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Cation size control of structure, structural fluctuations, and superconductivity in L ggVl 5 1=CuO,
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The structural effects of changing the cation size variamtén L; M, ;£CUQ, superconductor$A site
cations:L3"=La, Nd; M?"=Ca, Sr, Bahave been determined through neutron powder-diffraction studies of
two series of samples, each with a fixed averdgsite radius(r ). The variance couples strongly to the
orthorhombic strain leading to a strong linear increase ofl il mmto Abmasymmetry andAbmato Pccn
symmetry structural phase-transition temperatures withThe 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 o and the suppression of the superconduclipdpy the fluctuations is greater than the suppres-
sion by the mean angle by a factor 2. The results have been used to construct phase diagrams, projected
on the chemical window, for the; ggM( 1:CuQ, system that show a large region in which superconductivity
is suppressed by formation of the low-temperature tetragBdalncm superstructure.
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INTRODUCTION tilt about [110]; (or [110];) and the long-range order ob-
served by diffraction techniques is a coherent average of the
The structural phases of the doped,CaQ,-type super- |ocal tiltsl’

conductors are important because large variations in property Recent studies have shown that the effects ofAlvation
can be induced by varying the(=L,_,M,; L3 =La, Nd, distribution are described to a good approximation using
etc.,M2* =Ca, Sr, Basite cation mixture even at a constant three variabled®°The doping levek and the mear cation
hole doping levelx.! Buckling of the copper oxide planes radius(r,) are well known, to these we add thecation size
and distortions of the CuDoctahedra generally result in a variancea? (=(r3)—(ra)?). Previous studies of series of
suppression of superconductivitfFour LaCuQ,-type struc-  polycrystallinel ; ggM o 1<CuQ, samples in which the average
tures are known. The parent compound,CaQ,, under- radius (r,)) is held constant have shown thB¢ decreases
goes a transition from the high-temperature tetrag@r@r,  linearly with ¢.*®° Sample diamagnetism and transport
space group l4mmm to the low-temperature Properties also show strong correlations with, 219 and it
orthorhombic-1(LTO1, space groug\bma structure at 550 Was concluded_ that the suppression of _superc_onductlvny re-
K2 Further transitons to the low-temperature sults from an increase in carrier trapping @$ increases.
orthorhombic-2(LTO2, space grougPcen,* and the low- AIthqugh the average crystal strucFurg mlght bg assumed to
temperature tetragondLTT, space grougP4,/ncm) (Ref. remain cqnstant at c0n§t3411A>, an initial diffraction study
5) structures can also occur. The LTO2 type has been Obeone series showed f[hls not to be the cdsmd the HTT to .
served in Nd- and Sm-doped i—@S&CUOmG The LTT LTO1 stryctuzral transmqn temperature showed a linear in-
phase has been of particular interest as it is associated wiffjf€aS€ Witho®. Hence it is not clear whether the changes in

the suppression of superconductivity around=% in P ysical properties witha? result from increasing local

La, ,Ba,CuQ 7-9 que to the pinning of charge ordered structural fluctuations, or from changes in the average struc-

strﬁ;és w‘;{ich have been observed in ture, or a combination of these effects. We have carried out a

Lay 4eNdp 40STo 1,CUO; 10 detailed powder neutron-diffraction study of two series of
The above four superstructures were described using t mp!es_ to resolve this |ssue_and to prowde_ a systematic

tilts of the CuQ octahedra as order paramet@rm the HTT escription of the structural variation in the optimally doped

structure, which has a tetragorsak ax< ¢ unit cell (indicated L185M015CUQ, system.

by 1 subscripty there is no tilting of the octahedra, whereas

the LTO1 has tilting about thigl 10]; (or[110]y) axis of the
tetragonal parent structure, towards fli®0], direction in
the resultingy2ax y2ax ¢ orthorhombic( o subscripts su-
percell. The transitions to LTO2 and LTT symmetries gener- The preparation and physical properties of the two series
ally occur over a broad>20 K) interval and the average of polycrystalline L;gdMq£CuO,; samples with (rp
CuQ; octahedral tilt direction changes frofl00]g to =1.223 and 1.232 A have been given in a previous papér
[110]o. However, several studies using x-ray-absorptionand their compositions are presented in Table |. Powder
fine structure(XAFS),*?13 electron microscopy**°and pair  neutron-diffraction data were collected on instruments D20,
distribution function (PDP analysis of neutron powder- D1B, and D2B at the Institut Laue-Langevin, Grenoble,
diffraction datd® have suggested that the octahedra alway$rance. D20 and D1B are high-flux, medium resolution dif-

NEUTRON-DIFFRACTION EXPERIMENTS
AND REFINEMENTS
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TABLE I. A site compositiongz, sample number, structure tygeat 5 K, cell parameters, volumes, and orthorhombiéiyfor the
(ray=1.223 and 1.232 A series &f, Mo ,4CUO, samples.

