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Dependence of Superconducting Transition Temperature on Doping and Structural Distortion
of the CuO2 Planes inLa22xMxCuO4 (M 5 Nd, Ca, Sr)
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By comparing structural and superconducting properties of La22x2yCaxNdyCuO4 to La22xSrxCuO4

we have separated the effects of structure and doping on the superconductingTc. At a fixed doping
level, the highestTc is found for flat and square CuO2 planes in the tetragonal structure.Tc is reduced
by the structural distortions of the CuO2 planes in the orthorhombic structure. The local minimum
of Tc vs doping observed aroundx , 0.12 indicates the presence of a weakly split singularity of the
electronic density of states for the orthorhombic material.

PACS numbers: 74.72.Dn, 74.62.Dh
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When substituted with the alkaline earth eleme
Ca, Sr, or Ba, the structurally simple La2CuO4 material
provides a unique opportunity to study the intrinsic pro
erties of the superconducting CuO2 planes as a functio
of doping and structural features. For the Sr-substitu
compound, the extensively studied dependence of
superconducting transition temperature on doping, wh
shows underdoped,0.07 # x # 0.14, optimally doped,
x , 0.15 sTc , 38 Kd, and overdoped composition
0.16 # x # 0.27, is considered typical for all coppe
oxide superconductors [1]. Considering a larger
of data, which includesTc vs doping dependence fo
structurally more complex superconductors, a modi
shape of the functional relationship was also propo
and explained using ordered arrangements of holes in
CuO2 planes [2]. However, the more extensive set of d
is subject to considerable uncertainty, since it is diffic
to quantitatively measure the competition between cha
doping to the CuO2 planes and to other regions of th
complex structures [3].

The dependence ofTc on structural properties is les
well understood. For example, a report of a large reduc
of the superconducting phase fraction at the orthorhom
to-tetragonal phase transition boundary,x , 0.21 at 10 K,
proposes that only the orthorhombic phase is super
ducting [4]. A similar disappearance of superconductiv
in the tetragonal structure was observed for the more c
plex YBa2Cu3O72d system as a function of oxygen conte
[5]. However, these subtle relationships between the
tortion of the tetragonal crystal symmetry and the prese
of superconductivity were not supported by subsequ
data for the tetragonal and superconducting La22xSrxCuO4
material [6] and by the observation of superconductivity
the tetragonal 123-related and other materials. Rece
we have studied in detail the structural and superc
ducting properties of the Ca- and Sr-substituted mate
using x-ray and neutron powder diffraction, ac suscept
ity, and low-field dc magnetization, resistivity, and th
1348 0031-9007y96y76(8)y1348(4)$06.00
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mogravimetric measurements [7,8]. Comparison of the
with newly synthesized Ca- and Nd-substituted materi
allows, for the first time, a separation of the effects of do
ing and structural features onTc. The structural distor-
tions of the CuO2 planes in the orthorhombic structure
measured most conveniently by the copper-oxygen b
angles, cause suppression ofTc. The local minimum of
Tc vs doping observed for orthorhombic La22xSrxCuO4
material aroundx , 0.12 is present atx , 0.11 for the
more distorted La22xCaxCuO4. We argue that these fea
tures may be related to the variation of the electronic d
sity of states at the Fermi energy.

Polycrystalline samples of La22xCaxCuO4 and
La1.852yCa0.15NdyCuO4 were synthesized from nitrate
[8]. The calcium solid-solubility limit in La22xCaxCuO4

was extended fromx , 0.1 for material synthesized in
air to x  0.2 using synthesis at an oxygen pressu
of 600 atm and 1050–1080±C. The neodymium solid-
solubility limit in La1.852yCa0.15NdyCuO4 was found for
y  1.0 under high pressure conditions. For strontiu
the maximum solubility limit was found to bex  0.4
for synthesis in air at 1170±C. An oxygen content of
4.00 6 0.01 was found for all samples considered he
from thermogravimetric measurements. Thus, all samp
are stoichiometric in metal ions and oxygen content, a
the hole doping of the CuO2 planes is controlled by the
amount of the alkaline earths substituted for lanthanum

