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Structural phase transitions in the “orthorhombic” form of the superconductgB&CuG;, s have been
investigated by synchrotron x-ray powder diffraction. High-resolution studies show that oxygen rich compo-
sitions with T.'s up to =70 K are monoclinic(F112/m symmetry with 90°<y<90.2° whereas slightly
reduced samples witfi;'s of 70—90 K have orthorhombiEmmmsymmetry. The peakwidths of the Bragg
reflections show that the orthorhombic and monoclinic distortions induce microscopic strainsain pene.

A high-temperaturén 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.
[S0163-182698)10233-3

The TLBa,CuG;, 5 (TI-2201) superconductor is one of the high-resolution time-of-flight neutron and synchrotron x-ray
most important materials for studies of intrinsic transportpowder diffractiont’ This establishes TI-2201 as a unique
properties of high critical temperature superconductdras high-T. material in displaying three distinct macroscopic
it can be prepared as good quality tetragonal single crystalstructural symmetries as a function of small changes in com-
with low residual resistivities. The superconducting critical position. Here we report further high-resolution x-ray
temperatureT¢) can be lowered from 90 K to belo4 Kby  powder-diffraction studies on the monoclinic form, and a
addition of OXyger{ a”OWing the Overdoped regime of the high_temperature in  situ Synchrotron X-ray powder-
superconducting phase diagram to be studiedTAss de- (iffraction study of the changes in microscopic and macro-
pressed by overdoping, the critical magnetic-field scale iScopic strains at the monoclinic-to-orthorhombic and
rapidly decreased and the normal metallic state can be studiihorhombic-to-tetragonal phase transitions of this impor-
ied down to mK tempgratur@sRecent studies on tetragonal yant 5 perconductor. This situ high-temperature diffraction
TI-2201 films have indicated the presence of pure anlsotroplgtudy is unusual for thallium or mercury cuprate supercon-

ngzv;)\//zepazl;\rilr?r? gigzmeﬁgs\igliw nt(r)l:?;trfr?:ﬁprgﬁgnégﬁfrzozpéi ductors due to the difficulties caused by the volatility and
P ' P 9 P toxicity of the heavy metals in these materials.

in assisting the development of a theoretical model for high- A bulk  samole  of olvervstalline  monoclinic
temperature superconductivity. TI,Ba,CuGy Wasp repared pby cﬁnventional solid-state
As the first member of the JBa,Ca, 1Cu,04, 2, Series, 2b3 0212 brep o y . N
with T (max)=93 K, T},Ba,CuQ,. 5 has one of the highest rgacnon. Portions of this as-prepa_red sample were indi-
T,’s reported for compounds containing single Guayers® vidually annealed fo5 h under flowing AE at temperatures
Unlike the other homologues which invariably display te- ©f 200, 400, 450, 500, 550, 600, and 700 °C to systematically
tragonal symmetry, TI-2201 is known to exhibit both tetrag-decrease the excess oxygen con@mind a further portion
onal and orthorhombic forms, with physical properties vary-Was treated under 600 atm, @ressure at 600 °C to increase
ing from nonsuperconducting to superconducting Witup 6. Synchrotron x-ray powder-diffraction patterns of all
to 90 K. Flux-grown single crystals are always of the tetrag-samples were recorded at room temperature on the high-
onal form of TI-2201, and as a result the orthorhombic vari-resolution diffractometer 9.1 at the Synchrotron Radiation
ant has been rather less studied. Physical measurenagts Source, Daresbury, U.K. The wavelengthse Table)lwere
a resonant x-ray-diffraction stuély have shown that the two calibrated using a NIST Si powder standarda (
polymorphs possess slightly different compositions. The=5.430 94 A). The profiles were fitted by the Rietveld
orthorhombic form is essentially thallium-stoichiometric method! using theGsas package? Observed, calculated,
TI,Ba,CuQ;, s whereas tetragonal TI-2201 has a significantand difference plots for the x-ray profile of the 450 °C Ar-
degree of Cu substitution at the Tl site with compositionannealed sample are shown in Fig. 1. Diffraction peaks from
(Tl «Cuy 1)BaCuG;, 5. Recently, we have reported a mono- traces of BaC@and TLO; (Ref. 13 were also observed in
clinic form of superconducting FBa,CuQ;, 5 evidenced by some of the profiles and were fitted in the refinements.
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TABLE |. Superconducting critical temperaturéRef. 10, cell data, and microstrains for monoclinic
(y>90°) and orthorhombic¥=90°) Tl,Ba,CuG;, s samples with e.s.d.’s in parentheses.

