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[n an attempt to induce a metallic or superconductive state in the layered cuprate La,CuSnQy, the
series La;_,Sr,CuSnOq_ 3.5 (x = 0.00, 0.05, 0.10, 0.125, 0.15, 0.175, 0.20) was prepared. A solid

sclution lforms for 0.00 < x < (.175, the overall oxygen content is 6.00 (3), and the samples are
antiferromagnetic semiconductors. From neutron diffraction experiments, the compounds possess
distinct copper—oxygen and tin—oxygen iayers. There is a mismatch at the interface of the layers, which
restilts in expanston of the copper—oxygen bond lengths (1.99 A average). The copper is oxidized
upon addition of strontium; bowever, in contrast to p-type cuprate superconductors, the in-plane
copper—oxygen bond lengths inrcrease and the axial bonds decrease. The interleaved tin—oxygen layers
have a dramatic elfect on the crystal chemistry, electronic structure, and properties. The electronic
consequence is that empty upper and filled lower dx? — y? bands (upper and lower Hubbard bands)

remain separated and narrow upon oxidation, which presumably prohibits superconductivity.
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Introduction

Laycred copper-oxide supecrconductors
exhibit the highest critical transition tem-
peratures ol any materials. The maximum
transition lemperatures are achicved for
compounds that contain dopant-free
copper—oxygen layers and that have been
chemically modified to formally oxidize or
reduce a fraction of the copper. The synthe-
sis and chemical modification {oxidation or
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reduction) of new compounds that contain
small nonmagnetic B” ions between—rather
than within—the copper-oxide layers is our
goal. Compounds of this type, such as La,
CuSn0Oy (1), provide crysial chemistry and
electronic structures different from simple
cuprate superconductors and should offer
advantages in the study of the physics and
chemistry that underlie superconductivity.
A common way to modify physical proper-
ties of such compounds is to substitute a
cation onto a crystallographic site not occu-
pied by copper, for example, La,_,Sr,
CuOy_,12452, 3), Nd;_,Ce,CuOy,,pn_5 4),
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La,_,Sr,CaCu,04,, (5), and Y,_,Ca,Sr,
Cu,Gad;_ .5 (6). In this work, we detail
the crystal chemistry bulk physical proper-
ties of the series La,_ .Sr,CuSnO,_,s, ;s and
focus on the effect that tin has on the struc-
ture—property relationships.

Experimental

Sample Preparation

La,_.Sr,CuSn0¢_ 5.5 (x = 0.00, 0.05,
0.10, 0.125, 0.15, 0.175, and 0.20) samples
were prepared by the solid-state reaction of
lanthanum oxide (99.99%), strontium car-
bonate (99.999%), tin(IV) oxide (99.995 +
%), and copper(Il} oxide (99.999%). The
lanthanum oxide was heated in air before
use and cooled in a desiccator to remove any
trace of water or carbonate. The reagents
were ground and fired in high-density alu-
mina boats for one day. The samples were
then quenched in air, ground, pressed into
pellets, and fired at 980°C in air. The process
was repeated several times. At this tempera-
ture, a minimum reaction time of about 21
days was required to achieve a single phase.
All measurements made were performed on
samples prepared in air unless otherwise
noted. A portion of each sample was an-
nealed at 400°C in flowing oxygen for 12 hr
and slowly cooled to room temperature. A
portion of the quenched x = 0.10, 0.15, and
(.20 samples was annealed under 215 bars
oxygen at 600°C for about 8 hr and slowly
cooled to room temperature, and the x =
0.125 and (.175 sampies were annealed un-
der 200 bars oxygen at 910°C for about 8 hr
and slowly cooled to room temperature.

Powder X-ray Diffraction

An X-ray diffraction data set suitable for
Rietveld (7) refinement was collected for
each sample. A Rigaku diffractometer with
nickel-filtered CuKe radiation was used to
collect the data. Silicon (99.99999) was
used as an internal standard. Data were col-
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lected from 10 to 80° 28 with a step of 0.02°
and a collection time of 10 sec at each step.
A 50-kv acceleration voltage and 20-mA ex-
citation current were used. Rietveld tech-
nigues were used to determine the lattice
constants for each sample.

