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Cation size control of structure, structural fluctuations, and superconductivity in L 1.85M 0.15CuO4
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The structural effects of changing the cation size variances2 in L1.85M0.15CuO4 superconductors~A site
cations:L315La, Nd; M215Ca, Sr, Ba! have been determined through neutron powder-diffraction studies of
two series of samples, each with a fixed averageA site radius^r A&. The variance couples strongly to the
orthorhombic strain leading to a strong linear increase of theI4/mmmto Abmasymmetry andAbmato Pccn
symmetry structural phase-transition temperatures withs2. The latter transition is shown to occur at a critical
orthorhombic strain. Both the mean value and the root-mean-square fluctuations of the Cu-O-Cu angle increase
linearly with s2 and the suppression of the superconductingTc by the fluctuations is greater than the suppres-
sion by the mean angle by a factor of;2. The results have been used to construct phase diagrams, projected
on the chemical window, for theL1.85M0.15CuO4 system that show a large region in which superconductivity
is suppressed by formation of the low-temperature tetragonalP42 /ncm superstructure.

DOI: 10.1103/PhysRevB.66.014514 PACS number~s!: 74.72.Dn, 74.62.Dh, 74.25.Dw, 74.62.Bf
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INTRODUCTION

The structural phases of the doped La2CuO4-type super-
conductors are important because large variations in prop
can be induced by varying theA ~5L12xMx ; L315La, Nd,
etc.,M215Ca, Sr, Ba! site cation mixture even at a consta
hole doping levelx.1 Buckling of the copper oxide plane
and distortions of the CuO6 octahedra generally result in
suppression of superconductivity.2 Four La2CuO4-type struc-
tures are known. The parent compound, La2CuO4, under-
goes a transition from the high-temperature tetragonal~HTT,
space group I4/mmm! to the low-temperature
orthorhombic-1~LTO1, space groupAbma! structure at 550
K.3 Further transitions to the low-temperatu
orthorhombic-2~LTO2, space groupPccn!,4 and the low-
temperature tetragonal~LTT, space groupP42 /ncm! ~Ref.
5! structures can also occur. The LTO2 type has been
served in Nd- and Sm-doped La22xSrxCuO4.6 The LTT
phase has been of particular interest as it is associated
the suppression of superconductivity aroundx5 1

8 in
La22xBaxCuO4,7–9 due to the pinning of charge ordere
stripes which have been observed
La1.48Nd0.40Sr0.12CuO4.10

The above four superstructures were described using
tilts of the CuO6 octahedra as order parameters.11 In the HTT
structure, which has a tetragonala3a3c unit cell ~indicated
by T subscripts!, there is no tilting of the octahedra, where
the LTO1 has tilting about the@110#T ~or @11̄0#T! axis of the
tetragonal parent structure, towards the@100#O direction in
the resultingA2a3A2a3c orthorhombic~ O subscripts! su-
percell. The transitions to LTO2 and LTT symmetries gen
ally occur over a broad~.20 K! interval and the averag
CuO6 octahedral tilt direction changes from@100#O to
@110#O . However, several studies using x-ray-absorpt
fine structure~XAFS!,12,13 electron microscopy,14,15 and pair
distribution function ~PDF! analysis of neutron powder
diffraction data16 have suggested that the octahedra alw
0163-1829/2002/66~1!/014514~10!/$20.00 66 0145
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tilt about @110#T ~or @ 1̄10#T! and the long-range order ob
served by diffraction techniques is a coherent average of
local tilts.17

Recent studies have shown that the effects of theA cation
distribution are described to a good approximation us
three variables.18,19The doping levelx and the meanA cation
radius^r A& are well known, to these we add theA cation size
variances2 (5^r A

2&2^r A&2). Previous studies of series o
polycrystallineL1.85M0.15CuO4 samples in which the averag
radius (̂ r A&) is held constant have shown thatTc decreases
linearly with s2.18,19 Sample diamagnetism and transpo
properties also show strong correlations withs2,2,19 and it
was concluded that the suppression of superconductivity
sults from an increase in carrier trapping ass2 increases.
Although the average crystal structure might be assume
remain constant at constant^r A&, an initial diffraction study
of one series showed this not to be the case,19 and the HTT to
LTO1 structural transition temperature showed a linear
crease withs2. Hence it is not clear whether the changes
physical properties withs2 result from increasing loca
structural fluctuations, or from changes in the average st
ture, or a combination of these effects. We have carried o
detailed powder neutron-diffraction study of two series
samples to resolve this issue and to provide a system
description of the structural variation in the optimally dop
L1.85M0.15CuO4 system.

NEUTRON-DIFFRACTION EXPERIMENTS
AND REFINEMENTS

The preparation and physical properties of the two se
of polycrystalline L1.85M0.15CuO4 samples with ^r A&
51.223 and 1.232 Å have been given in a previous paper19,20

and their compositions are presented in Table I. Pow
neutron-diffraction data were collected on instruments D
D1B, and D2B at the Institut Laue-Langevin, Grenob
France. D20 and D1B are high-flux, medium resolution d
©2002 The American Physical Society14-1
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TABLE I. A site composition,s2, sample number, structure type~s! at 5 K, cell parameters, volumes, and orthorhombicity~o! for the
^r A&51.223 and 1.232 Å series ofL1.85M0.15CuO4 samples.

