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Phase transitions in the Tl2Ba2CuO61d superconductor
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Structural phase transitions in the ‘‘orthorhombic’’ form of the superconductor Tl2Ba2CuO61d have been
investigated by synchrotron x-ray powder diffraction. High-resolution studies show that oxygen rich compo-
sitions with Tc’s up to .70 K are monoclinic~F112/m symmetry! with 90°,g,90.2° whereas slightly
reduced samples withTc’s of 70–90 K have orthorhombicFmmmsymmetry. The peakwidths of the Bragg
reflections show that the orthorhombic and monoclinic distortions induce microscopic strains in theab plane.
A high-temperaturein situ synchrotron x-ray powder-diffraction experiment has been used to investigate the
transitions between the monoclinic, orthorhombic, and thallium-deficient tetragonal forms of this material. The
thermal variations of the macroscopic strains show that the 895 K monoclinic-orthorhombic phase transition,
which is driven by loss of excess oxygen, is well described by Landau theory. However, the orthorhombic-
tetragonal transition at 964 K, due to the loss of thallium oxide, shows a strong deviation from Landau
behavior. A possible structural rearrangement of interstitial oxygen atoms is observed at 550–700 K.
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The Tl2Ba2CuO61d ~Tl-2201! superconductor is one of th
most important materials for studies of intrinsic transp
properties of high critical temperature superconductors,1,2 as
it can be prepared as good quality tetragonal single crys
with low residual resistivities. The superconducting critic
temperature (Tc) can be lowered from 90 K to below 4 K by
addition of oxygen,3 allowing the overdoped regime of th
superconducting phase diagram to be studied. AsTc is de-
pressed by overdoping, the critical magnetic-field scale
rapidly decreased and the normal metallic state can be s
ied down to mK temperatures.2 Recent studies on tetragon
Tl-2201 films have indicated the presence of pure anisotro
dx22y2 pairing symmetry with no contribution from isotropi
s-wave pairing,4,5 emphasizing the important role of Tl-220
in assisting the development of a theoretical model for hi
temperature superconductivity.

As the first member of the Tl2Ba2Can21CunO412n series,
with Tc(max)593 K, Tl2Ba2CuO61d has one of the highes
Tc’s reported for compounds containing single CuO2 layers.6

Unlike the other homologues which invariably display t
tragonal symmetry, Tl-2201 is known to exhibit both tetra
onal and orthorhombic forms, with physical properties va
ing from nonsuperconducting to superconducting withTc up
to 90 K. Flux-grown single crystals are always of the tetra
onal form of Tl-2201, and as a result the orthorhombic va
ant has been rather less studied. Physical measurements7 and
a resonant x-ray-diffraction study8,9 have shown that the two
polymorphs possess slightly different compositions. T
orthorhombic form is essentially thallium-stoichiometr
Tl2Ba2CuO61d whereas tetragonal Tl-2201 has a significa
degree of Cu substitution at the Tl site with compositi
~Tl1.9Cu0.1!Ba2CuO61d. Recently, we have reported a mon
clinic form of superconducting Tl2Ba2CuO61d, evidenced by
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high-resolution time-of-flight neutron and synchrotron x-r
powder diffraction.10 This establishes Tl-2201 as a uniqu
high-Tc material in displaying three distinct macroscop
structural symmetries as a function of small changes in co
position. Here we report further high-resolution x-ra
powder-diffraction studies on the monoclinic form, and
high-temperature in situ synchrotron x-ray powder-
diffraction study of the changes in microscopic and mac
scopic strains at the monoclinic-to-orthorhombic a
orthorhombic-to-tetragonal phase transitions of this imp
tant superconductor. Thisin situ high-temperature diffraction
study is unusual for thallium or mercury cuprate superc
ductors due to the difficulties caused by the volatility a
toxicity of the heavy metals in these materials.

A bulk sample of polycrystalline monoclinic
Tl2Ba2CuO61d was prepared by conventional solid-sta
reaction.10 Portions of this ‘‘as-prepared’’ sample were ind
vidually annealed for 5 h under flowing Ar at temperature
of 200, 400, 450, 500, 550, 600, and 700 °C to systematic
decrease the excess oxygen contentd, and a further portion
was treated under 600 atm O2 pressure at 600 °C to increas
d. Synchrotron x-ray powder-diffraction patterns of a
samples were recorded at room temperature on the h
resolution diffractometer 9.1 at the Synchrotron Radiat
Source, Daresbury, U.K. The wavelengths~see Table I! were
calibrated using a NIST Si powder standarda
55.430 94 Å). The profiles were fitted by the Rietve
method11 using theGSAS package.12 Observed, calculated
and difference plots for the x-ray profile of the 450 °C A
annealed sample are shown in Fig. 1. Diffraction peaks fr
traces of BaCO3 and Tl4O3 ~Ref. 13! were also observed in
some of the profiles and were fitted in the refinements.
5226 © 1998 The American Physical Society
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TABLE I. Superconducting critical temperatures~Ref. 10!, cell data, and microstrains for monoclini
(g.90°) and orthorhombic (g590°) Tl2Ba2CuO61d samples with e.s.d.’s in parentheses.