Sample Structure

A site composition d? (A%  number type at5 K a(R) b (A) c(A) V (A3 0
(rpa)=1.223 A

Lag 925500 075 0.0006 1 LTO1 5.347 49) 5.323 945) 13.19812) 375.7%1) 0.0044
Lag 925505 064 .00B0.007 0.0009 2 LTO1 5.349 16) 5.324 045) 13.1935%2) 375.741) 0.0047
Lag 925505 04£C& 01 Ba0.013 0.0012 3 LTO1 5.352 83) 5.324 485) 13.18941) 375.911) 0.0053
Lag 925505 03¢ 028,020 0.0015 4 LTO1 5.355 85) 5.324 925) 13.18391) 376.0Q1) 0.0058
Lag 925505 00" 03B 0.030 0.0020 5 LTO1 5.359 63) 5.326 085) 13.18221) 376.3@1) 0.0063
Lag god\Ndg 02:C& 03 B&.038 0.0025 6 LTO1 5.361 55%) 5.326 175) 13.17521) 376.241) 0.0066
Lag g7d\dy o5& 03B &.043 0.0029 7 82% LTO1 5.363 75 5.326 915) 13.16792) 376.2374) 0.0069

18% LTO2  5.351(@R) 5.337712) 13.17406) 376.272) 0.0025

Lag ssNdo 07:Ca 02B%.0s7  0.0033 8 68% LTO2 53578  5.33381)  13.16303) 376.142)  0.0044
32% LTT  5.344818) 13.16543) 376.1G2) O

(ray=1.232 A

Lag92:S1.01B 3,056 0.0035 L1  LTO2 5.349167) 5.342377) 13.23172) 378.121)  0.0013
Lag.opNdo 008l 0183057 ~ 0.0036 L2 LTO2 5.348477) 5.341877) 13.23192) 378.051)  0.0012
Lag.ooNdo 01651 0188052 ~ 0.0039 L3 LTO2 5.3497¢8) 5.343167) 13.22942) 378.161)  0.0012
Lag ssNdo 03 Sl 00BB0ss ~ 0.0043 L4 LTO2 5.350488) 5.343938) 13.22462) 378.121)  0.0012
Lag ssNdo 05830075 0.0047 L5  LTO2 5.351208) 5.344598) 13.22092) 378.121)  0.0012

fractometers with large area position sensitive detectors and High-resolution powder neutron-diffraction profiles of all
were used for variable temperature studies. Data from D1Bhe samples were collected & K using instrument D2B.
were collected in 2 K intervals for 2 min while the samples Data were collected for €26<160° in 0.05° steps at a
were warmed from 4 to 300 K, in the range<2@6<100°  1.594 A wavelength in a total collection timé ® h for each
with 0.2° steps, at a neutron wavelength of 2.52 A. Datasample and were Rietveld analyzed using ¢isas package.
from D20 were collected for €20<160°, with N The patterns of samples 1-6 in the,)=1.223 A series
=2.41 A and between 4 and 300 K1 K mter_vals for 1 min “were fitted well with the LTO1 model, giving reducad-

per pattern. The D1B data were analyzed in sequence UsiRgyes of 5.9-6.7 which are typical for such data in which
the FULLPROF progrant” to fit an orthorhombic structural o counting errors are small. The mean-squared atomic dis-

tmhgdsalmaé E\ﬁ;h ti'rgnggzr?rr?gsdethnest?zmoe?]?;a d\(l)ver:et f;;[ted 'Blacement parametefs factors were refined as isotropic
y using Instru ot have Uiso Values for theA and Cu cations, but the oxygen param-

sufficient resolution to resolve the orthorhombically split ters were refined anisotropically. Refinement of the off-
peaks in the LTO1 and LTO2 phases so that the refined ceg. picaily.

parameters correlate with parameters that describe the pe kagonaluij terms that are free yarlablesAbmasymmetry
width. The absolute accuracy of the cell constants and delvas not possible as the distortion from tetragaéinmm

rived quantities such as the orthorhombicitrthorhombic ~ (HTT) Symmetry is small, and so these terms were con-
strain, o=2(b—a)/(b+a), are therefore low. However, Ri- stralned using thé4/mmmsite symmetne;. T_hls constrains
etveld fitting the profiles over a range of temperatures using® Principal axes of the real spaceellipsoid of mean-

a constant peak shape function gives cell parameters with guared displacements to the following directions: Q)

high relative accuracy that can be used to determine the tenty —[110]o, u,—[110]p, and uz—[001]5; O(2) uy
peratures of the structural phase transitions, and to compare[100]o, u,—[010]p, anduz—[001]5 as shown in Fig. 3.
different samples studied under identical conditions on théResults are shown in Table | and Il. Figure 4 shows a typical
same diffractometer. fit to the D2B data.