A site composition s2 ~Å2!
Sample
number

Structure
type at 5 K a ~Å! b ~Å! c ~Å! V ~Å3! o

^r A&51.223 Å
La0.925Sr0.075 0.0006 1 LTO1 5.347 49~5! 5.323 94~5! 13.1981~2! 375.75~1! 0.0044
La0.925Sr0.060Ca0.008Ba0.007 0.0009 2 LTO1 5.349 10~5! 5.324 04~5! 13.1935~2! 375.74~1! 0.0047
La0.925Sr0.045Ca0.017Ba0.013 0.0012 3 LTO1 5.352 83~5! 5.324 48~5! 13.1894~1! 375.91~1! 0.0053
La0.925Sr0.030Ca0.025Ba0.020 0.0015 4 LTO1 5.355 85~5! 5.324 92~5! 13.1839~1! 376.00~1! 0.0058
La0.925Sr0.008Ca0.037Ba0.030 0.0020 5 LTO1 5.359 63~5! 5.326 08~5! 13.1822~1! 376.30~1! 0.0063
La0.900Nd0.025Ca0.037Ba0.038 0.0025 6 LTO1 5.361 54~5! 5.326 17~5! 13.1752~1! 376.24~1! 0.0066
La0.875Nd0.050Ca0.032Ba0.043 0.0029 7 82% LTO1 5.363 75~5! 5.326 91~5! 13.1679~2! 376.237~4! 0.0069

18% LTO2 5.3510~2! 5.3377~2! 13.1740~6! 376.27~2! 0.0025
La0.850Nd0.075Ca0.028Ba0.047 0.0033 8 68% LTO2 5.3574~2! 5.3338~1! 13.1630~3! 376.14~2! 0.0044

32% LTT 5.344 81~8! 13.1654~3! 376.10~2! 0
^r A&51.232 Å
La0.925Sr0.019Ba0.056 0.0035 L1 LTO2 5.349 16~7! 5.342 37~7! 13.2317~2! 378.12~1! 0.0013
La0.921Nd0.004Sr0.018Ba0.057 0.0036 L2 LTO2 5.348 47~7! 5.341 87~7! 13.2319~2! 378.05~1! 0.0012
La0.906Nd0.019Sr0.013Ba0.062 0.0039 L3 LTO2 5.349 79~8! 5.343 16~7! 13.2294~2! 378.16~1! 0.0012
La0.888Nd0.037Sr0.007Ba0.068 0.0043 L4 LTO2 5.350 43~8! 5.343 93~8! 13.2246~2! 378.12~1! 0.0012
La0.868Nd0.058Ba0.075 0.0047 L5 LTO2 5.351 20~8! 5.344 59~8! 13.2209~2! 378.12~1! 0.0012
a
1

es

at

si
l
d
e
lit
ce
pe
d

-
in

ith
te
pa
th

lo
-
p
1

nd
w

n
t

te

ll

ch
dis-

-
ff-

on-
s

cal

K

le
ase
8

per-
of
m-
fractometers with large area position sensitive detectors
were used for variable temperature studies. Data from D
were collected in 2 K intervals for 2 min while the sampl
were warmed from 4 to 300 K, in the range 20<2u<100°
with 0.2° steps, at a neutron wavelength of 2.52 Å. D
from D20 were collected for 0<2u<160°, with l
52.41 Å and between 4 and 300 K in 1 K intervals for 1 min
per pattern. The D1B data were analyzed in sequence u
the FULLPROF program21 to fit an orthorhombic structura
model at each temperature and the D20 data were fitte
the same way usingGSAS.22 These instruments do not hav
sufficient resolution to resolve the orthorhombically sp
peaks in the LTO1 and LTO2 phases so that the refined
parameters correlate with parameters that describe the
width. The absolute accuracy of the cell constants and
rived quantities such as the orthorhombicity~orthorhombic
strain!, o52(b2a)/(b1a), are therefore low. However, Ri
etveld fitting the profiles over a range of temperatures us
a constant peak shape function gives cell parameters w
high relative accuracy that can be used to determine the
peratures of the structural phase transitions, and to com
different samples studied under identical conditions on
same diffractometer.

The refined cell parameters were used to construct p
of orthorhombicity from which the structural transition tem
peratures were determined. The plots for each series are
sented in Fig. 1. All of the samples show an HTT to LTO
transition above 180 K and a further transition to LTO2 a
LTT superstructures was observed for some samples at lo
temperatures. Thes2 variations of the structural transitio
temperatures are shown in Fig. 2. The assignments of
low-temperature phases~described below! were made using
the highly resolved 5 K D2B data which also give accura
absolute values for the cell constants.
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High-resolution powder neutron-diffraction profiles of a
the samples were collected at 5 K using instrument D2B.
Data were collected for 0<2u<160° in 0.05° steps at a
1.594 Å wavelength in a total collection time of 5 h for each
sample and were Rietveld analyzed using theGSAS package.
The patterns of samples 1–6 in the^r A&51.223 Å series
were fitted well with the LTO1 model, giving reduced-x2

values of 5.9–6.7 which are typical for such data in whi
the counting errors are small. The mean-squared atomic
placement parameters~u factors! were refined as isotropic
uiso values for theA and Cu cations, but the oxygen param
eters were refined anisotropically. Refinement of the o
diagonalui j terms that are free variables inAbmasymmetry
was not possible as the distortion from tetragonalI4/mmm
~HTT! symmetry is small, and so these terms were c
strained using theI4/mmmsite symmetries. This constrain
the principal axes of the real spaceu ellipsoid of mean-
squared displacementsui to the following directions: O~1!

u12@110#O , u22@11̄0#O , and u32@001#O ; O~2! u1
2@100#O , u22@010#O , andu32@001#O as shown in Fig. 3.
Results are shown in Table I and II. Figure 4 shows a typi
fit to the D2B data.

