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Oxides of the general formula La,_,.Sr,.Cul" MYO,

(M=Ti, Mn, Fe, or Ru), crystallizing in the tetragonal K,NiF,
structure, have been synthesized. For M=Ti, only the x=0.5
member could be prepared, while for M¥=Mn and Fe, the com-
position range is 0<x<1.0, and for M=Ru, the composition
range is 0<x < 0.5. There is no evidence for an ordering of
Cu(IT) and M(IV) in the x=0.5 members. While the members
of the M=Ti, Mn, and Ru series are semiconducting/insulating,
the members of the M =Fe series are metallic, showing a broad
metal-semiconductor transition around 100 K for 0<x < 0.15
that is possibly related to a Cu(II)-O-Fe(IV) < Cu(III)-
O-Fe(III) valence degeneracy. Increasing the strontium content
at the expense of lanthanum in La,_,Sr, Cu,_.Fe O, for
x < 0.20 renders the samples metallic but not superconducting.
© 1997 Academic Press

INTRODUCTION

After the discovery of high Tc superconductivity in the
alkaline-earth metal substituted La,CuOy4 (1, 2), substitu-
tion of a wide variety of metal atoms at the lanthanum and
copper sites of both the parent La,CuO4 and superconduct-
ing La,_,Sr,CuO4 have been investigated (3,4). Here
we report a new kind of substitution in La,CuQO4 that
involves both the lanthanum and the copper sites, viz.,
Las—5.Sr,Cuy-xM,O4, where M is a metal such as Ti,
Mn, Fe, or Ru that takes quadrivalency. The motivation of
this work is two-fold. The first is to find out whether charge-
compensated substitution of tetravalent M atoms at the
copper sites in Las - 2,Sr2xCuy - M O4 would produce an
ordering of Cu and M atoms. Ordering of Cu(II) and M (IV)
is known in La,CuMOg (M = Ti, Mn, Sn) perovskites giv-
ing rise to novel superstructures (5, 6). The second, more
important, motivation is to find out whether the substitu-
tion of transition metal M(IV) atoms, such as Mn(IV),
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Fe(IV), or Ru(IV), in the CuO, sheets would produce
a Cu(Il)-O-M(IV) < Cu(IIl)-O—-M (III) valence degener-
acy. Valence degeneracy between Fe(II)-O—Re(VI) in
Ba,FeReOg and between Fe(II)-O-Mo(VI) in 4,FeMoOs
(A = Ca, Sr, Ba) perovskites gives rise to interesting metallic
and ferrimagnetic properties (8). Among the several M
atoms investigated by us in the La;-2,Sr2,Cui-M,O4
series, we find that the members of the M = Fe series show
a metallic behavior and a broad metal-semiconductor
transition at T < 100 K in the limited composition range
0 < x <0.15, that is probably related to a Cu(I)-O-
Fe(IV) < Cu(IlI)-O—Fe(I1l) valence degeneracy.

EXPERIMENTAL

Samples of La,—2,Sr2xCuy M, O4 for M =Ti or Ru
were prepared by mixing stoichiometric quantities of high-
purity La,O3, SrCO3, CuO, and TiO; or RuO; ( >99%,
purchased from Fluka/Aldrich). Pressed pellets of the oxides
were reacted at 1150°C for 48 h with one intermediate
grinding. Samples of La, - 2,Sr2,Cuy —xMO4 for M = Mn
or Fe were synthesized by dissolving stoichiometric pro-
portions of La,O3, SrCO;, and Mn(C,04)-2H,O or
Fe(C,04)-2H,0 in 8 M nitric acid. The homogeneous solu-
tions of metal nitrates were dried and slowly decomposed at
600°C for 6 h. The powders were pressed into pellets and
sintered at 1150°C for 48 h with intermediate grinding and
pelletizing. The oxygen content due to higher oxidation
states of the transition metals was determined by iodometric
titration using KI (9).

The oxides were characterized by X-ray powder diffrac-
tion (XRD) using (JEOL JDX-8P X-ray powder diffracto-
meter, CuKo radiation). Unit cell parameters were derived
by least-squares refinement of the powder diffraction data
using the PROSZKI program (10). For selected samples,
electron diffraction patterns were recorded using a JEOL
JEM 200-CX transmission electron microscope.