Sample treatment Tc ~K! a ~Å! b ~Å! c ~Å! g ~°!

Microstain ~%!

Si S'

600 atm, 600 °C O2-annealeda 5.43890~9! 5.50414~10! 23.1569~4! 90.188~1! 0.09~1! 0.16~1!
As-prepareda 5.44746~14! 5.50517~15! 23.1556~5! 90.119~2! 0.08~1! 0.28~1!
200 °C Ar-annealeda 24 5.44663~17! 5.50424~18! 23.1517~6! 90.117~3! 0.10~1! 0.30~1!
400 °C Ar-annealeda 25 5.45092~14! 5.50119~15! 23.1645~5! 90.123~2! 0.07~1! 0.27~1!
450 °C Ar-annealedb 38 5.45590~9! 5.49672~9! 23.1901~3! 90.096~2! 0.09~1! 0.29~1!
500 °C Ar-annealedb 50 5.45842~12! 5.49889~13! 23.2003~4! 90.099~2! 0.10~1! 0.24~1!
550 °C Ar-annealedb 68 5.46289~13! 5.49777~14! 23.2127~4! 90.074~3! 0.08~1! 0.23~1!
600 °C Ar-annealeda 79 5.46457~12! 5.49509~13! 23.2174~5! 90 0.04~1! 0.25~1!
700 °C Ar-annealeda 90 5.46630~7! 5.49201~7! 23.2231~3! 90 0.02~1! 0.09~1!

al50.87194 Å, 2u53 – 60° in 0.01° steps.
bl50.99902 Å, 2u53 – 70° in 0.01° steps.
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A previous study10 showed that the Tl-2201 samples a
nealed in argon at temperatures<400 °C are monoclinic, bu
samples annealed>600 °C are orthorhombic, with the smal
est monoclinic distortion corresponding tog590.12° for the
400 °C Ar-annealed sample. The synchrotron x-ray diffr
tion data collected show that the 450, 500, and 550 °C
annealed samples of Tl-2201 have monoclinic (F112/m)
symmetry, with g decreasing to 90.07° for the 550 °
sample. The observation of significant anisotropy in
Lorentzian broadening of the diffraction peaks has led us
reanalyze the previous and the recent data using an a
tropic lattice strain broadening function~1!. Diffraction
peaks were fitted by a numerical convolution of a const
Gaussian term and a variable Lorentzian function with f
width at half maximum~FWHM! GL given by14,15

GL5~Y1Y8 cosf!tan u. ~1!

This expression allows for anisotropic lattice strain broad
ing through theY8 term, wheref is the angle between th
chosen principal axis@001# and the reciprocal-lattice vecto
of the Bragg reflection. The results of these refinements
summarized in Table I. The refinedY and Y8 parameters
were converted to microstrains parallel (Si) and perpendicu-
lar (S') to the principal axis. An instrumental contributio

FIG. 1. Observed, calculated, and difference plot for monocli
Tl-2201 ~450 °C Ar-annealed! using a synchrotron x-ray wave
length of 0.87194 Å, with Bragg reflection positions marked.
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determined by refinement of a silicon standard to be equ
lent to a strain of 0.05%, has been subtracted from the va
in Table I.