Neutron Diffraction

The Intense Pulsed Neutron Source at
Argonne National Laboratory was used to
coliect time-of-flight data on a 7-g polycrys-
talline sample of La, 4sSr, ,:CuSn0O;. Data
were collected for 6 hr on a sample that was
at room temperature and ambient pressure,
The data set from d = 0.623 to 2.970 A was
analyzed by Rietveld methods (8, 9). Sixty-
four parameters were refined, which in-
cluded scale factor, diffractometer con-
stant, zero-point error, background, peak
shape, unit cell and positional parameters,
isotropic thermal factors, and absorption
and extinction parameters. The coherent
scattering lengths used for La, Sr, Cu, Sn,
and O were 8.24, 7.02, 7.72, 6.23, and 5.80
fm, respectively (10).

Susceptibility Measuremenis

A Quantum Design Corporation MPMS
SQUID susceptometer was employed to re-
cord magnetic data. Data were collected
with a {-kG applied field between 35 and
300 K. The measurements were performed
on finely ground samples that were con-
tained in sealed gelatin capsules. The data
were corrected for the diamagnetism of the
sample holder. A platinum metal standard
was used to calibrate the instrument.

Resistivity Measurements

Four-probe resistivity measurements
were performed on sintered polycrystalline
samples x = 0,00 and 0.15. Copper leads
were attached with silver paint. A constant
excitation current of 2.5 wA was applied for
the former sample and 100 uA for the iatter
sample. Resistance was monitored with a
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digital multimeter. Data were recorded from
300 to 240 K for x = 0.00 and 300 to 80 K
for x = 0.15.

Thermogravimetric Analysis

A DuPont 9900 thermogravimetric analy-
sis system was used to determine oxygen
content. Samples were heated from 25 to
1050°C at 10°/min under a 30 cc/min flow of
8.5% hydrogen in helium. At least two runs
were performed for each sample. A profile
of the empty platinum pan was recorded
before each run and was subtracted from
the profile of the sample.

Mdossbauer Spectroscopy

Maossbauer Spectroscopy Consultants
provided '"*Sn analyses of x = 0.00 and
0.15. Data were collected for about 12 hr on
each sample. BaSnO, was used as a refer-
ence material.

Results

Solid Solution and Structure

Strontium is soluble in La,_ Sr.CuSn
Og_ 2.5 in the range 0.00 < x < 0.175; an
impurity of SrSn0Q, is present in the x =
0.175 diffraction patterns. Figure | demon-
strates that the » and c lattice parameters
increase up to x = 0.175 and the a lattice
parameter decreases linearly from x = .00
to x = 0.175. The overall unit cell volume
remains nearly the same. No extension of
the solubility limit was observed for the
samples annealed under high oxygen
pressure.

The structure of La, 3Sr, ;sCuSn0O, was
refined by Rietveld analysis of neutron dif-
fraction data. The structure of the undoped
material served as a model (/). The refine-
ment converged to reliability factors (/1)
R, = 29%, R,, = 44%, Ry = 42%,
Rpiee = 7.8% with R,,, = 2.6%. The atomic
positions and other crystallographic infor-
mation are presented in Table I. The ob-
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FiG. 1. Lattice constants, volume pert perovskite unit
(ABO;), and maximum temperature at which antiferro-
magnetic order exists versus strontium content for
La;_ 5r,CuSn0,. Magnetic measurements were per-
formed on samples that were quenched in air (*) and
that were slowly cooled under high oxygen pressure
().

served, calculated, and difference patterns
and allowed reflections are displayed in Fig-
ure 2. The A-O bond distances are shown
in Table II. Complete list of B-O distances
and their changes from La,CuSnQ, are pre-
sented in Table III. A labeled view of the
structure appears in Fig. 3.

The important differences relative 1o the
parent are the increase of the in-plane Cu-0
bond lengths (I2), the decrease in axial
Cu-0 bond lengths, and the slightly flat-
tened CuQ,-» and SnQ,, planes. The longer
copper oxygen bonds and the flattened cop-
per—oxygen planes result in an increase of
the 6 and ¢ lattice parameters. Similarly,
the decreased axia! bond lengths resuit in a
decrease of the a lattice parameter.
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TABLE 1
CRYSTALLOGRAPHIC DATA FOR Laj ¢Sy ;CuSnQg”