The LTO1 structural model gave a poor fit to the 5
pattern of ^r A&51.223 Å series sample 7 (x2513.3). A
slightly better fit was obtained with the LTO2 structure (x2

511.1) but not with an LTT model, which gave an unstab
refinement. The best fit was achieved by using a two ph
mixture of the LTO1 and LTO2 types. The data for sample
were fitted poorly (x2.15) with single LTO1, LTO2, or LTT
phase refinements and so two-phase refinements were
formed. The best fit was obtained with a combination
LTO2 and LTT phases. Table III shows the refined para
eters for samples 7 and 8.
4-2
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The 5 K D2B profiles of the five samples in the^r A&
51.232 Å series were all fitted well by a single LTO2 pha
model giving x2 values of 5.9–6.8. The LTT model gav
significantly poorer fits (x2.8) and two phase LTO2 an
LTT refinements were unstable with the LTT fraction tendi
to zero. The CuO2 plane oxygen sites O(1a) and O(1b) are
inequivalent in the LTO2 structure, but their anisotropic d
placement parameters were constrained to be equal in
refinements, which were refined with the constraints use
the previous series above. The results are summarize
Tables I and IV.

The refined atomic parameters were used to calculate
Cu-O distancesDCu-O(1), etc., the tilt angle of the axial Cu-O
bonds,ua , and the buckling angle of the Cu-O~1!-Cu link-
ages in the CuO2 planes,up , as shown in Fig. 3. The r.m.s
~root-mean-squared! fluctuations in the above quantitie
were also calculated from the correspondingui values
e.g., the r.m.s. fluctuation in up is sup
5tan21$Au3@O(1)#/DCu-O(1)%. The quantities showing sig

FIG. 1. Orthorhombicity plotted against temperature for~a! the
eight ^r A&51.223 Å samples~D20 data!, and ~b! the five ^r A&
51.232 Å samples~D1B data! of L1.85M0.15CuO4 superconduct-
ors. The lines are guides for the eye.
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nificant correlations with theA cation size variances2 are
plotted in Figs. 5–8.

RESULTS AND DISCUSSION

The neutron-diffraction studies show how the cation s
variances2 influences the stability of, and transitions b
tween, the structural phases, and the evolution of the or
rhombic strain and the internal structural parameters. Eac
these is described in detail below, followed by phase d
grams for 15% dopedA2CuO4 which summarize the proper
ties in a useful diagrammatic way.

Structural phase stability and transitions

The results in Table I show that the average cell volu
of theA2CuO4 materials is constant~to within 0.15%! when

FIG. 2. Structural and superconducting transition temperatu
plotted againsts2 for the ^r A&51.223 and 1.232 Å series o
L1.85M0.15CuO4 superconductors.

FIG. 3. Directions of the principal axes of the oxygen displac
ment ellipsoids and definition of the~tilting! ua and ~buckling! up

angles for the CuO6 octahedra. The tilting is towards@100#O for the
LTO1 structures and@110#O for the LTO2 and LTT types.
4-3
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TABLE II. Atomic coordinates, thermal factors, and bond lengths and angles at 5 K for samples 1–6 in thêr A&51.223 Å series which
have the LTO1 structure~space groupAbma!. The atomic positions are:A ~La, Nd, Ca, Sr, Ba! @x,0,z#, Cu @0,0,0#, O~1! @

1
4 , 1

4 ,z#, and O~2!
@x,0,z#; in the HTT structure theA:x, O(1):z and O(2):x coordinates are 0.

Sample 1 2 3 4 5 6

A:x 0.0058~2! 0.0058~2! 0.0062~2! 0.0062~2! 0.0063~2! 0.0065~2!

A:z 0.360 70~5! 0.360 72~5! 0.360 72~5! 0.360 73~5! 0.360 73~5! 0.360 66~5!

A:uiso /Å 2 0.0031~2! 0.0031~2! 0.0027~2! 0.0025~1! 0.0024~1! 0.0028~2!

Cu:uiso /Å 2 0.0022~2! 0.0022~2! 0.0021~2! 0.0021~2! 0.0023~2! 0.0027~2!

O(1):z 0.0047~1! 0.0047~1! 0.0052~1! 0.0054~1! 0.0057~1! 0.0059~1!

O(2):x 20.0216~3! 20.0224~3! 20.0240~3! 20.0252~2! 20.0264~2! 20.0275~2!

O(2):z 0.181 96~7! 0.182 14~8! 0.182 16~8! 0.182 30~8! 0.182 33~8! 0.182 63~9!

O(1):u1 /Å 2 0.0017~1! 0.0018~1! 0.0015~1! 0.0016~1! 0.0017~1! 0.0018~1!

O(1):u2 /Å 2 0.0050~3! 0.0052~3! 0.0043~3! 0.0047~3! 0.0049~3! 0.0054~4!