The refined cell parameters were used to construct plots The LTO1 structural model gave a poor fit to the 5 K
of orthorhombicity from which the structural transition tem- pattern of (r,)=1.223 A series sample 7x¢=13.3). A
peratures were determined. The plots for each series are pralightly better fit was obtained with the LTO2 structurg?(
sented in Fig. 1. All of the samples show an HTT to LTO1 =11.1) but not with an LTT model, which gave an unstable
transition above 180 K and a further transition to LTO2 andrefinement. The best fit was achieved by using a two phase
LTT superstructures was observed for some samples at lowanixture of the LTO1 and LTOZ2 types. The data for sample 8
temperatures. The? variations of the structural transition were fitted poorly §?>15) with single LTO1, LTO2, or LTT
temperatures are shown in Fig. 2. The assignments of thghase refinements and so two-phase refinements were per-
low-temperature phasddescribed beloyvwere made using formed. The best fit was obtained with a combination of
the highly resolvd 5 K D2B data which also give accurate LTO2 and LTT phases. Table Il shows the refined param-
absolute values for the cell constants. eters for samples 7 and 8.
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0.004 plotted againsto? for the (r,)=1.223 and 1.232 A series of
2 L1 ggM g 1:CuQ, superconductors.
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—g 0.003 F nificant correlations with the\ cation size variance are
S plotted in Figs. 5-8.
=
o oo:Q
£ 0002 E25 RESULTS AND DISCUSSION
O
The neutron-diffraction studies show how the cation size
0.001 variance o influences the stability of, and transitions be-
tween, the structural phases, and the evolution of the ortho-
0 rhombic strain and the internal structural parameters. Each of

these is described in detail below, followed by phase dia-
grams for 15% doped,CuQO, which summarize the proper-
ties in a useful diagrammatic way.

(b)

FIG. 1. Orthorhombicity plotted against temperature (f@rthe
eight (r,)=1.223 A samplegD20 data, and (b) the five (r )
=1.232 A sample§D1B data of L; gdM g 1£CuUQ, superconduct-
ors. The lines are guides for the eye.

Structural phase stability and transitions

The results in Table | show that the average cell volume
of the A,CuQ, materials is constar{to within 0.15% when

The 5 K D2B profiles of the five samples in tHea)
=1.232 A series were all fitted well by a single LTO2 phase
model giving y? values of 5.9-6.8. The LTT model gave
significantly poorer fits {>>8) and two phase LTO2 and
LTT refinements were unstable with the LTT fraction tending
to zero. The Cu@plane oxygen sites O@) and O(Db) are
inequivalent in the LTO2 structure, but their anisotropic dis-
placement parameters were constrained to be equal in the
refinements, which were refined with the constraints used in
the previous series above. The results are summarized in
Tables | and IV.

The refined atomic parameters were used to calculate the
Cu-O distance®¢,.o(1), etc., the tilt angle of the axial Cu-O
bonds,d,, and the buckling angle of the CufD-Cu link-
ages in the Cu@planes,f,, as shown in Fig. 3. The rm.s.
(root-mean-squaredfluctuations in the above quantities
were also calculated from the corresponding values  ment ellipsoids and definition of theilting) 6, and (buckling b,
e.g., the rms. fluctuation in 6, is s, angles for the Cu@octahedra. The tilting is toward4.00], for the
:tan’l{\sug[O(l)]/DCu_o(l)}. The quantities showing sig- LTO1 structures anfl110], for the LTO2 and LTT types.

FIG. 3. Directions of the principal axes of the oxygen displace-
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TABLE II. Atomic coordinates, thermal factors, and bond lengths and angB&dor samples 1-6 in thér ,)=1.223 A series which
have the LTO1 structuréspace grougpAbma. The atomic positions ares (La, Nd, Ca, Sr, Ba[x,0,z], Cu[0,0,0, O(1) [%,%,Z], and 42)
[x,0.z]; in the HTT structure thé\:x, O(1):z and O(2)x coordinates are 0.

Sample 1 2 3 4 5 6
A:x 0.00582) 0.00582) 0.00622) 0.00622) 0.00632) 0.00652)
Az 0.360 7@5) 0.360 725) 0.360 725) 0.360735) 0.360735) 0.360 665)
A:uiso/A2 0.00312) 0.00312) 0.00272) 0.002%1) 0.00241) 0.00282)
Cuug /A2 0.00222) 0.00222) 0.00212) 0.00212) 0.00232) 0.00272)
0(1):z 0.00471) 0.00471) 0.00521) 0.00541) 0.00571) 0.00591)
0(2)x ~0.02163) ~0.02243) —0.024G3) ~0.02522) ~0.02642) ~0.02752)
0(2):z 0.181 967) 0.182 148) 0.182 148) 0.182 3@8) 0.182 338) 0.182 639)
0(1) :ullAZ 0.00171) 0.00181) 0.001%1) 0.00141) 0.00171) 0.00181)
O(1):u, 1A? 0.005@3) 0.00523) 0.00433) 0.00473) 0.00493) 0.00544)
O(1):uz/A%  0.00885) 0.00825) 0.00945) 0.00935) 0.010a6) 0.01176)
0(2)u; /A% 0.01035) 0.01035) 0.00945) 0.01066) 0.00986) 0.01056)
0(2)u,/A?  0.00884) 0.00984) 0.00974) 0.01054) 0.01174) 0.01294)
0(2):uz/A%  0.00674) 0.00594) 0.00584) 0.00445) 0.00684) 0.00795)
A-O(L)/A 2.6072)/2.6632) 2.60711)/2.6642) 2.6041)/2.6651) 2.6021)/2.6681) 2.6041)/2.6701) 2.5991)/2.6721)
A-O(2)/A 2.3631) 2.3611) 2.3611) 2.3581) 2.3581) 2.3541)
Cu-O(1)/A 1.887 496) 1.887 8Q6) 1.888 736) 1.889 476) 1.890487) 1.890937)
Cu-0(2)/A 2.404511) 2.406@10) 2.406@10) 2.407211) 2.407411) 2.4095%11)
Cu-O1)-Cu/° 176.21) 176.21) 175.91) 175.11) 175.51) 175.31)