Atom Site xia (ox) yib (ay) zic (a7) B(AY(oB) Occupancy
Lal/Srl 2e 0.2126(5) 3 0.2808(7) 0.72(9) 0.925-0.075
La2/Sr2 2¢ 0.2010(5) H 0.7696(7) 0.59(8) 0.925-0.075
La3/5r3 2e 0.7565(5) 3 0.7838(6) 0.74(9) 0.925-0.075
Lad/Srd 2e 0.7694(5) H 0.2743(6) 0.82(9) 0.925-0.075
Cul 2a 0 0 0 0.66(8) 1
Cu2 2c 0 v} i 0.34(R) 1
Snl 2b i 0 0 0.22(9) 1
Sn2 2d H 0 % 0.48(10) 1
0l 4f 0.0350¢4) —0.0307(5) 0.2501(5) 0.34(7) 1
o2 4f 0.2677(4) —0.0472(6) —0.0485(6}) 0.69(8) 1
a3 4f 0.27294) 0.0502(6) 0.5518(6) 0.84(8) 1
04 4f 0.4314(4) 0.0454(5) 0.2498(0) 0.65(8) 1
Q5 2¢ 0.0280(7) E 0.0321(8) 0.86(10) 1
06 2e 0.4603(7) 1 —0.0745(7) 0.92(11 1
07 2e 0.5804(8) i (0.5244(7) 0.27(9 1
08 2e —-0.0173(6) % 0.4727(T) 0.09(10) 1

4 Space group P2,/m with a = B.4735(10), b = 7.8322(9). ¢ = 7.8336(9) A, A = 91.005(1)°, and

Z =4,

Redox Chemistry

Thermogravimetric analysis (TGA) on
each sample (0.00 = x = 0.15) indicated
no statistically stgnificant deviation from an
overall oxygen content of 6.00, as shown in
Fig. 4. The overall reaction is

Laz_xsr_‘,cusn06_xf2+6 + (3 - x + S)Hz_)
I — (x/2)La,0; + x/2 85,500, + |

— (x/2)Sn% + Cu® + 3 — x + &H,0 1.

(1

The presence of $n® and Sr,Sn0O, was con-
firmed by X-ray diffraction. An equal mix-
ture of the two products was observed when
Sr8Sn0, was reduced in a hydrogen/helium
mixture. Strontium is quite electropositive,
therefore it stabilizes tin(IV}) in the highly
reducing atmosphere. From the TGA re-
sults, we conclude that an amount of cop-
per(IE) equal to the amount of strontium (x)
is oxidized to copper(lll}, and the amount
of oxygen incorporated into the structure
from the air during synthesis (8) is equal to
one-half the strontium content (x/2) for all
values of x.

Mossbauer spectroscopy confirmed that
the tin is exclusively tetravalent in the x =
0.00 and 0.15 samples. The isomer shift rela-
tive to BaSnQ; is 0.09 mm/sec for x = 0.00
and 0.11 mm/sec for x = 0.15. There is a
small quadropole splitting for both samples
(0.70 and 0.71, respectively).

Properties

Thc moments on the copper atoms in La,
CuSnQ, are antiferromagnetically coupled
and display an order temperature of about
230 K. The maximum in magnetic suscepti-
bility versus temperature is broad, which
is characteristic of two-dimensional order.
The strength of the magnetic interactions
decreases as strontium is introduced, as
shown in Fig. 1. The maximum remains
quite broad and the magnetic interactions
persist even at x = 0.15; see Fig. 5. The
figure also illustrates the difference in pro-
files when the sample is field cooled versus
zero field cooled.

La,CuSnOy is an intrinsic semiconductor.
A plot of log conductivity versus inverse
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FiG. 2. Observed (+), calculated (solid line) and difference (below) neutron diffraction pattern for
La,_,Sr,CuSn0Qy. The tic marks indicate the allowed reflections in space group P2,/m.

temperature, shown in Fig. 6, is linear. The
activation energy is about 0.3 ¢V, and the
resistivity at room temperature is about
2000 @ - cm. La, 4Sry 15CuSnOg appears to
be a heavily doped semiconductor. The
activation energy is about 0.08 eV, and the
resistivity at room temperature is about 50
Q-cm.