High-resolution synchrotron x-ray powder-diffractio
studies have shown that samples annealed in argon at
peratures<550 °C are monoclinic, but samples anneal
>600 °C are orthorhombic. Thus, the electronic properties
monoclinic Tl-2201 range from nonsuperconducting to s
perconducting withTc up to ;70 K ~Table I!, whereas all
orthorhombic Tl-2201 samples haveTc’s of ;70–90 K.
From the variation inTc with Ar-annealing temperature, it is
clear that the extent of the monoclinic distortion is depend
upon the oxygen content. Determination of the excess o
gen contentd in Tl2Ba2CuO61d is very difficult. Attempts to
measure this accurately by thermogravimetry were uns
cessful due to traces of volatile thallium oxides in t
samples. However, on the basis of an extensive neu
study by Wagneret al.,16 our results indicate a decrease
excess oxygen contentd from '0.13 in the as-prepared
monoclinic sample to'0.03 in the 700 °C Ar-annealed
orthorhombic sample. This is consistent with the observ
change from overdoped nonsuperconducting behavior to
perconducting withTc590 K. Decreases in the microscop
strains determined from the Lorentzian components of
peakwidths of the Ar-annealed samples~Table I! also occur
with the monoclinic to orthorhombic progression. A larg
excess strain in theab plane S' , relative to that in thec
direction Si , is always observed, showing that the orth
rhombic and monoclinic macrostrains lead to microstra
through twinning17 or other extended defects.Si for the
monoclinic samples is significantly greater than for t
orthorhombic phase, which may reflect the local strains d
to their different interstitial oxygen contents.S' does not
show a simple dependence on crystal symmetry. The va
for the as-prepared and samples annealed up to 600 °C i
are approximately constant but those for the high press
and 700 °C Ar-annealed samples are much smaller. This
gests that the high-temperature annealing may have red
the extent of twinning or other extended defects in the
samples.

The as-prepared sample was also used for thein situ high-
temperature synchrotron x-ray powder-diffraction expe
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ment at HASYLAB Station B2, DESY, Germany. The di
fractometer was used in Bragg-Brentano geometry with
INEL position-sensitive detector~2u54 to 124° in 0.03°
intervals! for a time of 300 s at a wavelength o
l51.7960 Å. The sample was mounted in a thermocoup
controlled, resistively heated, furnace in an air atmosph
and data were collected in the ranges 40–200 °C, 2
630 °C, and 630–750 °C with temperature increments of
10, and 5 °C, respectively. The heating rate between t
peratures was 2 °C/min and a time of 120 s was allowed
equilibration of the sample before data collection. Theu
scale of the INEL detector was calibrated using an La6
standard and the measured data were corrected using a
squares cubic spline fit.18 Rietveld fits of the cell parameter
were carried out using theGSASpackage.12 Part of the detec-
tor was obstructed by the furnace assembly so that data
tween 2u598 and 108° were excluded from the refinemen

The high-temperature synchrotron x-ray powd
diffraction study enables the evolution of the monoclin
orthorhombic, and tetragonal phases of Tl-2201 to be inv
tigated in situ. Rietveld fits using the monoclinicF112/m
model were stable for data collected up to 893 K, but u
stable thereafter, where the orthorhombicFmmmmodel was
employed. The orthorhombic-tetragonal transition tempe
ture was determined to be 968 K from the variation of t
fitted19 FWHM of the 200/020 peak doublet with temper
ture. Fits to the data above this temperature were perfor
using tetragonalI4/mmmsymmetry. Sample decompositio
evidenced by the appearance of impurity peaks, was
served in diffraction patterns collected at temperatures ab
993 K. The thermal variation of the refined cell paramet
determined by Rietveld fitting is shown in Fig. 2.

The in situ high-temperature x-ray powder-diffractio
study shows that up to;670 K the steady increase in thea

FIG. 2. Temperature dependence of cell parameters and vo
in the range 313–988 K as derived from thein situ x-ray-diffraction
study. Thea parameter of the tetragonal phase (T>968 K) is scaled
by a factor ofA2 for comparison with thea andb parameters of the
orthorhombic material.
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and b cell parameters is attributable to normal thermal e
pansion effects~Fig. 2!. However, at 550–700 K there is a
anomalous reduction inc and the cell volume compared t
the trend above and below this range. This is unlikely to
due to a further uptake of oxygen, as the sample was sl
cooled under oxygen after synthesis, but may be due to
formation of a more ordered structure, possibly a rearran
ment of interstitial oxygen within the Tl2O2 bilayer. Evi-
dence for the filling of at least two oxygen sites within th
TlO layers has recently been reported,16 and electron micros-
copy has also revealed a superstructure in orthorhombic
2201 that might be due to this type of ordering.17 No super-
structure peaks are discernible in our data, but this m
reflect the low occupancy and weak x-ray scattering pow
of the interstitial oxygen. The sharp increases ina, b, andc at
670–750 K are consistent with a subsequent disordering
initial loss of the interstitial oxygen from the structure, whic
coincides with the rise ofTc with Ar-annealing temperature
~Table I!.