O(1):u3 /Å 2 0.0088~5! 0.0082~5! 0.0094~5! 0.0093~5! 0.0100~6! 0.0117~6!

O(2):u1 /Å 2 0.0103~5! 0.0103~5! 0.0094~5! 0.0106~6! 0.0098~6! 0.0105~6!

O(2):u2 /Å 2 0.0088~4! 0.0098~4! 0.0097~4! 0.0105~4! 0.0117~4! 0.0129~4!

O(2):u3 /Å 2 0.0067~4! 0.0059~4! 0.0058~4! 0.0044~5! 0.0068~4! 0.0079~5!

A-O~1!/Å 2.607~2!/2.663~2! 2.607~1!/2.662~2! 2.604~1!/2.665~1! 2.602~1!/2.668~1! 2.600~1!/2.670~1! 2.599~1!/2.672~1!

A-O~2!/Å 2.363~1! 2.361~1! 2.361~1! 2.358~1! 2.358~1! 2.354~1!

Cu-O~1!/Å 1.887 49~6! 1.887 80~6! 1.888 73~6! 1.889 47~6! 1.890 48~7! 1.890 93~7!

Cu-O~2!/Å 2.4045~11! 2.4060~10! 2.4060~10! 2.4072~11! 2.4076~11! 2.4095~11!

Cu-O~1!-Cu/° 176.2~1! 176.2~1! 175.9~1! 175.7~1! 175.5~1! 175.3~1!

x2 5.89 6.64 6.66 6.45 6.64 6.60
RWP/% 4.86 5.01 4.97 4.90 5.03 5.08
c

i-
y t
th

d
ea
te
ar

u

se-

e
-
sing
es,

his

de-

nd

TT
nly
2

c-
ure-
ce
as

ing,
to

o-
con-
e
the

-
-

or
s2 is varied at fixed doping level and meanA cation radius
^r A&. Furthermore, a positive linear variation of the stru
tural transition temperatures withs2 is observed in Fig. 2.
This demonstrates thats2 is a good experimental approx
mation to a volume-preserving strain that couples strongl
the order parameter for the structural transitions. Only for
LTO1→LTO2 transition in sample L1 of the ^r A&
51.232 Å series is a deviation from a linear trend foun
and it is difficult to assess whether this results from nonlin
behavior as the transition point decreases towards zero
perature on the basis of one measurement. The linear v
tion of the structural transition temperatures withs2 is of
greater magnitude and of opposite sign to the supercond
ing Tc variations19 in both series, for ^r A&51.223 Å;
dTHTT→LTO1 /ds2548(2) kK Å22 whereas dTc /dÅs2

FIG. 4. The Rietveld fit to the D2B neutron-diffraction data f
La1.85Sr0.038Ba0.112CuO4 ~sampleL1 of the ^r A&51.232 Å series!,
showing the observed, calculated, and difference curves.
01451
-

o
e

,
r
m-
ia-

ct-

526.8(3) kK Å22; for ^r A&51.232 Å, dTHTT→LTO1 /ds2

556(9) kK Å22, and dTLTO1→LTO2 /dp537(2) kK Å22

whereasdTc /ds2523.3(4) kK Å22.
The structural transitions are known to occur in the

quence HTT→LTO1→LTO2→LTT with decreasing
temperature,11 and the results in Fig. 2 show that the sam
sequence is followed by increasings2 at constant tempera
ture. In the former case, the sequence is driven by decrea
the thermal entropy which depopulates the phonon mod
but in the latter, the zero-point entropy is increasing. T
stabilization may be enthalpic, as increasings2 increases the
amplitude for the twists or rotations of the octahedra as
scribed later.

The 5 K structure refinements show that the LTO2 a
LTT phases coexist in̂r A&51.223 Å sample 8, but all of
the 1.232 Å refinements show no evidence for any L
phase. This shows that the LTT superstructure is stable o
below a critical̂ r A& value which is between 1.223 and 1.23
Å for 15% dopedA2CuO4 materials. Comparing these stru
tural data against the previously reported physical meas
ments on the same samples19 demonstrates that the presen
of the LTT superstructure quenches superconductivity
found in earlier works.5,7,23 Sample 8 containing 40% LTT
and 60% LTO2 phase was not found to be superconduct
whereas all those in the 1.232 Å series which are found
contain only LTO2 at low temperatures within the diffract
meter resolution have clear resistive and magnetic super
ducting transitions.19 Electron microscopy has shown that th
LTT phase nucleates and grows at the twin boundaries in
orthorhombic phase,14 so that the two are likely to be inter
grown in sample 8. The efficiency with which the LTT dis
4-4
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TABLE III. Refined phase fractions, atomic coordinates, thermal factors, and bond lengths and angles at 5 K for samples 7 an

^r A&51.223 Å series. The space groups LTO1:Abma~see Table I for atomic positions!, LTO2: Pccn„A @x,y,z#, Cu @0,0,0#, O(1a) @
1
4 , 1

4 ,z#,

O(1b) @
1
4 , 3

4 ,z#, and O~2! @x,y,z#…, and LTT: P42 /ncm „A @x,x,z#, Cu @0,0,0#, O(1a) @
1
4 , 1

4 ,z#, O(1b) @ 3
4,

1
4,0#, and O~2! @x,x,z#… were used.