TABLE 11
A-O BoND TISTANCES? 1IN La 551q;:CuSn(y

Lal/Srl-O4  2.467(5) x 2 La3/Sr3-01  2.48%5) x 2
05 2.476(8) 07 2.50(7)
-08 24817 02 2.6236) % 2
Ol 2.672(4) % 2 ~06  2.76X7)
—03  2.67%6) x 2 ~04 28185 x 2
05 2.986(8)
~08 31277
La2/Sr2-03  2.403(6) x 2 Lad/Srd =08 2.363(7)
06 2.495(7) 0> 2.394(6) x 2
05 2.547(8) 07T 235U
-0l 2.639(5) x 2 03 2745 % 2
02 2785 % 2 ~05  2.9238)
08 2.946(7) -0l  3.155(6) x 2
04 3.284(5) % 2

2 For oxygen atoms within 3.5 A. Bond distances in angstroms.

Related Systems

No evidence of superconductivity was
observed in La, M. CuSnO¢_ ., (M =
Ca, Sr, Ba: 0 = x = 0.40). Each material
was screened with an ac susceptometer,
which was calibrated with the superconduc-
tor YBa,Cu;0;_,. In the calcium-doped
samples, the increases of the # and c lat-
tice parameters arc less than for the stron-
tium-doped samples; however, the mag-
netic order temperatures are consistently
higher than for the strontivm doped sam-
ples. Figure 7 summarizes the structural
and magnetic data for the calcium-doped
series.

The following systems have been investi-
pated in an attempt to alter the crystal
chemistry and physical properties of La,
CuSnQy. Each resulted in mixture of sev-
eral phases for every value of x. The
target compounds were La,CuSn,_, Al O
{p-type), La, ,Ce.CuSnO; and La,Cu
Sn;_ . Sb, O (#-type), and La,CuSn,_, Ti, O
{isoelectric). The isoelectric substitution
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TABLE III

B-0 BoND DISTANCES® AND ANGLES FOR

La, 451,,CuSn® AND THEIR CHANGES FROM
La,CuSnO,

Bond Distance Change Bond Angle  Change

Cal -05  1.988(1) 0.003 Ol-Cul-02 89.32) -0.7

—01 199LA) 0.003  OL1-Cul-05 B2 -0

02 23363) -0.031 02-Cul-05 86.4(2) 0.6

Cuz -0B  1.975(1) 0.004 0i-Cul-03 88.5(2) 0.3

Ol 20004 -0.003 O1-Cu2-08 88.5(2)  —0.1

03 23734 -0.022 03-Cu2-08 85.6(2) 0.2

Snl -0 2.03K3) 0.007 02-5n1-04 85.5(2) 0.6

-06  2.069(2) 0.001 02-5n1-06 8. —0.7

04 2084 0000 Q4-8nl-06 86.8(2) 0.2

S$n? -03 20139 —0.010 0O3-5n2-04 84.5() -0.5

-04  2.066(4) 0.000 03-512-07 83.7(2) 0.4

07 2.08(2) —0.002 0Qa-Sn2-07 89.4(2) 0.3

Cul-01-Cu2  157.9(2) 11

Cul-02-§n1  151.8(2) 0.6

Cuz-03-5n2  149.9(2) 1.2

5n2-04-Snl  141.6(2) 0.7

Cul-05-Cul  160.2(4) 0.5

Sn2-06-Snl 142,62} 0.8

Sn2-07-Sn2  140.4(3) 1.0

Cu2-08-Cuz  165.1(3) 2.5

“ For oxygen atoms within 3.5 A.
? Bond distances in angstrems and bond angles in degrees.

was an attempt to decrease the average
bond length in the tin—oxygen layers and
allow the copper-oxygen bond lengths to
shorten.

Discussion

Crystal Chemistry

The structure of La, 4Sr,sCuSnQyg is
very similar to the parent and is best de-
scribed as a 2a, X 2a, %X 2a, distorted
perovskite that contains distinct copper-
oxygen and tin-oxygen layers. Two types of
cation size mismatches are present in the
compound: (1) A cation—B cation and (2)
copper-tin. The first mismatch is three-di-
mensional and places the Cu-O and Sn-0O
bonds under compressive stress and places
the La—O bonds under tensile stress. The
mismatch can be quantified in terms of the
Goldschmidt (13) tolerance factor adapted
for A,B'B"Q, compounds

Fi1G. 3. Structure of La, g;Sry sCuSnQO; viewed down
the b axis. The filled circles are cations, and the open
circles are anions.