x° 5.89 6.64 6.66 6.45 6.64 6.60
Ryp/% 4.86 5.01 4.97 4.90 5.03 5.08

o? is varied at fixed doping level and meancation radius =—6.8(3) kKkA~™2; for (rp)=1.232 A, dTyrr_1701/d0?

(ra). Furthermore, a positive linear variation of the struc-=56(9) kKA=2, and dTro1_.1702/dp=37(2) kK A~?2
tural transition temperatures with? is observed in Fig. 2. whereasdT,/do?=—3.3(4) kKA~2.
This demonstrates that® is a good experimental approxi-  The structural transitions are known to occur in the se-
mation to a volume-preserving strain that couples strongly tgjuence  HTT=LTO1—-LTO2—LTT with decreasing
the order parameter for the structural transitions. Only for théemperaturé! and the results in Fig. 2 show that the same
LTO1—LTO2 transition in sampleLl of the (r,)  sequence is followed by increasimg at constant tempera-
=1.232 A series is a deviation from a linear trend found,ture. In the former case, the sequence is driven by decreasing
and it is difficult to assess whether this results from nonlineathe thermal entropy which depopulates the phonon modes,
behavior as the transition point decreases towards zero terbut in the latter, the zero-point entropy is increasing. This
perature on the basis of one measurement. The linear varigtabilization may be enthalpic, as increasirfgincreases the
tion of the structural transition temperatures witfi is of ~ amplitude for the twists or rotations of the octahedra as de-
greater magnitude and of opposite sign to the superconducscribed later.
ing T, variationd® in both series, for(r,)=1.223A; The 5 K structure refinements show that the LTO2 and
dTyrr 1701 /do,=48(2) KKA~2  whereas dT./dA¢?  LTT phases coexist iffr ,)=1.223 A sample 8, but all of
the 1.232 A refinements show no evidence for any LTT
' . ' ' phase. This shows that the LTT superstructure is stable only

50007 below a criticakr ) value which is between 1.223 and 1.232
4000 il A for 15% dopedA,CuQ, materials. Comparing these struc-
4 3000F . tural data against the previously reported physical measure-
§ 2000 f i ments on the same sampi&demonstrates that the presence
3 of the LTT superstructure quenches superconductivity as
1000 ¢ ] found in earlier works:”?® Sample 8 containing 40% LTT
o A e and 60% LTO2 phase was not found to be superconducting,
i R whereas all those in the 1.232 A series which are found to
ZJO 40 60 80 100 120 140 contain only ITTOZ at low temperatures within thg diffracto-
20(°) meter resolution have clear resistive and magnetic supercon-

ducting transitions? Electron microscopy has shown that the
FIG. 4. The Rietveld fit to the D2B neutron-diffraction data for LTT phase nucleates and grows at the twin boundaries in the
Lay gsSh 03dBa0.11U0, (sampleL 1 of the(r,)=1.232 A series  orthorhombic phas# so that the two are likely to be inter-
showing the observed, calculated, and difference curves. grown in sample 8. The efficiency with which the LTT dis-
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TABLE lIl. Refined phase fractions, atomic coordinates, thermal factors, and bond lengths and angles at 5 K for samples 7 and 8 in the
(ra)=1.223 A series. The space groups LT@hma(see Table | for atomic positionsd TO2: Pccn (A [x,y,4, Cu[0,0,0], O(1a) [3.3.2],
O(1b) [3.,2], and G2) [x,y,d), and LTT: P4,/ncm (A [x,x,3, Cu[0,0,0, O(1a) [,3.,2], O(1b) [3,3,0], and Q2) [x.x,2) were used.

