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By comparing structural and superconducting properties of | 8 Ca,Nd,CuQ; to La,_,Sr,CuQ,
we have separated the effects of structure and doping on the supercondtjctifg a fixed doping
level, the highest is found for flat and square Cuy(lanes in the tetragonal structurd., is reduced
by the structural distortions of the Cu(lanes in the orthorhombic structure. The local minimum
of T, vs doping observed around~ 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

When substituted with the alkaline earth elementsmogravimetric measurements [7,8]. Comparison of the Sr-
Ca, Sr, or Ba, the structurally simple }&au0O, material  with newly synthesized Ca- and Nd-substituted materials
provides a unique opportunity to study the intrinsic prop-allows, for the first time, a separation of the effects of dop-
erties of the superconducting Cy@lanes as a function ing and structural features dfi.. The structural distor-
of doping and structural features. For the Sr-substitutedions of the CuQ planes in the orthorhombic structure,
compound, the extensively studied dependence of thmeasured most conveniently by the copper-oxygen bond
superconducting transition temperature on doping, whiclangles, cause suppression®f The local minimum of
shows underdoped).07 = x = 0.14, optimally doped, 7. vs doping observed for orthorhombic 4.3Sr, CuQ,

x ~0.15 (T, ~ 38 K), and overdoped compositions, material aroundc ~ 0.12 is present att ~ 0.11 for the
0.16 = x = 0.27, is considered typical for all copper more distorted La ,Ca . CuQ,. We argue that these fea-
oxide superconductors [1]. Considering a larger setures may be related to the variation of the electronic den-
of data, which includesl. vs doping dependence for sity of states at the Fermi energy.

structurally more complex superconductors, a modified Polycrystalline samples of La,CaCuQ, and
shape of the functional relationship was also proposetla, gs—,CasNd,CuQ;, were synthesized from nitrates
and explained using ordered arrangements of holes in tH8]. The calcium solid-solubility limit in La—,Ca,CuQy
CuO, planes [2]. However, the more extensive set of datavas extended fromx ~ 0.1 for material synthesized in
is subject to considerable uncertainty, since it is difficultair to x = 0.2 using synthesis at an oxygen pressure
to quantitatively measure the competition between chargef 600 atm and 1050-108C. The neodymium solid-
doping to the Cu@ planes and to other regions of the solubility limit in La; gs-,Ca.5sNd,CuQ, was found for
complex structures [3]. y = 1.0 under high pressure conditions. For strontium,

The dependence df. on structural properties is less the maximum solubility limit was found to be = 0.4
well understood. For example, a report of a large reductiofior synthesis in air at 117@C. An oxygen content of
of the superconducting phase fraction at the orthorhombic4.00 = 0.01 was found for all samples considered here
to-tetragonal phase transition boundary;- 0.21 at 10 K,  from thermogravimetric measurements. Thus, all samples
proposes that only the orthorhombic phase is supercorare stoichiometric in metal ions and oxygen content, and
ducting [4]. A similar disappearance of superconductivitythe hole doping of the Cufplanes is controlled by the
in the tetragonal structure was observed for the more comamount of the alkaline earths substituted for lanthanum.
plex YBaCu;O;— 5 system as a function of oxygen content  Neutron powder diffraction data were collected for
[5]. However, these subtle relationships between the dissingle-phase samples at the Special Environment Pow-
tortion of the tetragonal crystal symmetry and the presencder Diffractometer at Argonne’s Intense Pulsed Neutron
of superconductivity were not supported by subsequenBource, and the structures were refined by the Rietveld
data for the tetragonal and superconducting L.:&r,CuQ,  technique. Data were obtained at several temperatures
material [6] and by the observation of superconductivity infrom 10 to 300 K for~6 g samples placed in sealed vana-
the tetragonal 123-related and other materials. Recentlgium cans filled with helium exchange gas. For all com-
we have studied in detail the structural and superconpositions studied, the structural phase diagram contains
ducting properties of the Ca- and Sr-substituted materialenly two crystallographic phases, the low-temperature or-
using x-ray and neutron powder diffraction, ac susceptibilthorhombic (LTO),Cmca, and high-temperature tetrago-
ity, and low-field dc magnetization, resistivity, and ther- nal, I14/mmm phases [7,8]. The O-T transition develops
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due to the mismatch of the La-O and Cu-O(1) bond lengths 1908 prrr ey
in thea-b plane and occurs at 550 K for pure JGuO, [9]. < 1.900F 10k 1 a
At low temperatures, the La-O and Cu-O(1) bonds are un- 5 5 08