Electrical resistivity measurements were carried out on
sinterd pellets by a four-probe technique in the temperature
range 300-15K using a closed-cycle helium cryostat.
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DC magnetic susceptibility measurements were made in the
300—-15 K range using a Lewis Coil magnetometer (George
Associates, Model 2000).

RESULTS AND DISCUSSION
Synthesis and Structural Characterization

Solid solutions corresponding to the composition,
Las_2,Sr2xCuy - xM;Oy4, could be readily prepared for
M = Mn and Fe (0 < x < 1.0) and Ru (0 < x <0.5). For
M = Ti, only the x = 0.5 member, LaSrCuo.5Tio.504, could
be prepared. All the products are single-phase materials as
revealed by powder XRD, crystallizing in K;NiF4-like
structures. Typical XRD patterns of a few representative
members of Las - 2,Sr2.Cu;y - MO, (M = Ti, Mn, Ru, and
Fe) are shown in Figs. 1 and 2. While the compositions with
x > 0.1 are tetragonal (I4/mmm), presence of an orthor-
hombic distortion is clearly seen in the members with
x = 0.05.

Iodometric titration show that the samples are
nearly stoichiometric having the expected oxygen content
close to 4.0 per formula unit in most of the cases, excepting
those with M = Fe for x > 0.25. This reveals that the solid
solutions could be formulated as Las—2,Sr2,Culf- . MY Oy,
for M = Mn, Ru, or Ti. For M = Fe, this formula holds
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FIG. 1. X-ray powder diffraction patterns of (a) LaSrCug 50Tip 5004,
(b) Lay.90Sr0.10Cu0.905sMng 0504, (¢) LaSrCug 50Mng 5004, and
(d) Lay g0Sr0.20Cu0.00RUg.1004.
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good up to x = 0.20; for x > 0.25, the samples are oxygen-
deficient indicating that not all the Fe is present in the
tetravalent state. Annealing in oxygen at 900 as well as
400°C did not improve the oxygen stoichiometry of Fe
containing samples with x > 0.25.

The compositions and the refined tetragonal lattice para-
meters are given in Table 1. We do not see extra reflections
(other than those expected for the K;NiF4 structure) in the
XRD patterns of La, - 2,Sr2,Cuy -« MO, (M = Ti, Mn, Fe,
or Ru) indicating the absence of a superstructure due to
long-range ordering of Cu and M atoms. This is further
confirmed by electron diffraction (ED) investigations. The
[001] and [100] reciprocal sections of LaSrCug.5Tio.5004
(Fig. 3) reveal a tetragonal K,NiFy-like structure without
any superlattice ordering.

While the variation of Ilattice parameters of
Las—5,Sr;,Cuy—xM,O4 with x for M = Mn and Ru does
not show an obvious anomaly (Table 1), we do find an
anomalous behavior for the M = Fe system (Fig. 4). The
a parameter decreases with x showing a minimum at
x = 0.15; for x > 0.15, the a parameter increases, while the
¢ parameter and the c¢/a ratio continuously decrease with x.
Considering the lattice parameters of the end members
(LazCuQy, pseudotetragonal a = 3.810 and ¢ = 13.15 A
(11); Sr2FeOy, a = 3.863 and ¢ = 12.406 A (12)), one would
have expected a continuous increase of a and decrease of
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FIG. 2. X-ray powder diffraction patterns of La,_,.Sr,,Cu;_,
Fe,O,_, members: (a) x=0.05, (b) x=0.10, (c) x=0.50, and
(d) x=0.75.
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TABLE 1
Lattice Parameters and Oxygen Contents of Las_».Sra,
Cu,-.M.O, (M=Mn, Ru, Fe) Members