Sample(type) 7 (LTO1) 7 (LTO2) 8 (LTO2) 8 (LTT)
Phase fractions 0.81B 0.1857) 0.691) 0.321)
A:x 0.00692) 0.0042) 0.00725) 0.00434)
Ay 0.0081) 0.00629)

Az 0.361 0%9) 0.35944) 0.36082) 0.360%2)
AiUiso/ A2 0.00193) 0.0071) 0.00526) —0.00158)
CU:Uiso/A? 0.0015%3) 0.0071) 0.00596) —0.00289)
0O(1a):z 0.00652) 0.0052) 0.010G8) 0.00797)
O(1b):z 0.0062) 0.0021)

0(2):x —0.0285%3) 0.0193) 0.0275%6) —0.02106)
0(2)y 0.4792) 0.4882)

0(2):z 0.18182) 0.31416) 0.31823) 0.18344)
0O(1a),0(1b):u, /A2 0.00162) 0.00266) 0.00368) —0.0052)2
0O(1a),0(1b):u, /A2 0.00495) 0.0082) 0.0111)

O(1a),0(1b):uz/A? 0.0141) 0.0074) 0.0221)

0(2):u, /A? 0.01037) 0.0194) 0.0151) 0.0041)2
0(2):u,/A? 0.01336) 0.0174) 0.0192)

0(2):uz/A? 0.00469) 0.0265) 0.011(1)

A-O(1a)/A 2.5922)/2.6722) 2.652)/2.642) 2.6908)/2.5808) 2.6867)/2.5877)
A-O(1b)/A 2.692)/2.602) 2.641)/2.621) 2.6352)
A-O(2)/A 2.3682) 2.2969) 2.3665) 2.3406)
Cu-O(1a)/A 1.89181) 1.8905%8) 1.8945%7) 1.89255)
Cu-O(1b)/A 1.891(1) 1.89012) 1.889 673)
Cu-0(2)/A 2.39922) 2.4538) 2.3994) 2.4205)
Cu-O(1a)-Cu/® 174.91) 176.42) 172.16) 173.76)
Cu-O(1b)-Cu/® 175.42) 178.78) 180.0

X2 5.19 7.06

Ryp/% 4.32 5.05

dsotropic oxygen thermal factors were refined for the LTT phase.

tortion suppresses superconductivity is remarkable as theiffractometer resolution of th@ ,)=1.232 A series data in
structural results for the LTT phad@able Ill) differ litte  Fig. 1(b), but the instrumental resolution of the D20,)
from those for the superconducting LTO2 phases in sample %#1.223 A data is higher and Fig(a) shows thab, de-
or the(r,)=1.232 A samples in Table IV. Furthermore, the creaseswith increasinga?, although a lattice microstrain
Cu-O-Cu angles for the LTT phase are not more distorteqesyiting from cation size fluctuations should caogg; to
than those in the superconducting LTO2 phases. A possiblgcreasewith o2. This may be a kinetic effect, resulting from
explanation is that superconductivity is quenched by pinningpe presence of small metastable domains of untransformed
of the carriers in the LTT regions as charge ordered stripe§ y,,rhombic phase above the transition which are annealed
yvh|c_h extend into .the majority LTOZ phase so that the eﬂemout in the critical region around the structural transition more
is microstructural in origin. " . 2
completely as the transition temperature rises and se-as

increases. These observations show that lattice microstrains
are also tuned by?.

The orthorhombic strai data in Fig. 1 and Table | re- The data in Fig. 1 also show that the LTOLTO2
veal systematic trends in the LTOIHTT and LTO1 (+LTT) transition occurs when a critical maximum value of
—LTO2 structural transitions, although it is not clear whatorthorhombic strainp., is reached. With decreasing tem-
critical strain or other structural parameters drive the LTO2perature, all of ther,)=1.232 A series in Fig. (b) reach
—LTT transition. On warming through the high-temperaturethe same maximum value of=0.004 and then transform to
LTO1—HTT transition,o reaches a minimum value, 7. the LTO2 type which has a constant valuecoét low tem-
The true value of the macroscopic orthorhombic strain in theperatures. This is confirmed by the fits to the more highly
high-temperature phase is zero, however, any additional miresolved D2B data which show a remarkably constant
croscopic strain broadening above the transition is modellee=0.0012 at 5 K(Table ). It is notable that the cell volume
by a finiteoyrr in the profile fits.oyrr is limited by the D1IB  also shows no systematic change with across the(r )

Orthorhombic strain
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TABLE IV. Atomic coordinates, thermal factors, and bond lengths and angles at 5 K fér the 1.232 A samples. The LTO2 model
(see Table Il was used for all the fits.