Sample~type! 7 ~LTO1! 7 ~LTO2! 8 ~LTO2! 8 ~LTT!

Phase fractions 0.815~7! 0.185~7! 0.68~1! 0.32~1!

A:x 0.0069~2! 0.006~2! 0.0072~5! 0.0043~4!

A:y 0.008~1! 0.0062~9!

A:z 0.361 05~9! 0.3594~4! 0.3608~2! 0.3605~2!

A:uiso /Å 2 0.0019~3! 0.007~1! 0.0052~6! 20.0015~8!

Cu:uiso /Å 2 0.0015~3! 0.007~1! 0.0059~6! 20.0028~9!

O(1a):z 0.0065~2! 0.005~2! 0.0100~8! 0.0079~7!

O(1b):z 0.006~2! 0.002~1!

O(2):x 20.0285~3! 0.019~3! 0.0275~6! 20.0210~6!

O(2):y 0.478~2! 0.488~2!

O(2):z 0.1818~2! 0.3141~6! 0.3182~3! 0.1834~4!

O(1a),O(1b):u1 /Å 2 0.0016~2! 0.0026~6! 0.0036~8! 20.005~2!a

O(1a),O(1b):u2 /Å 2 0.0049~5! 0.008~2! 0.011~1!

O(1a),O(1b):u3 /Å 2 0.014~1! 0.007~4! 0.022~1!

O(2):u1 /Å 2 0.0103~7! 0.019~4! 0.015~1! 0.006~1!a

O(2):u2 /Å 2 0.0133~6! 0.017~4! 0.019~2!

O(2):u3 /Å 2 0.0046~9! 0.026~5! 0.011~1!

A-O(1a)/Å 2.592~2!/2.672~2! 2.65~2!/2.64~2! 2.690~8!/2.580~8! 2.686~7!/2.587~7!

A-O(1b)/Å 2.69~2!/2.60~2! 2.64~1!/2.62~1! 2.635~2!

A-O(2)/Å 2.368~2! 2.296~9! 2.366~5! 2.340~6!

Cu-O(1a)/Å 1.8918~1! 1.8905~8! 1.8945~7! 1.8925~5!

Cu-O(1b)/Å 1.891~1! 1.8901~2! 1.889 67~3!

Cu-O~2!/Å 2.3992~2! 2.453~8! 2.399~4! 2.420~5!

Cu-O(1a)-Cu/° 174.9~1! 176.4~2! 172.1~6! 173.7~6!

Cu-O(1b)-Cu/° 175.4~2! 178.7~8! 180.0
x2 5.19 7.06
RWP/% 4.32 5.05

aIsotropic oxygen thermal factors were refined for the LTT phase.
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tortion suppresses superconductivity is remarkable as
structural results for the LTT phase~Table III! differ little
from those for the superconducting LTO2 phases in samp
or the^r A&51.232 Å samples in Table IV. Furthermore, th
Cu-O-Cu angles for the LTT phase are not more distor
than those in the superconducting LTO2 phases. A poss
explanation is that superconductivity is quenched by pinn
of the carriers in the LTT regions as charge ordered stri
which extend into the majority LTO2 phase so that the eff
is microstructural in origin.

Orthorhombic strain

The orthorhombic straino data in Fig. 1 and Table I re
veal systematic trends in the LTO1→HTT and LTO1
→LTO2 structural transitions, although it is not clear wh
critical strain or other structural parameters drive the LTO
→LTT transition. On warming through the high-temperatu
LTO1→HTT transition,o reaches a minimum valueoHTT .
The true value of the macroscopic orthorhombic strain in
high-temperature phase is zero, however, any additional
croscopic strain broadening above the transition is mode
by a finiteoHTT in the profile fits.oHTT is limited by the D1B
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diffractometer resolution of thêr A&51.232 Å series data in
Fig. 1~b!, but the instrumental resolution of the D20^r A&
51.223 Å data is higher and Fig. 1~a! shows thatoHTT de-
creaseswith increasings2, although a lattice microstrain
resulting from cation size fluctuations should causeoHTT to
increasewith s2. This may be a kinetic effect, resulting from
the presence of small metastable domains of untransfor
orthorhombic phase above the transition which are anne
out in the critical region around the structural transition mo
completely as the transition temperature rises and so ass2

increases. These observations show that lattice microstr
are also tuned bys2.

The data in Fig. 1 also show that the LTO1→LTO2
~1LTT! transition occurs when a critical maximum value
orthorhombic strain,oc , is reached. With decreasing tem
perature, all of thê r A&51.232 Å series in Fig. 1~b! reach
the same maximum value ofoc50.004 and then transform to
the LTO2 type which has a constant value ofo at low tem-
peratures. This is confirmed by the fits to the more hig
resolved D2B data which show a remarkably constano
50.0012 at 5 K~Table I!. It is notable that the cell volume
also shows no systematic change withs2 across thê r A&
4-5
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TABLE IV. Atomic coordinates, thermal factors, and bond lengths and angles at 5 K for the^r A&51.232 Å samples. The LTO2 mode
~see Table III! was used for all the fits.

Sample L1 L2 L3 L4 L5

A:x 0.0060~4! 0.0060~4! 0.0055~5! 0.0057~5! 0.0053~5!