Microstain (%)

Sample treatment T. (K) aA) b (A) c(A) v (°) S, S,

600 atm, 600 °C @annealed 5.4389@09) 5.5041410) 23.15694) 90.1881) 0.091) 0.161)
AS-preparea 5.4474614) 5.5051715 23.15565) 90.1192) 0.081) 0.281)
200 °C Ar-annealetl 24 5.4466817) 5.5042418) 23.15176) 90.1173) 0.101) 0.301)
400 °C Ar-annealetd 25 5.4509214) 5.5011915 23.164%5) 90.1232) 0.011) 0.271)
450 °C Ar-annealeti 38 5.4559(9) 5.496729) 23.19013) 90.0962) 0.091) 0.291)
500 °C Ar-annealet 50 5.4584212) 5.4988913) 23.20034) 90.0992) 0.101) 0.241)
550 °C Ar-annealt 68 5.4628913) 5.4977714) 23.21274) 90.0743) 0.081) 0.231)
600 °C Ar-annealetl 79 5.4645712) 5.4950913) 23.21745) 90 0.041) 0.251)
700 °C Ar-annealetl 90 5.466307) 5.492017) 23.22313) 90 0.021) 0.091)

2 =0.87194 A, ¥=3-60° in 0.01° steps.
b\ =0.99902 A, 2=3-70° in 0.01° steps.

A previous stud}® showed that the TI-2201 samples an- determined by refinement of a silicon standard to be equiva-
nealed in argon at temperatured00 °C are monoclinic, but lent to a strain of 0.05%, has been subtracted from the values
samples annealeg600 °C are orthorhombic, with the small- in Table |I.
est monoclinic distortion corresponding 46=90.12° for the High-resolution synchrotron x-ray powder-diffraction
400 °C Ar-annealed sample. The synchrotron x-ray diffracstudies have shown that samples annealed in argon at tem-
tion data collected show that the 450, 500, and 550 °C Ar'peratures$550 °C are monoc”niC, but Samp|es annealed
annealed samples of TI-2201 have monoclinf€1{2m) = =600 °C are orthorhombic. Thus, the electronic properties of
symmetry, with y decreasing to 90.07% for the 550 °C mgnoclinic TI-2201 range from nonsuperconducting to su-
sample. The observation of significant anisotropy in theperconducting WithT, up to ~70 K (Table ), whereas all
Lorentzian broadening of the diffraction peaks has led us 1Qrthorhombic TI-2201 samples havk’s of ~70-90 K.
[reoar;slﬁfﬂéze Sﬁ:g}/rzofngi;;e r?gﬁgttiod(ga ;?;fr:gcﬁgnamsg?om the variation irT . with Ar-annealing temperature, it is

P 9 ) Flear that the extent of the monoclinic distortion is dependent

peaks were fitted by a numerical convolution of a constanu on the oxvaen content. Determination of the Excess oxv-
Gaussian term and a variable Lorentzian function with full P Y9 : y

width at half maximum(FWHM) T, given by415 gen conten® in TI,Ba,CuQ;_ 5 is very difficult. Attempts to
- measure this accurately by thermogravimetry were unsuc-
T =(Y+Y' cosd)tan 6. (1) cessful due to traces of volatile thallium oxides in the

samples. However, on the basis of an extensive neutron
This expression allows for anisotropic lattice strain broadenstudy by Wagneet al.'® our results indicate a decrease in
ing through theY’ term, where¢ is the angle between the excess oxygen contenf from ~0.13 in the as-prepared
chosen principal axig001] and the reciprocal-lattice vector monoclinic sample to~0.03 in the 700 °C Ar-annealed
of the Bragg reflection. The results of these refinements argrthorhombic sample. This is consistent with the observed
summarized in Table I. The refined and Y’ parameters change from overdoped nonsuperconducting behavior to su-
were converted to microstrains parall& X and perpendicu- perconducting withl,= 90 K. Decreases in the microscopic
lar (S, ) to the principal axis. An instrumental contribution, strains determined from the Lorentzian components of the
peakwidths of the Ar-annealed sampl@able | also occur
with the monoclinic to orthorhombic progression. A large
excess strain in thab planeS, , relative to that in thec
direction S, is always observed, showing that the ortho-
rhombic and monoclinic macrostrains lead to microstrains
through twinning’ or other extended defects, for the
monoclinic samples is significantly greater than for the
orthorhombic phase, which may reflect the local strains due
to their different interstitial oxygen contentS, does not
show a simple dependence on crystal symmetry. The values
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oF " ,4" ORI .;. O TR o T T L R T T T for the as_prepared and samp|es annealed up to 600 °C in Ar
m are approximately constant but those for the high pressure
L —L L L L ' ! and 700 °C Ar-annealed samples are much smaller. This sug-
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gests that the high-temperature annealing may have reduced

the extent of twinning or other extended defects in these
FIG. 1. Observed, calculated, and difference plot for monoclinicsamples.