Sample L1 L2 L3 L4 L5
A:x 0.006@4) 0.006@4) 0.00555) 0.00575) 0.00535)
Ay 0.00078) 0.001(1) 0.00179) 0.00218) 0.0035%8)
Az 0.360 825) 0.360 755) 0.360 815) 0.360 745) 0.360 715)
AU,/ A2 0.00212) 0.001G2) 0.00212) 0.00012) 0.00112)
Cuiug, /A2 0.00132) 0.000%2) 0.002@2) 0.00162) 0.00122)
0O(1a):z 0.007%3) 0.00753) 0.00793) 0.008@3) 0.00843)
0O(1b):z —0.00%1) —0.0011) 0.00019) 0.00139) 0.00Q1)
0(2):x 0.02136) 0.02156) 0.02136) 0.02267) 0.02297)
0o(2)y 0.4941) 0.491(2) 0.49q1) 0.4871) 0.4851)
0(2):z 0.318 218) 0.318 118) 0.318188) 0.318019) 0.318 069)
0O(1a),0(1b):u; /A2 0.001&1) 0.00121) 0.00181) 0.001&1) 0.00141)
O(1a),0(1b):u,/A? 0.00494) 0.003§4) 0.005%4) 0.00494) 0.00424)
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0(2):u3 /A2 0.00614) 0.006%5) 0.00595) 0.00615) 0.00545)
A-O(1a)/A 2.590(1) 2.5943) 2.5843) 2.5893) 2.5873)
12.691(3) 12.6923) 12.6943) 12.6943) 12.6943)
A-O(1b)/A 2.6309) 2.631) 2.6289) 2.6189) 2.631)
/2.6499) 12.6499) 12.6943) 12.661(9) 12.641)
A-O(2)/A 2.3741) 2.3741) 2.3741) 2.3702) 2.3711)
Cu-O(1a)/A 1.89262) 1.89242) 1.89312) 1.893%2) 1.894@2)
Cu-O(1b)/A 1.890 035) 1.889 825) 1.890 272) 1.89061) 1.890 772)
Cu-0(2)/A 2.4091) 2.4101) 2.4091) 2.4112) 2.4101)
Cu-O(1a)-Cu/® 174.42) 174.02) 173.12) 173.62) 173.32)
Cu-O(1b)-Cu/® 179.56) 179.66) 179.9071) 178.97) 180.04)
x° 5.91 6.80 6.19 6.79 6.34
Rye/% 4.87 5.19 5.04 5.27 5.01
1.8960 ; r ; : : 2412
— DCu~Op
18040 | " Dewoa 2.41
f’i;_ 1.8920 + 2.408 QU
0(°) z 5
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1.8880 e - 2.404
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1.8860 1 1 L 1 2.402
<rp> = 1.223 A 0 0.001 9.002 0.003
15 ' ' ' - - o’ (A%
0 0.001 . ,0.002 0.003
o? (A%

FIG. 5. The mean bucklingd) and tilting (6,) angles and their FIG. 6. The mean in-planeD(c,.q,) and apical D¢y.cs) dis-
r.m.s. deviations(sé, and sé,) plotted againsto? for the (r,) tances plotted against® for the (r,)=1.223 A series, with linear
=1.223 A series, with linear fits. fits.
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FIG. 8. The mean in-plankD ¢,.0p(1) andD¢,.00(2)] and api-
FIG. 7. The mean bucklingd;) and tilting (6,) angles plotted cal (Dc..cn) distances plotted against® for the (r,)=1.223 A
againsto” for the(r,)=1.232 A seriesé, is calculated for O(&) series, with linear fits.
as O(Db) causes no significant buckling of the CuPlanes(see
Table V).
as o increases, and there is a slight decrease incthell
i constant. There is a corresponding increase in the deviation
=1.232 A series although the cell parameters themselveg the atomic coordinate€rable Il) from those of the ideal

show systematic change® and b increase whilec de-  {TT structure, which leads to increases in the buckling angle
creases This demonstrates that® describes a strain that is of the Cu-0-Cu planesd,) and the tilt angle of the apical

both volume- and orthorhombicity-preserving in the LTO2 oxygen from thec axis (4,) as shown in Fig. 5. Surprisingly,

structure. _ the r.m.s. deviationsé in these angles have rather different
In the (r,)=1.223 A D20 datdFig. 1(a)], the saturated o2-dependencessd, exceedsd, by 0.8° and shows the

orthorhombic strain in the LTO1 phase increases agame [inear, rate of increase witt, whereassé, is less
Tiro1 -y increases. Samples 1-6 remain LTO1 type downypan g and shows no significant change witi. This dem-

to the lowest observed temperatures, but samples 7 and §,qirates that the cation size variancecreates static fluc-
exceedo. and transform to the other structure types. Sampl§,ations of the Cu-O-Cu buckling angle, but not in the apical

7 partially transforms to LTO2, whereas sample 8 reaches angle for which vibrational fluctuations are limiting. The in-
at a higher temperature and transforms completely to LTO%Lije Cu-@1) and apical Cu-(®) bond lengths also increase
and LTT. The 5 K D2B refinementSable ) show that the ity ;2 (Fig. ), but the r.m.s. deviations in these distances
LTO1-type samples 1-6 haweincreasing to 0.0066 and the g4,y g significant variation with and are not plotted.
LTO1 component in sample 7 ha§=0.QO69 whereas the The (ra)=1.232 A samples have LTO2 symmetry at 5
LTO2 component has=0.0026. Comparison of &5 K cell  y  The orthorhombicity and cell volume are very constant
data n Table | shows that andb increase ana decreases it ;2 pyt thea andb cell parameters increase slightly and
with o“ for the LTO1 phases as found for the LTO2 types. yecreases across the seri@able ). One of the Cu-O-Cu

above. However, the cell volume increases slightly and theqnq angles remains linear while the other increasingly
saturated orthorhombic strain increases strongly within bends asr? increasedplotted asé, in Fig. 7) and the in-
0 .