A:y 0.0007~8! 0.001~1! 0.0017~9! 0.0021~8! 0.0035~8!

A:z 0.360 82~5! 0.360 75~5! 0.360 81~5! 0.360 74~5! 0.360 77~5!

A:uiso /Å 2 0.0021~2! 0.0010~2! 0.0021~2! 0.0001~2! 0.0011~2!

Cu:uiso/Å 2 0.0013~2! 0.0005~2! 0.0020~2! 0.0016~2! 0.0012~2!

O(1a):z 0.0075~3! 0.0075~3! 0.0079~3! 0.0080~3! 0.0084~3!

O(1b):z 20.001~1! 20.001~1! 0.0001~9! 0.0013~9! 0.000~1!

O(2):x 0.0213~6! 0.0215~6! 0.0213~6! 0.0226~7! 0.0229~7!

O(2):y 0.490~1! 0.491~2! 0.490~1! 0.487~1! 0.485~1!

O(2):z 0.318 21~8! 0.318 11~8! 0.318 18~8! 0.318 01~9! 0.318 06~9!

O(1a),O(1b):u1 /Å 2 0.0016~1! 0.0012~1! 0.0018~1! 0.0016~1! 0.0014~1!

O(1a),O(1b):u2 /Å 2 0.0049~4! 0.0036~4! 0.0055~4! 0.0049~4! 0.0042~4!

O(1a),O(1b):u3 /Å 2 0.0102~6! 0.0093~6! 0.0116~7! 0.0114~7! 0.0113~7!

O(2):u1 /Å 2 0.010~1! 0.009~1! 0.011~1! 0.010~1! 0.011~1!

O(2):u2 /Å 2 0.013~1! 0.014~1! 0.016~1! 0.016~1! 0.014~1!

O(2):u3 /Å 2 0.0061~4! 0.0065~5! 0.0059~5! 0.0061~5! 0.0054~5!

A-O(1a)/Å 2.590~1!
/2.691~3!

2.590~3!
/2.692~3!

2.588~3!
/2.694~3!

2.589~3!
/2.694~3!

2.587~3!
/2.694~3!

A-O(1b)/Å 2.630~9!
/2.649~9!

2.63~1!
/2.649~9!

2.628~9!
/2.694~3!

2.618~9!
/2.661~9!

2.63~1!
/2.64~1!

A-O(2)/Å 2.374~1! 2.372~1! 2.374~1! 2.370~2! 2.371~1!

Cu-O(1a)/Å 1.8926~2! 1.8924~2! 1.8931~2! 1.8935~2! 1.8940~2!

Cu-O(1b)/Å 1.890 03~5! 1.889 82~5! 1.890 27~2! 1.8906~1! 1.890 77~2!

Cu-O~2!/Å 2.409~1! 2.410~1! 2.409~1! 2.411~1! 2.410~1!

Cu-O(1a)-Cu/° 174.0~2! 174.0~2! 173.7~2! 173.6~2! 173.3~2!

Cu-O(1b)-Cu/° 179.5~6! 179.6~6! 179.907~1! 178.9~7! 180.0~4!

x2 5.91 6.80 6.19 6.79 6.34
RWP/% 4.87 5.19 5.04 5.27 5.01
FIG. 5. The mean buckling (up) and tilting (ua) angles and their
r.m.s. deviations~sup and sua! plotted againsts2 for the ^r A&
51.223 Å series, with linear fits.
01451
FIG. 6. The mean in-plane (DCu-Op) and apical (DCu-Oa) dis-
tances plotted againsts2 for the ^r A&51.223 Å series, with linear
fits.
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51.232 Å series although the cell parameters themse
show systematic changes~a and b increase whilec de-
creases!. This demonstrates thats2 describes a strain that i
both volume- and orthorhombicity-preserving in the LTO
structure.

In the ^r A&51.223 Å D20 data@Fig. 1~a!#, the saturated
orthorhombic strain in the LTO1 phase increases
TLTO1→HTT increases. Samples 1–6 remain LTO1 type do
to the lowest observed temperatures, but samples 7 a
exceedoc and transform to the other structure types. Sam
7 partially transforms to LTO2, whereas sample 8 reacheoc
at a higher temperature and transforms completely to LT
and LTT. The 5 K D2B refinements~Table I! show that the
LTO1-type samples 1–6 haveo increasing to 0.0066 and th
LTO1 component in sample 7 hasoc50.0069 whereas the
LTO2 component haso50.0026. Comparison of the 5 K cell
data in Table I shows thata andb increase andc decreases
with s2 for the LTO1 phases as found for the LTO2 typ
above. However, the cell volume increases slightly and
saturated orthorhombic strain increases strongly withs2 in
the LTO1 structure type.

Internal structure

The refinements of the LTO1 type samples 1–6 in
^r A&51.223 Å series and the LTO2-typêr A&51.232 Å
samples enable the evolution of internal structural para
eters withs2 to be studied. To estimate changes in loc
structural disorder withs2, r.m.s. deviations of the oxyge
atoms about their mean positions have been calculated
the principal values of theu tensor. Both thermal motion an
static fluctuations contribute tou and the two effects canno
be separated rigorously from diffraction measureme
However, it is reasonable to assume that the thermal co
bution is small and approximately constant at 5 K, so t
changes inu reflect the increasing disorder due tos2.