TI-2201 (450 °C Ar-annealed using a synchrotron x-ray wave- The as-prepared sample was also used foirtiséu high-

length of 0.87194 A, with Bragg reflection positions marked. temperature synchrotron x-ray powder-diffraction experi-
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the monoclinic-orthorhombic transition witfi,,,=895(3) K and
B=0.5 within experimental error, ant) o=A(T,— T)# for the

FIG. 2. Temperature dependence of cell parameters and volunfdthorhombic-tetragonal  transition  withT,=964(1) K and
in the range 313-988 K as derived from ihesitu x-ray-diffraction ~ 8=0-3X3). Theerror bars correspond to one e.s.d.
study. Thea parameter of the tetragonal pha3ex968 K) is scaled
by a factor ofy2 for comparison with the andb parameters of the and b cell parameters is attributable to normal thermal ex-
orthorhombic material. pansion effect$Fig. 2. However, at 550—-700 K there is an

ment at HASYLAB Station B2, DESY, Germany. The dif- anomalous reduction in and the cell volume compared to

fractometer was used in Bragg-Brentano geometry with art\he trend above and below this range. This is unlikely to be
INEL position-sensitive detectof26=4 to 124° in 0.03° due to a further uptake of oxygen, as the sample was slow-

intervaly for a time of 300 s at a wavelength of cooled_ under oxygen after synthesis, but may be due to the
A=1.7960 A. The sample was mounted in a thermocoupleformat'on_ of a more ordered ;trgcture, possﬂ?ly a rearrange-
controlled, resistively heated, furnace in an air atmospherénent of interstitial oxygen within the O, bilayer. Evi-

and data were collected in the ranges 40-200 °C, 200dence for the filling of at least two oxygen sites within the
630 °C, and 630750 °C with temperature increments of 20TIO layers has recently been reportéa@nd electron micros-

10, and 5 °C, respectively. The heating rate between temreopy has also revealed a superstructure in orthorhombic Tl-
peratures was 2 °C/min and a time of 120 s was allowed fo2201 that might be due to this type of orderiigNo super-
equilibration of the sample before data collection. The 2 structure peaks are discernible in our data, but this may
scale of the INEL detector was calibrated using an d.aB reflect the low occupancy and weak x-ray scattering power
standard and the measured data were corrected using a leastthe interstitial oxygen. The sharp increases,ih, andc at
squares cubic spline fif. Rietveld fits of the cell parameters 670—750 K are consistent with a subsequent disordering and
were carried out using thesas package’? Part of the detec- initial loss of the interstitial oxygen from the structure, which
tor was obstructed by the furnace assembly so that data bgpincides with the rise of . with Ar-annealing temperature
tween 29=_98 and 108° were excluded from the refinements.(-rab|e ).

_The high-temperature synchrotron x-ray powder- The monoclinic angle,y, and the orthorhombicity,
diffraction study enables the evolution of the monocllmc,Ozz(b_a)/(b+a), characterize the macroscopic strains
orthorhombic, and tetragonal phases of TI-2201 to be invesyjithin the lattice. Then situ high-temperature x-ray powder-
tigatedin situ. Rietveld fits using the monoclini€112m  giffraction study reveals a critical variation ipand the ex-
model were stable for data collected up to 893 K, but uness orthorhombicity at the monoclinic-orthorhombic phase
stable thereafter, where the orthorhombimmmmodel was  transition(Fig. 3). To determine whether this variation is in
employed. The qrthorhomblc-tetragonal transition temperaaccordance with the Landau theory of second-order phase
ture vgas determined to be 968 K from the variation of theransitions, we take the,, component of the spontaneous
fitted FWHM of the 200/020 peak doublet with tempera- srain tensd® to be proportional to the order parameter,
ture. Fits to the data above this temperature were performegnce this component corresponds to the strain induced by
using tetragonal4/mmmsymmetry. Sample decomposition, the angular distortion of thab plane. If the lattice param-
evidenced by the appearance of impurity peaks, was oOhsters of the lower symmetry phase @eb, ¢, e, B, y and

served in diffraction patterns collected at temperatures abov@gse of the higher symmetry phase age by, Co, @o, o
993 K. The thermal variation of the refined cell parameters,, then the monoclinic strain,=|e,J, is given by"

determined by Rietveld fitting is shown in Fig. 2.
The in situ high-temperature x-ray powder-diffraction
study shows that up te-670 K the steady increase in the em=—1/2(a cos ylaysin yg—b cos yg/bgsin vg), (2)