. Oxygen
Lattice parameters (A)  content”
Compound a ¢ y
La, 90Sr0.10Cu0.05sMng 050, 3.794(1) 13.146(4) 4.00
Lay 56St0.20CUg.00Mng 100, 3.793(1) 13.139(4) 401
LaSrCuq_soMng 500, 3.807(1) 12.745(1) 3.99
Lay 90Sr0.10Cu.05RUg,050," 3.794(1) 13.179(5) 4.00
La, 40S10.20CU¢.90RU0 100, 3.795(1) 13.175(3) 3.99
LaSrCuy_50Tig.500, 3.818(1) 13.003(5) 4.00
La, 90Sro.10Cu.05F€0.050,” 3.795(1) 13.164(5) 4.00
La; g0Sr9.20Cug.90F¢€0.100, 3.787(1) 13.173(5) 4.00
Lay 10Sr0.30Cu0.s5F€0.150, 3.782(1) 13.169(4) 4.00
Lay 60S10.40Cu0.50F€0.200, 3.784(1) 13.168(4) 4.00
La, 50S1r0.50Cug.75F¢0.250, 3.786(1) 13.166(3) 3.94
LaSrCuy_ soFeq. 500, 3.802(1) 12.956(3) 3.90
Lag 50511 50Cuo.25Fe0.750, 3.832(1) 12.678(5) 3.80

“Determined by iodometric titration.
b Pseudotetragonal cell parameters are given here. The real cell is most
likely orthorhombic.

¢ with x across the series Las—2.Sr,Cu; - Fe,O4. The
anomalous variation of lattice parameters signals a complex
behavior presumably arising from the electronic configura-
tion of Fe(I'V). We shall offer an explanation for the anomal-
ous variation of lattice parameters together with the electri-
cal and magnetic properties of M = Fe system in the next
section.

Electrical and Magnetic Properties

The electrical and magnetic properties  of
Las - 2,S1r2,Cuy - M.O4 members show an interesting vari-
ation that reflects the effect of aliovalent M(IV) cation
substitution at the Cu sites of La;CuQOy4. The x = 0.5 mem-
ber of M = Ti phase, LaSrCuo.5Tip.504, shows the ex-
pected semiconducting (pzook ~ 6.5 x 10> ohm/cm) and
paramagnetic behavior which is understandable in terms of
random substitution of diamagnetic Ti(IV):3d° cations at
the Cu(Il):3d° sites in La,CuQ,. The temperature vari-
ation of the susceptibility (Fig. 5) after correcting for core
diamagnetism (13) is Curie—Weiss-like below 220K;
the yar' versus T plot shows a small positive curvature at
T > 220 K. The experimental Curie constants, Cyr, 0.058 at
T <220K and 0.045 at T > 220K, are considerably
smaller than the ideal value (0.187) expected for isolated
Cu(Il): 3d° configuration. The low moments are consistent
with a random distribution of Cu(II) and Ti(IV) atoms at
the octahedral sites of La,CuO,4/K,;NiF4 structure, which
would give rise to a finite fraction of Cu—O-Cu interac-
tions. It is noteworthy that the magnetic behavior of
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FIG. 3. Electron diffraction patterns of LaSrCug s50Tip.5004. Zone
axes are (a) (001) and (b) (100).

LaSrCug.sTio.504 is different from that of La,CuTiOg (14)
and La,Ba,Cu,Ti,O11-5(15) in that the ya' versus T plots
of the latter oxides show a negative curvature at low temper-
atures.

The electrical resistivity (p) behavior of La,_,.Srax
Cu; - MO4 for M = Mn(IV) and Ru(IV) is similar; p in-
creases with x indicating that the charge carriers are increas-
ingly localized. The activation energy(E,) derived from log p
versus T~ ! plots (Fig. 6) also increases with x (Table 2). The
results reveal that Cu(Il)-O-M(IV)-O—Cu(Il) (M = Mn,
Ru) interactions are insulating in nature for both Mn(IV)
and Ru(IV) in the sense that they do not permit an itinerant
electron transport. The results reveal that charge-coupled
substitution of Mn(IV) and Ru(IV) at Cu(Il) sites in
La,CuOy4 localizes the charge carriers and that the
Cu(II)-O-M (IV) interactions in Laz_2,Sr2xCuq-x MOy
(M = Mn, Ru) do not permit an itinerant electron trans-
port.
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FIG. 4. Variation of the unit cell parameters (a, ¢) and c/a ratio of
La, _,.Sr,.Cu, _,Fe,O4_, with x.