As described above, the saturated orthorhombic strai
the LTO1-type^r A&51.223 Å samples~Table I! increases

FIG. 7. The mean buckling (up) and tilting (ua) angles plotted
againsts2 for the^r A&51.232 Å series.up is calculated for O(1a)
as O(1b) causes no significant buckling of the CuO2 planes~see
Table IV!.
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as s2 increases, and there is a slight decrease in thec cell
constant. There is a corresponding increase in the devia
of the atomic coordinates~Table II! from those of the ideal
HTT structure, which leads to increases in the buckling an
of the Cu-O-Cu planes (up) and the tilt angle of the apica
oxygen from thec axis (ua) as shown in Fig. 5. Surprisingly
the r.m.s. deviationssu in these angles have rather differe
s2-dependences.sup exceedsup by 0.8° and shows the
same, linear, rate of increase withs2, whereassua is less
thanua and shows no significant change withs2. This dem-
onstrates that the cation size variances2 creates static fluc-
tuations of the Cu-O-Cu buckling angle, but not in the api
angle for which vibrational fluctuations are limiting. The in
plane Cu-O~1! and apical Cu-O~2! bond lengths also increas
with s2 ~Fig. 6!, but the r.m.s. deviations in these distanc
show no significant variation withs2 and are not plotted.

The ^r A&51.232 Å samples have LTO2 symmetry at
K. The orthorhombicity and cell volume are very consta
with s2 but thea andb cell parameters increase slightly an
c decreases across the series~Table I!. One of the Cu-O-Cu
bond angles remains linear while the other increasin
bends ass2 increases~plotted asup in Fig. 7! and the in-
plane Cu-O bond lengths increase accordingly to accom
date this distortion~Fig. 8!. The statistical errors in the r.m.s
deviations in the distances and angles are too great to a
any significant trends withs2 to be observed, but thesup
and sua fluctuations of;3° are comparable to the mea
values in Fig. 7. Hence the refinements of the^r A&
51.232 Å samples again demonstrate that the suppres
of Tc in these series correlates with increasing mean tilt
and buckling angles, but angular fluctuations comparable
the mean distortion angles are also present although theis2

variation is not determined.
The 5 K structure refinements of two series of isovaria

isoelectronicL1.85M0.15CuO4 compositions with different su-
perstructures show that increasing the cation size variancs2

leads to larger tilts of the CuO6 octahedra and Cu-O-Cu
buckling angles, which are known to suppressTc .2,24 To
compare the effects of changing the apical and buckl

FIG. 8. The mean in-plane@DCu-Op(1) andDCu-Op(2)# and api-
cal (DCu-Oa) distances plotted againsts2 for the ^r A&51.223 Å
series, with linear fits.
4-7
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anglesu (a or p) on the superconducting transition tempe
ture Tc in the two series, the slopesdTc /du have been cal-
culated as

dTc /du5~dTc /ds2!/~du/ds2!,

giving dTc /dup5224(3) anddTc /dua5216(1) K deg21

for the ^r A&51.223 Å LTO1 samples anddTc /dup5
211(2) anddTc /dua528(1) K deg21 for the LTO2-type
^r A&51.232 Å series. It is notable that the values for t
former series are twice those for the latter. This may a
because in the LTO1-type structure, the Cu-O-Cu bridge
the @110#O and@11̄0#O directions both bend with angleup ,
whereas in the LTO2 type only the@110#O Cu-O-Cu angle
bends asup while the other angle remains approximate
constant at;180°.

The coincidence ofdTc /dup per Cu-O-Cu bridge in both
the LTO1 and LTO2 series emphasizes the importance of
buckling angle for superconductivity, in agreement w
other studies which have shown thatTc decreases as th
buckling angle up increases.2,24 This is written as
(]Tc /]up)x,^r A&5212 K deg21 to emphasize that it mea

sures the change ofTc with mean buckling angle by chang
ing s2 at constant̂ r A& and doping levelx. This can be
compared against the value of (]Tc /]up)x,s2524 K deg21

per Cu-O-Cu bridge derived from a study of the LTO1-ty
La1.852yNdyCa0.15CuO4 (0,y,1) series25 in which the A
cation size disorder is small and approximately const
(s2,0.0007 Å2) and the structural changes are driven
decreasing ^r A&. The additional contribution to
(]Tc /]up)x,^r A& compared to (]Tc /]up)x,s2 is attributed to
the increase in the static fluctuations in the buckling an
sup with s2 as shown in Fig. 5. The rate of suppression ofTc
by the r.m.s. fluctuationssup is thus estimated to be;2
times the rate of change with the meanup angle. This shows
that superconductivity in theL1.85M0.15CuO4 system is more
sensitive to structural fluctuations, which may act as pinn
sites for charge ordered stripe domains,10,26 than to changes
in average structure that modify the electronic density
states,2 although the two effects are of comparable mag
tude.