T(K)



PRB 58 BRIEF REPORTS 5229

where theb axis has a common direction in both phases. For Despite the use of largét-centered crystallographic cells
the monoclinic-orthorhombic transition, this reduces to for the orthorhombic and monoclinic forms, all three phases
of TI-2201 can be represented bgentered cells. The tetrag-
em=—a C0S /28y, 3 onal form hasa=b and y=90° with a~3.864 A. The
whereay(T) over the range of the monoclinic-orthorhombic orthorhombic phase results from an angular distortion in the
transition describes the variation of thdattice parameter of ab plane giving a=b, y>90° (e.g., a=3.874A,
the orthorhombic material had the transition not taken placey=90.27° for the orthorhombic, 700°C Ar-annealed
However, since the change in thgoarameter over the range samplé. An increase in the angular distortion of this body-
683-903 K amounts to less than 1%, the factm, has a  centered cell accompanies the elongation oftifparameter
negligible effect on the expression fef,, and may be ap- relative toa, (a#b, y>90°) which occurs in the monoclinic

proximated to unity. phase(e.g., a=3.868 A, b=3.876 A, y=90.60° for the
Landau theory predicts = (To—T)"? for temperatures monoclinic, as-prepared sample
below the transition temperatufi. At least-squares curve In conclusion, the amount of excess oxygen in TI-

fit to the data[Fig. 3@)] of the form: em=A(Tmo—T)?  stoichiometric TJBa,CuQ;, s controls both the crystal

yields a monoclinic-orthorhombic transition temperaturesymmetry and electronic properties. Oxygen-rich composi-

Tmo=895(3) K. with a C“Fic‘?" exponeni=0.534). A tions with T.'s up to =70 K are monoclinic with 90% y

least-squares fit of the variation of the excess orthorhomblc<90 2°, whereas slightly reduced samples wil's of
i i icito.= —T)A8 o

strain dgscnbed by the orthorhombicitg, A(Tmo " 70-90 K are orthorhombic. The phase-transition tempera-

+tor with the latter value ofT,,, (Where o7 s the re-

] o o i tures depend upon oxygen partial pressure. The monoclinic
sidual orthorhombicity at the monoclinic-orthorhombic tran- 4 orthorhombic transition occurs in the range 550—600 °C

sition) yields 8=0.52(2)[Fig. 3b)]. Both the fittedd values  ,nqer an argon atmosphere and at 620 °C in air, and is
are within error of 0.5 showing that the monoclinic- \ye| described by Landau theory. The orthorhombic to te-
orthorhombic transition is well described by Landau theorytragonal transition shows a strong deviation from this be
and is not driven by a large change in chemical composition,4vior due to loss of TD, and substitution of Cu at the Tl
The variation of orthorhombic strain with temperature in gjta o give the Tl-deficient tetragonal superconductor,

the r_e.gion. 903-963 K, below the orthorhombic—tetragonal(-”1_9C%_1)Ba2Cu06+5' The thermal variations of the cell pa-
transition, is not described by Landau theory. A least-squares, meters suggest a possible structural rearrangement of inter-
fit of the form: o=A(T,—T)?, yields an orthorhombic-

» stitial oxygen atoms in the monoclinic phase at 280—-430 °C.
tetragonal transition temperaturel ,=964(1) K and

B=0.31(3)[Fig. 3(c)]. This transition is driven by the sub- We thank Dr. G. Bushnell-Wye and A. M. T. Bell for
stitution of Cu for Tl with loss of TJO; [as TLO+0O, (Ref.  assistance with data collection and Dr. S. A. T. Redfern for
22)] and to balance stoichiometry, an unobserved exsolutionseful discussions. We acknowledge the Engineering and
of barium oxide. This significant change in chemical compo-Physical Sciences Research Council for the provision of
sition may account for the non-Landau behavior at the tranbeam time at Daresbury and for financial support for D.R.P.,
sition. and the British Council for an ARC award.
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