The monoclinic angle,g, and the orthorhombicity,
o52(b2a)/(b1a), characterize the macroscopic strai
within the lattice. Thein situ high-temperature x-ray powder
diffraction study reveals a critical variation ing and the ex-
cess orthorhombicity at the monoclinic-orthorhombic pha
transition~Fig. 3!. To determine whether this variation is i
accordance with the Landau theory of second-order ph
transitions, we take thee12 component of the spontaneou
strain tensor20 to be proportional to the order paramete
since this component corresponds to the strain induced
the angular distortion of theab plane. If the lattice param-
eters of the lower symmetry phase area, b, c, a, b, g and
those of the higher symmetry phase area0 , b0 , c0 , a0 , b0 ,
g0 , then the monoclinic strain,«m5ue12u, is given by21

«m521/2~a cosg/a0sin g02b cosg0 /b0sin g0!, ~2!

e

FIG. 3. Temperature dependence ofg ~lower! and orthorhom-
bicity (o) ~upper! in the range 683–963 K as derived from thein
situ x-ray-diffraction study. Three curve fits are shown:~a!
g5cos21 @22A(Tmo2T)b# and ~b! o5A(Tmo2T)b1oTmo

, model
the monoclinic-orthorhombic transition withTmo5895(3) K and
b50.5 within experimental error, and~c! o5A(Tot2T)b for the
orthorhombic-tetragonal transition withTot5964(1) K and
b50.31(3). Theerror bars correspond to one e.s.d.
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where theb axis has a common direction in both phases. F
the monoclinic-orthorhombic transition, this reduces to

«m52a cosg/2a0 , ~3!

wherea0(T) over the range of the monoclinic-orthorhomb
transition describes the variation of thea-lattice parameter of
the orthorhombic material had the transition not taken pla
However, since the change in thea parameter over the rang
683–903 K amounts to less than 1%, the factora/a0 has a
negligible effect on the expression for«m , and may be ap-
proximated to unity.

Landau theory predicts«m}(T02T)1/2 for temperatures
below the transition temperatureT0 . At least-squares curve
fit to the data@Fig. 3~a!# of the form: «m5A(Tmo2T)b

yields a monoclinic-orthorhombic transition temperatu
Tmo5895(3) K with a critical exponentb50.53(4). A
least-squares fit of the variation of the excess orthorhom
strain described by the orthorhombicity,o5A(Tmo2T)b

1oTmo
with the latter value ofTmo ~where oTmo

is the re-
sidual orthorhombicity at the monoclinic-orthorhombic tra
sition! yieldsb50.52(2)@Fig. 3~b!#. Both the fittedb values
are within error of 0.5 showing that the monoclini
orthorhombic transition is well described by Landau theo
and is not driven by a large change in chemical composit

The variation of orthorhombic strain with temperature
the region 903–963 K, below the orthorhombic-tetrago
transition, is not described by Landau theory. A least-squa
fit of the form: o5A(Tot2T)b, yields an orthorhombic-
tetragonal transition temperatureTot5964(1) K and
b50.31(3) @Fig. 3~c!#. This transition is driven by the sub
stitution of Cu for Tl with loss of Tl2O3 @as Tl2O1O2 ~Ref.
22!# and to balance stoichiometry, an unobserved exsolu
of barium oxide. This significant change in chemical comp
sition may account for the non-Landau behavior at the tr
sition.
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Despite the use of largerF-centered crystallographic cell
for the orthorhombic and monoclinic forms, all three phas
of Tl-2201 can be represented byI-centered cells. The tetrag
onal form hasa5b and g590° with a'3.864 Å. The
orthorhombic phase results from an angular distortion in
ab plane giving a5b, g.90° ~e.g., a53.874 Å,
g590.27° for the orthorhombic, 700 °C Ar-anneale
sample!. An increase in the angular distortion of this bod
centered cell accompanies the elongation of theb parameter
relative toa, ~aÞb, g.90°! which occurs in the monoclinic
phase ~e.g., a53.868 Å, b53.876 Å, g590.60° for the
monoclinic, as-prepared sample!.

In conclusion, the amount of excess oxygen in T
stoichiometric Tl2Ba2CuO61d controls both the crysta
symmetry and electronic properties. Oxygen-rich compo
tions with Tc’s up to '70 K are monoclinic with 90°,g
,90.2°, whereas slightly reduced samples withTc’s of
70–90 K are orthorhombic. The phase-transition tempe
tures depend upon oxygen partial pressure. The monoc
to orthorhombic transition occurs in the range 550–600
under an argon atmosphere and at 620 °C in air, and
well described by Landau theory. The orthorhombic to
tragonal transition shows a strong deviation from this
havior due to loss of Tl2O3 and substitution of Cu at the T
site to give the Tl-deficient tetragonal superconduct
~Tl1.9Cu0.1!Ba2CuO61d. The thermal variations of the cell pa
rameters suggest a possible structural rearrangement of i
stitial oxygen atoms in the monoclinic phase at 280–430
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