der tension and compression, respectively [10]. With in- § 1895 o) E
creasing amounts of Ca or Sr"2 substitution for La?3, o 1.800F ® E
the O-T transition temperature decreases due to the im- 8 g %oq ]
proved match of the La-O and Cu-O(1) bond lengths. The o8 gy sr
substitution leads to the shrinkage of the Cu-O(1) bond Q 1.880f Dﬂomﬂni
length due to the hole doping into the antibonding copper- S b 9
oxygen orbitals. In fact, the decrease of the Cu-O(1) ;:ggg S
bond length is a measure of the hole doping to the €uO 2 ]
planes because the Cu-O(1) bond length is only weakly 0.006F o 10K 1b
constrained by the lattice parameters in the LTO struc- = f @DB ]
ture and can relax to a preferred value [7]. The observed S 0:004r o, % ]
Cu-O(1) bond contractions are almost identical, 0.103 and S o ooz:- 80 ,Ca 1
0.105 A/mol, for Sr and Ca substitution, respectively [see & . ° ]
Fig. 1(a)]. However, for the same amount of substitution, 0.000L sr%ooooood
the O-T transition occurs at higher temperatures for the Ca- i ]
than for the Sr-substituted material [8]. The temperature e S MR
difference is an effect of the larger ionic size of the Sr ion, 181
i.e., the larger average length of the La(Sr)-O bonds com- 180F 10K 00000009 ¢
pared to the La(Ca)-O bonds, which relieves part of the 179 3

tension for the Sr-substituted material and increases it for
the Ca-substituted material. Figure 1(b) shows the nor-
malized orthorhombic straifg — b)/(a + b), at 10 K

for both materials. The larger orthorhombic distortion ob-
served for the Ca-substituted material is a consequence of
the higher temperature of the O-T transition, i.e., the larger

o o
5 S
1745 %ﬁ%

Cu-0O(1)-Cu bond angle (deg)
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mismatch of the La(Ca)-O and Cu-O bond lengths. All Ca- 123_. e
substituted samples are orthorhombic at 10 K. . 1 4

The CuG planes are flat and the copper and oxygen Sor Sr (Tetragonal) B
atoms are distributed on a square lattice for the tetragonal a0k it M E
phase. For the LTO phase, two distortions of the GuO g 305 007 4900000 ]
planes are present: the almost rigid rotation of the Cu- _eof o & °%o E
O octahedron around thél10) axes of the tetragonal 20k Do%‘f’ ° 4
phase and the scissors-mode distortion within the CuO 10k ° o
planes. The rotation of the Cu-O octahedron causes s ]
the O(1) ions to shift out of the planes defined by the 0 505 0 BT 0 055" 0 s
positions of the copper ions, distorting the Cu-O(1)-Cu xinla, M Cu

bond angle from 180 The scissors mode, which is - .
present within the Cu@ planes, distorts the O(1)-Cu- FIG. 1. Composition dependence at 10 K of (a) the in-plane

copper-oxygen, Cu-O(1), bond lengths; (b) the orthorhombic
O(1) bond angle from 90 The Cu-O(1)-Cu bond angle strain; (c) the Cu-O(1)-Cu bond angles; (d) the superconducting

defines the flatness of the Cu@lanes and the O(1)-Cu- 7s for La,_,Sr,CuO, and La_,CaCuO, systems. The
O(1) bond angle, the distortion from the square networkincreasedr,’s (Ref. [13], Fig. 4) for tetragonal La,Sr.CuQ,
Figure 1(c) shows that the Cu-O(1)-Cu bond angles asystem under applied pressure are marked by solid squares.
10 K are more distorted for the Ca-substituted material

consistent with this material being “more orthorhombic”

than the Sr-substituted material for the same substitutionharge doping by Ca or Sr substitution [see Fig. 2(a)]. No
level x. Figures 2(b) and 2(c) show that at 10 K, thetransition to the low temperature tetragonal (LTT) phase,
isoelectronic substitution of the smaller Nd cations forobserved for bariuméx = 0.125) [11] and strontium with
La increases both the orthorhombic distortion and theneodymium- ¢ = 0.15 and y = 0.18) [12] substituted
bending of the Cu-O(1)-Cu bond angles at a fixed chargsystems, is present for the L@, Ca) 15sNd, CuQ, samples
doping level for the Lags-,Ca 15sNd,CuQ,; samples. The toy = 1.

increase of the distortion is caused by the decrease of From the magnetic measurements, the single-phase sam-
the average La(Nd)-O bond lengths, while the Cu-O(1)ples are bulk superconductors f0108 = x = 0.20 and
bond undergoes only minor contraction, 0.006ol(Nd)  0.08 = x = 0.27 for Ca-and Sr-substituted materials, re-
which is about 20 times smaller than the change due to thgpectively [7,8]. Figure 1(d) show’’s determined from
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the half point of the resistive transition, which corre-

sponds to an onset of the diamagnetic transition for the ac

susceptibility. Both systems show a maxim@ipfor com-
positions close toc = 0.15. For the Ca-substituted ma-

terial, the extrapolated O-T structural transition is shifted

far away fromx = 0.15 and thus, in agreement with our
data for the La_, Sr,CuQ, system [7], the tetragonal phase

cannot be responsible for the suppression of superconduc-

tivity. The decrease of. for x > 0.15 is not related to

the structural transition to the tetragonal phase but instead
is caused by some intrinsic electronic behavior common to
both compounds. Superconducting transition temperatures

with T, gradually decreasing with an increasing amount of
Nd [see Fig. 2(d)].