Phase diagrams

Recent work on (L12xMx)MnO3 perovskites has show
that a good first approximation phase diagram can be c
structed by plotting the temperature variation of propertie
a constant doping levelx on the^r A&-s2 plane.27 This con-
tains all (L12xMx) combinations for any number ofL31 and
M21 cations at a givenx value, all of which lie within a
bounded region known as the ‘‘chemical window.’’ Th
chemical window for theL1.85M0.15CuO4 system~for L31

5La-Eu; M215Ca, Sr, Ba! is shown in Fig. 9~a!. The im-
portant boundary is the higĥr A& and lows2 frontier defined
by the La1.85Ca0.15, La1.85Sr0.15, and La1.85Ba0.15 composi-
tions, beyond which noL1.85M0.15CuO4 materials exist. Sub-
stitution of other cations such as smallerL31 produces
samples with lower̂ r A& and highers2. This leads to a
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change from La2CuO4-type ~T! to Nd2CuO4-type (T8)
phases beloŵr A&'1.20 Å.28

The structural phase transition temperatures have b
used to construct the structural phase diagram in Fig. 9~b!.
This shows approximate isotherms for the HTT→LTO1 and
LTO1→(LTO2 and LTT! transitions. The former transition
is described by linear isotherms, but the latter shows a n
linear boundary. All four structure types are stable atT50 in
different regions of the phase diagram, although these do
all lie within the chemical window. The HTT structure is th
ground state only at higher^r A& and lowers2 values than are
observable, whereas LTO1 is stable around the lows2 edge
of the chemical window. The LTO2 and LTT types are fou
at highers2; the LTT type appears to be stabilized at low
^r A& than LTO2.

The electronic phase diagram for theL1.85M0.15CuO4 sys-
tem in Fig. 9~c! has been constructed from theTc values for
our samples19 and other reported L1.85M0.15CuO4

materials.29–33 Two features of this distribution are striking
Only five compositions with 0,Tc,20 K have been re-
ported in comparison to the 19 samples with 20,Tc

,40 K, from which the isotherms have been derived. Th
are generally consistent with the data, except in the reg
close to the La1.85Ca0.15 composition, where high pressure
are needed to ensure sample homogeneity.34 The second sur-
prising feature is that the isotherms show a pronounced
formation in comparison to the smooth curves that would
expected by analogy with previous work on th
(L12xMx)MnO3 perovskites.28 The position of the bulge cor
responds to the region at which the LTT structure is sta
showing that this instability suppresses superconductivity
a large part of the chemical window. GoodL1.85M0.15CuO4
superconductors are only observed close to
La1.85Ca0.15-La1.85Sr0.15-La1.85Ba0.15 boundary of the window
~and Tc would continue to rise if materials could be mad
beyond this boundary!. FewL1.85M0.15CuO4 materials with a
finite Tc below 20 K have been reported, as the LTT a
superconducting regions meet near theTc520 K isotherm.

CONCLUSIONS

The results presented here demonstrate that the struc
properties ofL12xMxCuO4 materials, in addition to their
previously reported superconducting parameters,19 are use-
fully described by the doping levelx, the meanA site cation
radius^r A& ~equivalent to the traditional perovskite toleran
factor! and the variance in theA cation radii s2. It was
originally assumed that changing only^r A& or s2 would
change only the average structure or local structural fluc
tions, respectively. However, the present study shows tha
average structure ofL1.85M0.15CuO4 materials also change
systematically withs2, as local strains are in part accomm
dated through coherent tilting of the octahedra.

The A cation size variances2 couples strongly to the
orthorhombic macrostrain resulting in a strong, positive l
ear correlation between the structural transition temperat
and s2. This in turn leads to increasing distortions of th
4-8
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FIG. 9. Phase diagrams for theL1.85M0.15CuO4 system projected onto the^r A&-s2 plane.~a! The chemical window~shaded! contains all
the possible compositions forL5La-Eu andM5Ba, Sr, and Ca combinations; the positions of some cation compositions are marke~b!
Variation of superstructure types with approximate isotherms for the HTT→LTO1 transition@full lines; temperatures~K! in upright text# and
the LTO1→(LTO2 and LTT! transition~broken lines, temperatures in italics!. Results are taken from this and previous studies~Refs. 19 and
33!, open/closed symbols have HTT/LTO1 symmetry at room temperature. The phase labels show the region where each is thT
50 phase.~c! Electronic phase diagram showingTc values and isotherms~K!. The approximate boundary of the nonsuperconducting, cha
localized region is taken from the LTT region in~b!. The continuations of the isotherms outside the chemical window are hypothetical
materials exist there.
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average crystal structure, in particular the increased ben
of the in-plane Cu-O-Cu linkages, which shows the sa
rate of suppression of superconductivity per distorted C
O-Cu bridge in the LTO1- and LTO2-type structures. Ho
ever, an increase in the r.m.s. static fluctuations of the
plane buckling angle withs2 is also evidenced in the LTO1
samples and these suppress superconductivity at twice
rate of suppression by the mean angle. This supports
original notion that the dominant effect ofs2 is to create
local structural fluctuations that encourage carrier locali
tion, although changes in the average structure that will a
the electronic density of states are also found to be sig
cant. A similar conclusion was reached by neutro
diffraction studies ofL0.7M0.3MnO3 perovskites which re-
vealed small changes in the average structure but a l
increase in local structural fluctuations withs2.35,36
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Another use of this parametrization is to construct go
first approximation, phase diagrams usingx, ^r A&, and s2.
These show the chemical window that is available at a
givenx due to the range of cation sizes available, and ena
the temperature dependence of structural and electr
properties to be displayed. We find that the distribution
superconducting critical temperatures contains a signific
deformation due to the presence of the LTT structural ins
bility which suppresses superconductivity across a large
of the x50.15 window.
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