the LTOL1 structure type. plane Cu-O bond lengths increase accordingly to accommo-
date this distortior{Fig. 8). The statistical errors in the r.m.s.
deviations in the distances and angles are too great to allow
The refinements of the LTO1 type samples 1-6 in theany significant trends witlr® to be observed, but thed,,
(ray=1.223 A series and the LTO2-typg,)=1.232 A and s, fluctuations of ~3° are comparable to the mean
samples enable the evolution of internal structural paramvalues in Fig. 7. Hence the refinements of the,)
eters with o to be studied. To estimate changes in local=1.232 A samples again demonstrate that the suppression
structural disorder witho?, r.m.s. deviations of the oxygen of T in these series correlates with increasing mean tilting
atoms about their mean positions have been calculated fromnd buckling angles, but angular fluctuations comparable to
the principal values of tha tensor. Both thermal motion and the mean distortion angles are also present although d#eir
static fluctuations contribute to and the two effects cannot variation is not determined.
be separated rigorously from diffraction measurements. The 5 K structure refinements of two series of isovariant,
However, it is reasonable to assume that the thermal contrisoelectronid_; ggM  1:CuO, compositions with different su-
bution is small and approximately constant at 5 K, so thaperstructures show that increasing the cation size variafice
changes iru reflect the increasing disorder dueds. leads to larger tilts of the CuQoctahedra and Cu-O-Cu
As described above, the saturated orthorhombic strain ibuckling angles, which are known to suppregs.??* To
the LTO1-type(r,)=1.223 A samplegTable ) increases compare the effects of changing the apical and buckling

Internal structure
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anglesf, or py ON the superconducting transition tempera-change from LaCuQ,-type (T) to Nd,CuQ,-type (T')
ture T, in the two series, the slopebT./d¢ have been cal- phases belowr ,)~1.20 A %
culated as The structural phase transition temperatures have been
used to construct the structural phase diagram in Hig).. 9
dT./do=(dT./da?)/(d6/do?), This shows approximate isotherms for the HFLTO1 and
LTO1—(LTO2 and LTT) transitions. The former transition
giving dT./d6,= —24(3) anddT./d#,= —16(1) Kdeg' s described by linear isotherms, but the latter shows a non-
for the (r,)=1.223 A LTO1 samples andiT./d6,= linear boundary. All four structure types are stabl@ a0 in
—11(2) anddT./d6,=—8(1) Kdeg* for the LTO2-type different regions of the phase diagram, although these do not
(ray=1.232 A series. It is notable that the values for thea]| lie within the chemical window. The HTT structure is the
former series are twice those for the latter. This may aris@round state only at highér ») and lowers? values than are
because in the LTO1-type structure, the Cu-O-Cu bridges igpseryable, whereas LTO1 is stable around the évedge
the[110]o and[110], directions both bend with anglé,,  of the chemical window. The LTO2 and LTT types are found
whereas in the LTO2 type only tHe10]o Cu-O-Cu angle gt highero?; the LTT type appears to be stabilized at lower
bends asf, while the other angle remains approximately (¢ ,) than LTO2.
constant at-180°. The electronic phase diagram for thggdM 5 1:CUO, Sys-

The coincidence ofiT./d 6, per Cu-O-Cu bridge in both o in Fig. gc) has been constructed from thie values for
the LTO1 and LTO2 series emphasizes the importance of th8ur sample® and other reported L ggMg1<CUO,

btthk“n? ;ngle ;F”h srl:percorr:ductnégy, '(;1 agreement ,:’r\]"th materials’®~33 Two features of this distribution are striking.
other studies which have shown that decreases as the Only five compositions with &T.<20 K have been re-

buckling angle 6, increase$® This is written as . . )