The lower T.'s observed for the more distorted
Ca system and the suppression Bf at a fixed dop-
ing level with increasing orthorhombic distortion for
Lay s5-,Ca.15sNd,CuQ; indicates that these effects are
related to the distortions of the Cy@lanes. The con-
clusion that an increase of the distortion at a fixed doping
level decreased. is supported by measurements on
La,_,Sr,CuQ; samples under pressure [13]. With
increasing pressurel,. increases as the orthorhombic
distortion is reduced and then remains approximately
constant in the tetragonal phase. The increa%gd
observed under pressure for the tetragonal phase are
shown on Fig. 1(d). For a fixed charge doping, the
maximumT,.’s are found for the tetragonal structure with
the flat and square Cufplanes [8].

It is now possible to quantitatively describe the in-
trinsic T, dependence on the charge doping or struc-
tural distortion by separating these effects. The data
marked by solid squares on Fig. 1(d) for the supercon-
ducting La—,Sr,CuQ, system with the tetragonal struc-
ture,0.15 = x = 0.27, show a continuous decreaseTof
with doping over the whole range. High&r’s might be
expected at lower doping levels < 0.15), since there
is no apparent saturation @ atx = 0.15; i.e., there is
no indication that the optimum composition for supercon-
ductivity occurs atx = 0.15 for the tetragonal material.
The suppression of the superconducting transition tem-
perature AT., by structural distortion measured at 10 K
(distortions at 10 K and af,. are almost identical, since
they change very weakly with temperature below 50 K) is
shown in Fig. 3 for samples with fixed charge dopings
0.15. Data for tetragonal (20 kbaff, ,.x = 42 K) and
LTO (ambient conditions) LggsSry 1sCu0O, and for LTO
La; 35—, Ca.15sNd,CuQ, samples were used to define the
AT, =T.max — T.(y). T. is suppressed by 20 K with
the distortion of the Cu-O(1)-Cu bond angles from 180
to 172.

An observation that both tetragonal and LTO
La,—,M,CuQy structures can be superconducting shows
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are lower for the Ca system than for the Sr system. AllriG. 3. Suppression of the superconducting transition temper-
La; 35—, Cay.15Nd, CuQ, samples are bulk superconductorsature by structural distortion of the Cu-O(1)-Cu bond angle.
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that the structural properties of the Cu@lanes rather fixed doping level the highest DOS arid should be
than the crystal symmetry is important in controlling thefound for flat and square Cu(planes in the tetragonal
electronic properties of these and other 2D copper oxidestructure, which is consistent with experimental data. The
This observation is further supported by the superconductiecrease ofl. in the tetragonal La ,Sr,CuQ, system
ing properties of the tetragonal LaM,CuQ, materials as a function of doping fox > 0.15 may be due to the
for which the CuQ planes are not flat, for example, the lowering of the density of states Af as the Fermi energy
LTT phase of the barium-substituted €& 0.125, non- moves below the maximum of the DOS. The observed
superconducting and = 0.15, superconducting) system anomaly inT. vs x for x ~ 0.12 can be interpreted as
[14]. The only distortion of the Cu@planes for the LTT the crossing of the Fermi energy through the weakly split
phase is the rigid rotation of the Cu-O octahedron aroungheak in the DOS at this composition for the LTO structure
the (100) axes of the high temperature tetragonal phaseand more strongly split peak for the LTT structure.
This rotation causes half of the oxygen ions O(1) to shiftWithin this scenario, the application of pressures in excess
out of the CuQ planes, distorting half of the Cu-O(1)-Cu of 20 kbar should bringc ~ 0.12 compositions to the
bond angles from 180by an amount which is larger tetragonal structure with a single maximumaof ~ 45 K
than the distortion for the corresponding LTO structure.appearing in place of the anomalously 1@y
The increased distortion may in part be responsible for By comparing structural and superconducting proper-
the suppression of . to ~27 K for La;gBay.:Cu0Q,. ties of the alkaline earth-substituted,LaM,CuQ, mate-
However, the complete suppression of superconductivityials we conclude that at a fixed doping level, the highest
for La,;g;Bag12Cu0, cannot be explained by bond T. is found for flat and square Cy®lanes, and’. is sup-
angle distortion alone. For these lower doping levelspressed by the structural distortions of the Guytdanes.
x ~ 0.12, other electronic effects must also play a roleThe local minimum of7,. vs doping observed for LTO
as can be observed by a similar but weaker anomaly iand LT T materials around ~ 0.12 may be related to the
T. vs x curves for the Sr- and Ca-substituted materialssplit singularity of electronic density of states.
which do not show the LTT phase or any other structural This work was supported by the National Science Foun-
anomaly at these compositions. dation Science and Technology Center for Supercon-
Irrespective of the coupling mechanism responsibleductivity under Grant No. DMR 91-20000 (B.D., Z. W.,
for high temperature superconductivity, tig is usually K.R., J.L.W., B.A.H.) and the U.S. Department of En-
related to the electronic density of states at the Fermérgy, BES-Materials Sciences under Contract No. W-31-
energy. Band structure calculations as well as anglet09-ENG-38 (J.D.J., R.L.J., D.G.H.).
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