Interestingly, the electrical resistivity behavior of the
La, 5.Sr2,Cuy - Fe,O4 system is different. For x < 0.15,
the resistivity decreases and for x > 0.15, it increases with x.
The temperature dependence of the resistivity (Fig. 7) shows
that the samples are metallic for T > 100 K; at lower tem-
peratures, there is an upturn of the resistivity plot indicating
a metal-semiconductor transition that occurs over a wide
temperature range. The sample with x = 0.15 shows the
lowest resistivity and its temperature dependence is metallic
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FIG.5. Plot of inverse molar magnetic susceptibility (y') versus
temperature (T') for LaSrCug soTiy.5004. Inset shows the corresponding
o versus T plot.
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FIG. 6. Plots of log resistivity (logp) versus inverse temperature
(T for La, »,Sr,,Cu; MO, (M = Mn, Ru). (a) M = Ru; x = 0.05,
(b) M = Mn; x = 0.05, (c) M =Ru; x =0.10, and (d) M = Mn; x = 0.10.
Inset shows the corresponding data for M = Mn; x = 0.50.

for T > 80 K. For T < 80 K, this sample also shows a slight
upturn in the resistivity curve indicating the tendency to-
ward semiconducting behavior. Clearly the Fe(IV)-O-
Cu(II) interaction in this composition range is itinerant.
There is a striking correlation between the lattice parameter
variation (Fig. 4) and electrical resistivity behavior in this
system. Thus, there is a decrease in the a parameter which
parallels the decrease in resistivity with x up to 0.15; the
x = 0.15 sample which shows the lowest resistivity also has
the smallest a parameter (3.782 A).

It is most likely that both the variation of lattice
parameters and the electrical resistivity of Laj- .Sty
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FIG. 7. Plots of resistivity (p) versus temperature (T) for La, _,,Sr,,
Cu;_,Fe O,4. (a) x=0.05, (b) x =0.10, (c) x =0.15, (d) x =0.20, and
(e) x = 0.25. Inset shows the corresponding data for x = 0.50.
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TABLE 2
Electrical Resistivity and Magnetic Susceptibility Data for La,_, Sr,.Cu,_ .M, O, (M=Ti, Mn, Ru, Fe) Members
P300k E, Cy (exp) Cy (calc)
Compound (ohm.cm) (eV) (emu.K/mole) (emu.K/mole)
LaSrCuyg 50 Tig.5004 6.50 x 10? 0.12 0.045 (300220 K) 0.187
0.058 (220-20 K)
La;.90Sr0.10CUg.05Mng o504 5.00x10°1! 0.02
La; 0Srg.20Cug.9oMng 1004 1.00 x 101 0.05
LaSrCuq. s0Mng 5004 440x 103 0.18 1.18 (300-100 K) 1.125
Lay 9¢S10.10Cu.05RU.0504 1.90x 107! 0.02
La; g0Sro.20Cug.0oRUg 1004 0.15x 10* 0.03
LaSrCug soRug. 5004 1.00 x 102 0.13
La;.90Sr0.10CUg.05F€0.0504 1.40x10~2 Metallic
La; 70Sr9.30Cug.gsFeq.1504 230x1073 Metallic 0.49 (300-120 K) 0.77
0.35 (12020 K)
Lay 60S10.40Cu0.80F€0.2004 5501073 0.002
LaSrCuq s0Feq.5003.0 2.70x 1071 0.05 1.58 (300-200 K) 1.68

Cu; —xFe,O4 have their origin in the electronic struc-
ture/configuration of Fe. Chemical titrations (Table 1) show
that there is no oxygen nonstoichiometry for x < 0.20. This
result is consistent with either Cu(Il) + Fe(IV) or
Cu(III) + Fe(III) valence states. We believe that the former
valence combination is more likely because of the itinerant
electron conduction of the samples in this composition
range.

