contribute to the suppression of the conductivity w
increasingTA between room temperature and 300 °C.~The
absolute value of the resistivity ofs-300 is still low as a
sintered polycrystalline sample30!.

On this estimation, the doping level of thes-0 seems to be
slightly too large compared to that of La12xSrxCuO4 and
YBa2Cu3Oy . It has been well known thatTc depends on the
number of CuO2 planes between the charge reservoir lay
We have to mention that the doping level whereTc disap-
pears does also depend on this number of CuO2 planes,
though it has not been widely recognized yet.31–46

2. Annealing effect between330°C and 380°C

The broad transitions in thes-350 ands-380 samples
seem to indicate some inhomogeneity in the systems.
observed a huge resistivity increase in thes-380 and its re-
covery in the higher annealed samples-550. This recovery of
the conductivity following the increased resistivity was n
observed in~Cu,C!-1223 where there is no thallium elemen
We cannot explain these phenomena only by the remova
the oxygen and its inhomogeneity. One has to look for so
other mechanism. Taking a cue from the observed XPS s
tra, we turn to a Tl valence effect. A change of valence of
ions has been proposed in earlier reports on conventio
Tl-based superconductors synthesized under amb
conditions.14–16,47By this model, Tl valence changes so as
compensate for the change of carriers due to oxygen con
and such a mechanism would maintain a constant numbe
carriers in the sample. In a different report on Tl-1212 th
film,48 such compensation appears to be rather incomp
where theTc of the film was seen to increase and decre
with annealing temperature up to 400 °C and stabilized t
higherTc value forTA.500 °C. It is therefore suggested i
the present case that the above compensation is not e
lished under the possible nonequilibrium conditions prev
ing below 400°C where the competing rate of the Tl valen
change is not rapid enough to match the change in oxyg
The competition of the removal of oxygen with the Tl v
lence change may be the origin of the huge resistivity
crease and the inhomogeneity.

3. Annealing effect above400°C

The observed decrease of resistivityr with increasingTA
between 400 °C and 550 °C implies an increase in the ca
density and is inexplicable on the basis of the loss of oxyg
alone.D(EF) measured by XPS ofs-550 is nearly equal to
that of the optimally doped conventional Tl-1223.22 NH of
0.19 per one CuO2 plane and the highestTc are consistent
with the optimally doped situation. The Tl valence effe
seemingly becomes more prominent in this temperature
8-4
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gime to overcome the number of holes (nh) lost by oxygen
removal. The totalnh supplied by the Tl valence change ca
be estimated from thenh lost by annealing. When we con
sider that the total weight loss is due to oxygen release o
the amount of the Tl valence conversion is estimated to

Dnh~300–550 °C!1nh~s2550!2nh~s2300!;0.8

;Dnh~Tl31→Tl11!

as a crude approximation.Dnh(300–550 °C) is the loss o
carriers due to oxygen release between 300°C and 550
We believe that boths-550 ands-300 are in an optimally
doped situation as discussed above and in Sec. IV B 1
the nh of each is nearly equal to the other. It means t
about 0.4 mole of Tl31 gets converted to Tl11, which seems
consistent with the XPS estimation of 1:1 for Tl31 and Tl11

states, with the occupancy of Tl sites in the charge reser
being 0.8 where we linearly interpolate the shift of Tl-4f 7/2
core level binding energy using that of Tl2O3 and Tl2O to
make a rough estimation.

We stress again that the oxygen weight loss up to 550
is ;2% corresponding to one mole oxygen lost per a u
formula. It indicates the missing of;2 holes for three CuO2
planes. Without the large valence change of thallium
never expect the emergence of the superconductivity w
high Tc . We speculate that an occupancy and location
oxygen in the charge reservoir layer can affect the size
valence of the thallium ion as described in Sec. IV B 1. T
removal of oxygen makes room to accept an enlargemen
the size of the thallium ion due to its valence change.

The sample annealed at 380 °C (s-380) yielded aTc of
125 K which is higher than the maximumTc of 110 K seen
in the as-synthesized samples.49 The conventional Tl-1223
system also shows aTc;120 K by annealing in a reducin
environment.50 This, however, is still lower than theTc of
the s-380 sample.

A small change inTc of the conventional Tl-1223 by
annealing in oxidizing/reducing environments14 indicates its
insensitivity towards the amount of oxygen in the system
nearly optimum carrier doping level seems to be maintai
here. However, in the present case of~Cu,Tl!-1223 it is pos-
sible to optimizeTc by optimizingnh through annealing con
ditions. The electronic band structure here does not see
be as rigid as in Tl-1223 or it has an instability agains
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large Tl valence change which is the most typical feature
~Cu,Tl!-1223, not seen in Tl-1223 where the Tl31→Tl11

change is less than 0.1.16

A correlation between oxygen content and electro
structure on Tl-1201 and Tl-1212 systems has earlier b
reported.17,51 According to band structure calculations an
the XPS measurements on Tl-1212, Vasquezet al.17 argued
that the oxygen content changes the Fermi level but not
Tl valence. The change of Tl-4f 7/2 binding energy was at-
tributed to a change in the chemical potential as all ot
core-level binding energies shifted in the same direction
that of Tl-4f 7/2. However, in the case of~Cu,Tl!-1223 we
did observe the other core-level binding energies to hav
different doping dependence as compared to that
Tl-4 f 7/2

21,22 which gives credence to the Tl valence sh
model. We think that the valence change is dominant in t
shift even though the chemical potential shift has a contri
tion. One therefore has to take into account the Tl vale
change in the band structure model proposed earlier17 to ex-
plain the abnormal annealing effects in~Cu,Tl!-1223.

V. CONCLUSION

Synthesis of the~Cu,Tl!-1223 compound with a Cu and T
hybrid charge reservoir layer under high pressure has b
attempted. Treatment of the material in flowing N2 yields a
considerable enhancement ofTc (.130 K). The observed
anomalous decrease of resistivity with increasing annea
temperature, and the differentTc values obtained for the
nearly optimally doped materials at 300 °C and 550 °
present intriguing situations. These results, unlike in conv
tional Tl systems, have been explained on the basis of h
depletion and addition by oxygen removal and Tl31→Tl11

conversion below and above 380 °C respectively. XPS c
roborates the nearly 1:1 conversion of the Tl valence stat
the 550 °C sample withTc;130 K. There is seemingly a
need to consider the Tl valence change in the band struc
model proposed earlier15 to account for the abnormal annea
ing effects seen in the~Cu,Tl!-1223 system.
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