Neutron powder diffraction data were collected f
single-phase samples at the Special Environment P
der Diffractometer at Argonne’s Intense Pulsed Neutr
Source, and the structures were refined by the Rietv
technique. Data were obtained at several temperat
from 10 to 300 K for,6 g samples placed in sealed van
dium cans filled with helium exchange gas. For all co
positions studied, the structural phase diagram conta
only two crystallographic phases, the low-temperature
thorhombic (LTO),Cmca, and high-temperature tetrago
nal, I4ymmm phases [7,8]. The O-T transition develop
© 1996 The American Physical Society
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due to the mismatch of the La-O and Cu-O(1) bond leng
in thea-b plane and occurs at 550 K for pure La2CuO4 [9].
At low temperatures, the La-O and Cu-O(1) bonds are
der tension and compression, respectively [10]. With
creasing amounts of Ca12 or Sr12 substitution for La13,
the O-T transition temperature decreases due to the
proved match of the La-O and Cu-O(1) bond lengths. T
substitution leads to the shrinkage of the Cu-O(1) bo
length due to the hole doping into the antibonding copp
oxygen orbitals. In fact, the decrease of the Cu-O
bond length is a measure of the hole doping to the Cu2

planes because the Cu-O(1) bond length is only wea
constrained by the lattice parameters in the LTO str
ture and can relax to a preferred value [7]. The obser
Cu-O(1) bond contractions are almost identical, 0.103 a
0.105 Åymol, for Sr and Ca substitution, respectively [s
Fig. 1(a)]. However, for the same amount of substitutio
the O-T transition occurs at higher temperatures for the
than for the Sr-substituted material [8]. The temperat
difference is an effect of the larger ionic size of the Sr io
i.e., the larger average length of the La(Sr)-O bonds co
pared to the La(Ca)-O bonds, which relieves part of
tension for the Sr-substituted material and increases it
the Ca-substituted material. Figure 1(b) shows the n
malized orthorhombic strain,sa 2 bdysa 1 bd, at 10 K
for both materials. The larger orthorhombic distortion o
served for the Ca-substituted material is a consequenc
the higher temperature of the O-T transition, i.e., the lar
mismatch of the La(Ca)-O and Cu-O bond lengths. All C
substituted samples are orthorhombic at 10 K.

The CuO2 planes are flat and the copper and oxyg
atoms are distributed on a square lattice for the tetrago
phase. For the LTO phase, two distortions of the Cu2

planes are present: the almost rigid rotation of the C
O octahedron around thek110l axes of the tetragona
phase and the scissors-mode distortion within the Cu2

planes. The rotation of the Cu-O octahedron cau
the O(1) ions to shift out of the planes defined by t
positions of the copper ions, distorting the Cu-O(1)-C
bond angle from 180±. The scissors mode, which i
present within the CuO2 planes, distorts the O(1)-Cu
O(1) bond angle from 90±. The Cu-O(1)-Cu bond angle
defines the flatness of the CuO2 planes and the O(1)-Cu
O(1) bond angle, the distortion from the square netwo
Figure 1(c) shows that the Cu-O(1)-Cu bond angles
10 K are more distorted for the Ca-substituted mate
consistent with this material being “more orthorhombi
than the Sr-substituted material for the same substitu
level x. Figures 2(b) and 2(c) show that at 10 K, th
isoelectronic substitution of the smaller Nd cations f
La increases both the orthorhombic distortion and
bending of the Cu-O(1)-Cu bond angles at a fixed cha
doping level for the La1.852yCa0.15NdyCuO4 samples. The
increase of the distortion is caused by the decrease
the average La(Nd)-O bond lengths, while the Cu-O
bond undergoes only minor contraction, 0.006 Åymol(Nd)
which is about 20 times smaller than the change due to
hs
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FIG. 1. Composition dependence at 10 K of (a) the in-pla
copper-oxygen, Cu-O(1), bond lengths; (b) the orthorhomb
strain; (c) the Cu-O(1)-Cu bond angles; (d) the superconduct
Tc’s for La22xSrxCuO4 and La22xCaxCuO4 systems. The
increasedTc’s (Ref. [13], Fig. 4) for tetragonal La22xSrxCuO4
system under applied pressure are marked by solid squares

charge doping by Ca or Sr substitution [see Fig. 2(a)]. N
transition to the low temperature tetragonal (LTT) phas
observed for barium-sx $ 0.125d [11] and strontium with
neodymium- (x  0.15 and y $ 0.18) [12] substituted
systems, is present for the La1.852yCa0.15NdyCuO4 samples
to y  1.