Fe(IV):3d* in perovskite and related oxides has been
known to show a rich variety of electronic configurations
giving rise to a diversity of electrical and magnetic proper-
ties. For example, Fe(IV) has the high-spin configuration
3,6% (localized t,, and itinerant e, electrons) in SrFeO;
that makes it antiferromagnetic (Ty = 134 K) and metallic
down to 4 K (16). CaFeOs, on the other hand, is antifer-
romagnetic (Ty = 116 K) and insulating, and these proper-
ties have been attributed to the valence disproportion,
2Fe(IV) (13,0*" )= Fe(IIl) (t3,e7) + Fe(V)(t3,) (17). Fe(IV)
in Sr2FeO,4 has been assigned the high-spin t3,¢} configura-
tion (localized t,, and e, electrons) that is consistent with its
antiferromagnetic (Ty = 60 K) and insulating properties
(12). In both SrFeO; and Sr,FeO4, the high-spin
Fe(IV):3d* configuration appears to be heavily admixed
with the O 2p —» Fe 3d charge-transfer configuration
(d°L™%; L =ligand), as revealed by photoemission and
Mossbauer spectroscopy results (12, 16). This mixing of d*
and d°L~' configurations presumably suppresses the
Jahn-Teller distortion giving nearly regular FeOe octa-
hedra in both SrFeOs and Sr;FeO4. On the other hand,
isolated Fe(IV) as in SrLaMgq.sFeo.504 gives rise to elon-
gated FeOs octahedra that has been attributed to the high-
spin t3,d?- electronic configuration (18).

For small values of x in the series
La,_,Sr2xCuy —<Fe,O4 investigated here, if we assume
that Fe exists as Fe(IV), it would substitute at the Cu(II)

sites of highly distorted (axially elongated: Cu-O bond
lengths 4 x 1.9037 A; 2 x 2.424 A (11)) CuO¢ octahedra of
the La,CuOy structure. Accordingly, the most probable
configuration of Fe(IV) in this composition range would be
t3,4d:>. The decrease of the a parameter (while the ¢ para-
meter remains unchanged) could be understood in terms of
this electronic configuration. Both the smaller radius of
Fe(IV) (as compared to that of Cu(ll) (radius of
Fe(IV):0.55 A (18); radius of Cu(II):0.73 A (19)) and the
absence of electrons in the dy2-,2 orbital would ensure
highly covalent Fe—O bonds in the xy-plane resulting a
contraction of equatorial Fe—O bond lengths, while
maintaining the axial Fe—O bond lengths. Concomitant
with the change of lattice parameters, we find a decrease
in electrical resistivity and a change-over to metallic
behavior in the Laz-2.Sr2:Cui—Fe,O4 system
for x <0.15, which signal a highly covalent Cu(II)-
O-Fe(IV) interaction that delocalizes the charge carriers.
This itinerancy of charge carriers implies that there is no
correlation energy associated with electron transfer from
Cu to Fe and vice versa. Accordingly, the energy involved
for the charge-transfer

Cu(II)-O-Fe(IV) < Cu(II1)-O—Fe(III) }
tggdfzd}cz,yz + t%gd;zd;)z,yz(—)tggdfzdngyz + [%gdzlzd}cziyz

[1]

would be nearly zero. This situation would correspond
to a valence degeneracy between Cu(Il) + Fe(IV) and
Cu(III) + Fe(II). Valence degeneracy that results in metal-
lic and ferrimagnetic properties has been known in the
perovskite oxide, Ba,FeReOg, wherein the valence states
of Fe(Il) + Re(VI) are considered degenerate with
Fe(III) + Re(V) (7).



174

T

0.010

0.008

? (ohm.cm)
o)
o
IS)
[s]
T

0.004
0.002 ©
0.000 L L -
0 100 200 300
T{K)
FIG.8. Plots of resistivity (p) versus temperature (7) for
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(¢) y=0.20, and (d) y = 0.30. Inset shows the corresponding data for
Lay 60Sr0.40Cuo.85F€0.1504.