t=(ry + ro)
V2U((rg + rg)l2) + ro), (2)

in whichr,, ry, rp , and rg-are the ionic radii
{{4) of the ions. A value less than unity
implies the B—O bonds are under compres-
sion and the A-O bonds are under tension.
The value for La,CuSnQg is 0.930. The
stress on the bonds is partly relieved by tilts

6.10

6.05 -

6.00

Oxygen Content

5.90

.60 0.05 0.10 0.15
Strontium Content (x)

FiG. 4. Total oxygen content versus strontium con-
tent for La,_,Sr,CuSn0;. The error bars are the stan-
dard deviation of at least two determinations.
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F1G. 5. Magnetic suscepiibility versus temperature
for La, g8y 15CuSn0; when field cooled (O) and zero
field cooled (*). The inset shows reciprocal susceptibil-
ity versus temperature for both samples.

of the BO, octahedra. The tilts within the
metal-oxygen framework are denoted
a b*c” in the notation introduced by
Glazer (15). A polyhedral representation of
the structure, as viewed down each of the
principal axes, is shown in Fig. 8. The tilts
reduce the coordination number of each lan-
thanum from 12 {4 + 4 + 4), found in an
ideal perovskite, to 8 for Lal (4 + 2 + 2),
SforLa2 (4 + 4 + 1), 10forLa3 (4 + 2 +
4), and 9 for Lad (4 + 4 + 1) (/6}. The tilts
also buckle the copper—oxygen and tin-
oxygen planes.

The second mismatch is two-dimensional
and compromises the metal-metal and
metal-oxygen distances in the tin—and cop-
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Fi1G. 6. Log conductivity versus reciprocal tempera-
ture for La;CuSnQy (*) and La, gsSry (sCuSnOq (O),
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Fis. 7. Lattice constants, volume per perovskite unit
(ABO,), and maximum temperature at which antiferro-
magnetic order exists versus strontium content for
La,_,Ca,CuSn0y.

per—oxygen nets. The mismatch ({7) across
the interface of the two nets is accommo-
dated by a compression of the tin—oxygen
net and an expansion of the copper-oxygen
net. The metal-metal distance is about
3.90 A within both nets. The additional
compressive stress on the tin—oxygen octa-
hedra causes them to further tilt about [010]
and [001l]. The tensile stress on the cop-
per—oxygen octahedra causes a decrease in
their tilt angle, and elongates the in-plane
copper—oxygen bonds (to an average
1.99 A), but, as a result of the A—B mis-
match, the layers remain buckled.

An additional factor, owing to the
Jahn—Teller ordering of localized Cu dx? —
y*electrons, likely contributes to the overall
monoclinic symmetry (/8). When there is
an A—B size mismatch, as in La,CulrOq (19),
the Jahn~Teller ordering coupled with rota-
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{010]

[001]
_ + -

Fic. 8. Metal-oxygen polyhedra for La,CuSnQ,
viewed down the three primary axes. The sign indicates
the relative tilt of octahedra along the indicated axis.
Shaded polyhedra are CuO, and unshaded polyhedra
are SnQy.

tions of the BO, octahedra reduce the sym-
metry to monoclinic.

Properties

For the composition La,_ Sr,CuSn
O¢_,215. there are three possibilities: (1)
strontium is not incorporated into the struc-
ture and various phases result, (2) strontium
is incorporated into the structure and oxy-
gen defects are created (& << x/2), or (3)
strontium is incorporated into the structure
and it oxidizes the compound (§ = x/2,
p-type doping). For x = (.15, the last occurs,
strontium is incorporated into the structure
and the compound is oxidized. Evidence for
this includes the change of lattice parame-
ters, the lack of impurities in the X-ray dif-
fraction pattern, the large decrease in re-
sistivity, and the overall oxygen content of
6.00. The possibility of oxidation of the cop-
per by the mechanism

2Cu"t + Sn'V — 2Cu" + Sn!'  (3)

is expected to be unfavorable, and Méss-
bauer results confirm that it does not occur
for x = 0.00 or x = 0.15. Therefore, the
tin 55 orbitais lie higher in energy than the
copper 3d manifold as expected.