From the magnetic measurements, the single-phase s
ples are bulk superconductors for0.08 # x # 0.20 and
0.08 # x # 0.27 for Ca-and Sr-substituted materials, re
spectively [7,8]. Figure 1(d) showsTc ’s determined from
1349
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FIG. 2. Same as Fig. 1 for the La1.852yCa0.15NdyCuO4
system.

the half point of the resistive transition, which corre
sponds to an onset of the diamagnetic transition for the
susceptibility. Both systems show a maximumTc for com-
positions close tox  0.15. For the Ca-substituted ma-
terial, the extrapolated O-T structural transition is shifte
far away fromx  0.15 and thus, in agreement with ou
data for the La22xSrxCuO4 system [7], the tetragonal phase
cannot be responsible for the suppression of supercond
tivity. The decrease ofTc for x . 0.15 is not related to
the structural transition to the tetragonal phase but inste
is caused by some intrinsic electronic behavior common
both compounds. Superconducting transition temperatu
are lower for the Ca system than for the Sr system. A
La1.852yCa0.15NdyCuO4 samples are bulk superconductor
1350
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with Tc gradually decreasing with an increasing amoun
Nd [see Fig. 2(d)].

The lower Tc ’s observed for the more distorte
Ca system and the suppression ofTc at a fixed dop-
ing level with increasing orthorhombic distortion fo
La1.852yCa0.15NdyCuO4 indicates that these effects a
related to the distortions of the CuO2 planes. The con-
clusion that an increase of the distortion at a fixed dop
level decreasesTc is supported by measurements
La22xSrxCuO4 samples under pressure [13]. Wi
increasing pressure,Tc increases as the orthorhomb
distortion is reduced and then remains approximat
constant in the tetragonal phase. The increasedTc ’s
observed under pressure for the tetragonal phase
shown on Fig. 1(d). For a fixed charge doping, t
maximumTc’s are found for the tetragonal structure wi
the flat and square CuO2 planes [8].

It is now possible to quantitatively describe the i
trinsic Tc dependence on the charge doping or str
tural distortion by separating these effects. The d
marked by solid squares on Fig. 1(d) for the superc
ducting La22xSrxCuO4 system with the tetragonal struc
ture,0.15 # x # 0.27, show a continuous decrease ofTc

with doping over the whole range. HigherTc ’s might be
expected at lower doping levelssx , 0.15d, since there
is no apparent saturation ofTc at x  0.15; i.e., there is
no indication that the optimum composition for superco
ductivity occurs atx  0.15 for the tetragonal material
The suppression of the superconducting transition te
perature,DTc, by structural distortion measured at 10
(distortions at 10 K and atTc are almost identical, since
they change very weakly with temperature below 50 K)
shown in Fig. 3 for samples with fixed charge doping,x 
0.15. Data for tetragonal (20 kbar,Tc max  42 K) and
LTO (ambient conditions) La1.85Sr0.15CuO4 and for LTO
La1.852yCa0.15NdyCuO4 samples were used to define th
DTc  Tc max 2 Tcsyd. Tc is suppressed by 20 K with
the distortion of the Cu-O(1)-Cu bond angles from 18±

to 172±.
An observation that both tetragonal and LT

La22xMxCuO4 structures can be superconducting sho

FIG. 3. Suppression of the superconducting transition tem
ature by structural distortion of the Cu-O(1)-Cu bond angle.