The variation of lattice parameters and the change-over
to insulating behavior of La;-2,Sr;,Cu;_Fe,O4 for
x > 0.15 is difficult to rationalize on the basis of the limited
experimental data available. One possibility is that for
x > 0.15, the degenerate valence states represented by [1]
shifts toward the right, stabilizing Cu(III) and Fe(III). The
increase of a, the decrease of ¢ and the consequent overall
decrease of c/a in the system (Fig. 4) together with the
insulating behavior are consistent with Cu(IIl) + Fe(III)
valence states, both of which do not support a Jahn—Teller
distortion.
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FIG. 9. Plots of inverse molar magnetic susceptibility (y;') versus
temperature (T) for (a) LaSrCuy s50Mng 5004, and (b) LaSrCug so
Feg.5004-,. Inset shows the corresponding y,, versus T plots.
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We have investigated the effect of hole doping in
Lai.80S10.20Cu0.90F€0.1004 and La.70S10.30Cu0.85F€0.1504
by substitution of additional Sr?* for La®* that gives
La(l.SO—y)Sr(O.ZO+y)Cu0.90FeO.1004 and La(1.70—y)sr(0.30+y)
Cuo.ss5Feo.1504 for y = 0.1, 0.2, and 0.3. From the resistivity
plots (Fig. 8), we see that this doping renders the samples
metallic but not superconducting. Obviously, the presence
of Fe(IV) (containing unpaired d electrons) at the Cu(II/11I)
sites of CuO, sheets in the La,CuQOy structure is detrimen-
tal to the formation of superconducting electron pairs.

We have investigated the magnetic susceptibility of
LaSrCuo,sMno‘sO‘; and LaSrCuo‘sFeo,5047y (y ~ 01) in
an attempt to probe the nature of magnetic interactions in
these systems. From the ya' versus T plots (Fig. 9), we see
that the susceptibility behavior of the Mn compound at
T > 120 K is Curie—Weiss-like, the experimental Cys value
of 1.18 is comparable to the calculated value of 1.125 assum-
ing Cu(Il): 3d°® and Mn(IV):3d? configurations. Similarly,
the experimental Cys value of 1.58 for the Fe compound is
closer to the Cys value calculated for Cu(Il) + Fe(IV) (1.68)
than the value calculated for Cu(IIl) + Fe(III) (2.69) con-
figurations.

The low-temperature magnetic susceptibility behavior of
these oxides is different. The Mn oxide shows a broad
antiferromagnetic cusp in the ya versus T plot (Fig. 9) at
T ~95K, while the corresponding iron oxide shows
a slight enhancement of the susceptibility at T < 60 K. The
magnetic behavior of the Mn oxide, LaSrCug.sMng.504, is
surprising at first sight, because the corresponding three-
dimensional perovskite La,CuMnOs is known to be fer-
romagnetic due to a positive 180° Cu(Il)-O-Mn(IV)
interaction (20). Presumably, the antiferromagnetic
Cu(II)-O-Cu(Il) and Mn(IV)-O-Mn(IV) interactions
dominate over the ferromagnetic Cu(II)-O—-Mn(IV) inter-
action because of a random distribution of Cu(II) and
Mn(IV) in the layered oxide. An explanation for the low-
temperature magnetic behavior of LaSrCug.sFeo 504y is
not straightforward in view of the presence of an oxygen
deficiency in the sample; the oxygen deficiency would intro-
duce mixed-valent states for both copper and iron.

CONCLUSION

In summary, we have shown that it is possible to synthe-
size new series of K, NiF4-like oxides of the general formula,
Las - 2,S1r5,Cull- MY Oy, for MY = Ti, Mn, Fe, or Ru by
the coupled substitution of 2Sr + M" for 2La + Cu" in the
La,CuOQy structure. For M = Mn and Fe, the composition
range extends 0 < x < 1.00, while for Ru, it is 0 < x < 0.50
and for Ti, only the x = 0.50 member could be prepared.
While the M = Ti, Mn, and Ru members are insulating, the
M = Fe members for x < 0.15 are metallic showing a broad
metal-semiconductor transition at T < 100 K. For x >
0.20, members of the M = Fe series show a semiconducting
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behavior. The results suggest that the Cu(Il)-O-M(IV)
interactions are insulating for M = Ti, Mn, and Ru, while
the Cu(II)-O-Fe(IV) interaction is itinerant for x < 0.15.
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