Structure—Property Relationships

The structural features of La,  Sr,
CuSnQ, (namely, copper—oxygen planes)
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are similar to high-temperature cuprate su-
perconductors, yet the physical properties
are quite different. The phase remains semi-
conducting even at strontium concentra-
tions that produce superconductivity in
other layered cuprates. We assert that the
reason is the interleaved tin-oxygen layers
significantly change the crystal chemistry
and dramatically alter the electronic struc-
ture of the copper—oxygen planes. To deter-
mine the effect of ¢rystal chemistry on the
structure and properties, we compare the
system to the layered cuprate La,CuQ,. We
detail the differences of crystal chemistry,
present the Cu 4-0O 2p band region in La,
CuQy,, and examine the effect the inter-
leaved tin-oxygen layers have on the
Cu d-0 2p band region in La,CuSnQ,. Fi-
nally, we present two models of the elec-
tronic structure of La,CuSnO,. Calcula-
tions of the electronic structures of La,CuQ,
and La,CuSnO, were performed using the
Extended Hiickel implementation of tight
binding theory (20).

L. Crystal chemistry of La,CuSnO; and
La,CuQ,. The crystal chemistry of La,
CuSnOy is quite different from La,CuQ,.
In La,_,Sr.CuQ,, the in-plane Cu-O bond
lengths decrease approximately 0.02 ang-
stroms, owing to depletion of electrons from
the filled lower Hubbard band (described in
the next section), and the axial bond lengths
(and dz’ orbitals) are little affected (27, 22).
In La,_ Sr,CuSn0Q,, the in-plane Cu-QO
bond lengths increase and the axial bond
lengths decrease approximately 0.03 A. If
the electronic structure of La,_ Sr,CuSnO,
were similar to La,_ Sr.CuO,, with in-
creased strontium ¢entent we would expect
the in-plane bonds to decrease, the axial
bonds to be little affected, the antiferromag-
netic interactions to diminish, and the com-
pounds to superconduct.

2. Electronic structure of La,CuO,. A
schematic band structure diagram for La,
CuQ, appears in Fig. 9a, where we have
focused on the Cu d-orbital region. The
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UHB (empty)

LHB (full}

b di?

Energy (eV)

‘g

FiG. 9. {a) Schematic band structure diagram (d-
orbital region) for La,CuO, before correlation splitting.
(b) Schematic band structure diagram after correlation
splitting. “'UHB"" designates upper Hubbard band and
“LHB’’ designates lower Hubbard band.

band formed by overlap of the Cu dx? —
y? orbitals with O 2p orbitals lies higher in
energy than the dz? orbitals. In the simplest
model (23), both lie higher in energy than
the Cu 1, band. The splitting of the dx? — y*
and dz? bands results from the Jahn—-Teller
instability of the d* Cu(Il) center. The half-
filled band for dx? — y? and the large elec-
tron—electron repulsion, U, in the undoped
material results in the formation of a
Mott-Hubbard (antiferromagnetic) insula-
tor. The dx? — 3? band splits into a filled
lower (LHB) and empty higher energy band
(UHB), with a significant correlation gap
between them; see Fig. 9b. Doping this com-
pound with Sr’* relieves the instability of
the half-filled band at the copper center by
removing electrons from dx? — y* and thus
generates a metallic (superconductive) state
in La,_,Sr,Cu0, for 0.05 < x < 0.20. Within
the Hubbard framework, the metallic state
is possible in doped compounds when the
band width associated with Cu dx? -
v}0 2p overlap, W, is larger than the elec-
tron—electron repulsion, U/, or in a mixed-
valent system (W = UJ) provided W is large
enough for small-polaron motion to go to
itinerant-electron behavior (24).

3. Effect of crystal chemistry on the rela-
tive energy of the dx? — v? and dz* bands in
La,CuSnQyg. The band structure diagram for
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the Cu d-orbital region of La,CuSnO, has
the same general features as for La,Cu0O,
because both contain 4° Cu(ll); see Fig.
10a. Both contain a half-filled Cu dx? — y?
band that lies higher in energy than the dz°
band, but, in La,CuSnO, three crystal
chemical effects conspire to reduce the en-
ergy separation between the dx* — y* and
dz® bands:

(1} A-B size mismatch;

(2} copper—tin size mismatch;

(3) tin—oxygen lattice relaxation caused
by introduction of divalent metal atoms (Sr,
Ca).