VOLUME 76, NUMBER 8 P H Y S I C A L R E V I E W L E T T E R S 19 FEBRUARY 1996

e
e
c

e

n
se
if

u
r
re
fo

vit
d
ls
le

ls
ra

bl

rm
le
d
S)
ha
i

an
e
o
)
O
T
si
re
8
O

al
al
e
d
e

ea

or

l
he

ed

plit
re
e.
ess

er-

est

n-
on-
.,
-
1-

-
e
.,
that the structural properties of the CuO2 planes rather
than the crystal symmetry is important in controlling th
electronic properties of these and other 2D copper oxid
This observation is further supported by the supercondu
ing properties of the tetragonal La22xMxCuO4 materials
for which the CuO2 planes are not flat, for example, th
LTT phase of the barium-substituted (x  0.125, non-
superconducting andx  0.15, superconducting) system
[14]. The only distortion of the CuO2 planes for the LTT
phase is the rigid rotation of the Cu-O octahedron arou
the k100l axes of the high temperature tetragonal pha
This rotation causes half of the oxygen ions O(1) to sh
out of the CuO2 planes, distorting half of the Cu-O(1)-C
bond angles from 180± by an amount which is large
than the distortion for the corresponding LTO structu
The increased distortion may in part be responsible
the suppression ofTc to ,27 K for La1.85Ba0.15CuO4.
However, the complete suppression of superconducti
for La1.875Ba0.125CuO4 cannot be explained by bon
angle distortion alone. For these lower doping leve
x , 0.12, other electronic effects must also play a ro
as can be observed by a similar but weaker anomaly
Tc vs x curves for the Sr- and Ca-substituted materia
which do not show the LTT phase or any other structu
anomaly at these compositions.

Irrespective of the coupling mechanism responsi
for high temperature superconductivity, theTc is usually
related to the electronic density of states at the Fe
energy. Band structure calculations as well as ang
resolved photoemission data show “extended” sad
point singularities yielding high density of states (DO
near the Fermi energy [15,16]. Calculations showed t
octahedral tilts in the LTO structure cause little change
the DOS singularity aroundEF , whereas tilts in the LTT
structure open a large notch in the DOS whose depth
width are quadratic in tilt magnitude [17]. The differenc
between LTT and LTO tilts arises from the asymmetry
the LTT distortion which produces two different Cu-O(1
bond lengths, while there is only one bond for the LT
structure. The split singularity of the DOS in the LT
structure may be responsible for the complete suppres
of Tc observed for barium- [14] and also for the mo
distorted strontium with neodymium- substituted [12,1
systems when the Fermi energy passes through the D
singularities as a function of doping. The weaker anom
of Tc vs x curves for the Sr- and Ca-substituted materi
indicates a smaller but not negligible splitting of th
singularity in the DOS for the LTO structure. Improve
band structure calculations which will include both th
k110l tilts and scissors-mode distortions and the nonlin
tilt-DOS coupling are required for comparison.

The model presented here for the dependence ofTc

on the DOS atEF , which is controlled by the hole
doping (the relative position of theEF with respect to the
maximum of the DOS) and bucking of the CuO2 planes
(splitting of the maximum of the DOS), indicates that f
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fixed doping level the highest DOS andTc should be
found for flat and square CuO2 planes in the tetragona
structure, which is consistent with experimental data. T
decrease ofTc in the tetragonal La22xSrxCuO4 system
as a function of doping forx . 0.15 may be due to the
lowering of the density of states atEF as the Fermi energy
moves below the maximum of the DOS. The observ
anomaly inTc vs x for x , 0.12 can be interpreted as
the crossing of the Fermi energy through the weakly s
peak in the DOS at this composition for the LTO structu
and more strongly split peak for the LTT structur
Within this scenario, the application of pressures in exc
of 20 kbar should bringx , 0.12 compositions to the
tetragonal structure with a single maximum ofTc , 45 K
appearing in place of the anomalously lowTc.

By comparing structural and superconducting prop
ties of the alkaline earth-substituted La22xMxCuO4 mate-
rials we conclude that at a fixed doping level, the high
Tc is found for flat and square CuO2 planes, andTc is sup-
pressed by the structural distortions of the CuO2 planes.
The local minimum ofTc vs doping observed for LTO
and LTT materials aroundx , 0.12 may be related to the
split singularity of electronic density of states.
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