= 1 . : ported in comparison to the 19 samples with<ZQ.
(9Tl 36p)xr p=—12 ngg to emphaSIze that it mea- <40 K, from which the isotherms have been derived. These
_sureszthe change di; with mean _bucklmg anglg by chang- are generally consistent with the data, except in the region
ing o at constantr,) and doping levelx. This canitie close to the LagCa 15 composition, where high pressures
compared against the vglue e/ 96p),,2= —4 K deg are needed to ensure sample homogeriéithe second sur-
per Cu-O-Cu bridge derived from a study of the LTO1-type yiing feature is that the isotherms show a pronounced de-
Lay g5-yNd,Cay16CUO, (0<y<1) seried® in which the A formavion i comparison to the smooth curves that would be
cation size disorder is small and approximately ConStanéxpected by analogy with previous work on the
(02<0.QOOY A2 and the structgral changes are 'driven by(Ll,xMx)MnOS perovskite£® The position of the bulge cor-
decreasing (rn). The additional contribution 1o yeqnonds to the region at which the LTT structure is stable
(9Tc/30p)x(r,y cOmpared 1o {Tc/d6p)y 52 is attributed 10 ghowing that this instability suppresses superconductivity in
the increase in the static fluctuations in the buckling angley large part of the chemical window. Goad gV o 1CuQ,
s6,, with o* as shown in Fig. 5. The rate of suppressiopf  superconductors are only observed close to the
by the r.m.s. fluctuationsé, is thus estimated to be-2  La, zCa) 5 Lay ¢S 15 Lay 5B, 15boundary of the window
times the rate of change with the me@nangle. This shows (and T, would continue to rise if materials could be made
that superconductivity in thie, gsM 15CUO, System is more  beyond this boundajyFewL ; giM o <CuQ, materials with a
sensitive to structural fluctuations, which may act as pinninginite T, below 20 K have been reported, as the LTT and

sites for charge ordered stripe domaifé®than to changes  superconducting regions meet near The=20 K isotherm.
in average structure that modify the electronic density of

states although the two effects are of comparable magni-
tude. CONCLUSIONS

The results presented here demonstrate that the structural
properties ofL,_,M,CuQ, materials, in addition to their

Recent work on I(; _,M,)MnO; perovskites has shown previously reported superconducting parameteme use-
that a good first approximation phase diagram can be corfully described by the doping level the mearA site cation
structed by plotting the temperature variation of properties atadius(r ,) (equivalent to the traditional perovskite tolerance
a constant doping leved on the(r ,)-o? plane?’ This con-  facton and the variance in thé cation radii 2. It was
tains all L;_,M,) combinations for any number &** and  originally assumed that changing on{y,) or o would
M2 cations at a giverx value, all of which lie within a change only the average structure or local structural fluctua-
bounded region known as the “chemical window.” The tions, respectively. However, the present study shows that the
chemical window for thel; gdM o 14CuQ, system(for L3* average structure df; ggM,1CuO, materials also changes
=La-Eu; M?"=Ca, Sr, Bais shown in Fig. @). The im-  systematically withs?, as local strains are in part accommo-
portant boundary is the higli ») and lowo? frontier defined  dated through coherent tilting of the octahedra.
by the La gCa 15, L&y gs50h.15. and Lg gsBay 15 COMpPOSi- The A cation size variancer? couples strongly to the
tions, beyond which n&; gsM 1£CuO, materials exist. Sub- orthorhombic macrostrain resulting in a strong, positive lin-
stitution of other cations such as smallef™ produces ear correlation between the structural transition temperatures
samples with lowerr,) and highera?. This leads to a and o?. This in turn leads to increasing distortions of the

Phase diagrams
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FIG. 9. Phase diagrams for theg M o 1£CuQ, system projected onto tHe,)-o? plane.(a) The chemical windowshaded contains all
the possible compositions far=La-Eu andM =Ba, Sr, and Ca combinations; the positions of some cation compositions are ni@ked.
Variation of superstructure types with approximate isotherms for the-HITO1 transition[full lines; temperature&) in upright texi and
the LTO1—(LTO2 and LTT) transition(broken lines, temperatures in italicResults are taken from this and previous studrefs. 19 and
33), open/closed symbols have HTT/LTO1 symmetry at room temperature. The phase labels show the region where each isTthe stable
=0 phase(c) Electronic phase diagram showiiig values and isotherm). The approximate boundary of the nonsuperconducting, charge
localized region is taken from the LTT region (). The continuations of the isotherms outside the chemical window are hypothetical as no
materials exist there.

average crystal structure, in particular the increased bending Another use of this parametrization is to construct good,
of the in-plane Cu-O-Cu linkages, which shows the samdirst approximation, phase diagrams usig(r,), and o2.

rate of suppression of superconductivity per distorted CuThese show the chemical window that is available at any
O-Cu bridge in the LTO1- and LTO2-type structures. How-givenx due to the range of cation sizes available, and enable
ever, an increase in the r.m.s. static fluctuations of the inthe temperature dependence of structural and electronic
plane buckling angle witlo? is also evidenced in the LTO1 properties to be displayed. We find that the distribution of
samples and these suppress superconductivity at twice ttseiperconducting critical temperatures contains a significant
rate of suppression by the mean angle. This supports thgeformation due to the presence of the LTT structural insta-
original notion that the dominant effect of’ is to create bility which suppresses superconductivity across a large part
local structural fluctuations that encourage carrier localizaof the x=0.15 window.

tion, although changes in the average structure that will alter

the electror_uc. density of s_tates are also found to be signifi- ACKNOWLEDGMENTS
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