All three decrease the overlap of the Cu
dx? — y* and O 2p orbitals, which relieves
the antibending character of the half-filled
dx* — v band and reduces its energy (from
our tight binding calculation, the energy is
reduced from -12.0 eV in La,CuO, to
—12.3 eV in La,CuSnQOy). The three de-
crease the overlap of the Cu dx* — y? and
O 2p orbitals in the following manner: the
first buckles the Cu-0y,; planes (158-165°
in La,CuSnO, compared to 178° in ortho-
rhombic La,CuQ,), the second elongates
the in-plane Cu-0O bonds (1.989 A average
in La,CuSnO, compared to 1,907 A average

UHB (empry)

ny dz?
LHB (full)

Energy (V)

2

FiG. 10. {a) Schematic band structure diagram (d-
orbital region) for La,CuSnOq before correlation split-
ting. {b) Schematic band structure diagram after corre-
lation splitting. “UHB"" designates upper Hubbard
band and ““LHB"’ designates lower Hubbard band.
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in La,CuQ,), and the third decreases the
A-O bond strength and allows the SnO,;,
layers to expand slightly, which places addi-
tional tensile stress on the Cu-O bonds. The
severely bent copper—-oxygen sheets result
in a narrower dx? — y? band (0.56 eV ¢com-
pared to 0.81 ¢V in La,CuQ,). In addition
to the reduction of energy of the dx? — y?
band, the first mismatch raises the energy
of the dz? band. It compresses the axial cop-
per-oxygen bonds approximately 0.02 A
compared to La,CuQ,, increases the over-
lap of Cudz?and O 2p orbitals, and accentu-
ates the antibonding character of the dz’
band.

4. Electronic structure of La,CuSnOy.
When the correlation splitting is introduced,
the relative position of the dz? and lower
dx? — y? (lower Hubbard band) bands is
in question, owing to the reduced energy
separation between them. The dz? band ei-
ther lies below the lower Hubbard band
(model 1, Fig. 9b) or lies between the upper
and lower Hubbard bands (model 2, Fig.
10b). Either model can potentially explain
the increased in-plane bond lengths, de-
creased axial bond lengths, and persistence
of antiferromagnetic order upon oxidation
by strontium.

For model 1, electrostatic factors over-
ride electronic effects and lead to an elec-
tronic structure similar to that shown for
La,CuQ,; see Fig. 9b. The A-B and Cu-Sn
mismatches along with the lattice relaxation
prevent the expected decrease in Cu~Q
bond lengths even though the electrons are
removed from dx? — y2. The smaller size of
copper(Ill) as compared to copper(ll}
allows a decrease in the axial Cu-0O bond
lengths.

For model 2, ¢lectrostatic and electronic
factors are synergistic. The correlation split-
ting forces the lower Hubbard band below
the filled dz2 band, shown in Fig. 10b, Upon
oxidation of copper, electrons are removed
from the d7? band, and, because the dz? or-
bitals are included in antibonding interac-
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tions with the axial oxygen atoms, the axial
Cu-0 bond distances decrease. The purely
electronic model predicts no change in the
in-plane bond lengths or angles because the
dx® — ¥*/O 2p antibonding interactions are
not relieved. However, the b and ¢ lattice
parameters increase, thus the Cu-0O bond
lengths increase and/or the Cu-O planes
flatten (/2). The tin—oxygen lattice relax-
ation brings about the increased bond
lengths and/or the flattened planes.

Regardless of the position of dz? with re-
spect to the dx? — y? band, tin has a pro-
found effect on the physical properties. The
chemistry of tin prohibits the decrease of
the in-plane copper—oxygen bond lengths,
which keeps electron—electron correlations,
{/, larger than the dx? — ¥* band width, W,
a situation that is consistent with an antifer-
romagnetic semiconductor.

Conclusions

InLa,  Sr,CuSnOq¢_,;,5.theincrease of
the b and ¢ lattice parameters (parallel to the
copper—oxygen planes) and decrease of the
a lattice parameter (nearly perpendicular to
the planes) upon addition of strontium is
manifested by electrostatic and electronic
factors, rather than strictly electronic. The
material has been made p-type and pro-
gresses from an intrinsic to a doped semi-
conductor; however, p-type superconduc-
tivity does not appear likely in the system
because the mismatch between the tin— and
copper—oxygen layers elongates the cop-
per—oxygen bonds and keeps the elec-
tron—electron correlations larger than the
width of the dx? — y*band. The tin is neces-
sary to stabilize the layered arrangement of
B cations (/), but also appears to be detri-
mental to superconductivity.
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