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Ruddlesden—Popper (RP) phases with the formula (CaO)(CaMnQOs3),, where n = 1, 2, 3,
and o, have been prepared using the Pechini citrate gel process at temperatures as low as
900 °C under flowing oxygen. The compounds were characterized by X-ray powder
diffraction, Rietveld profile analysis, thermal gravimetric analysis, iodometric titrations,
Mn K-edge X-ray absorption spectroscopy, temperature-dependent magnetic susceptibility,
and resistivity. Rietveld analysis shows that there is an elongation in the apical Mn—0O
distances of the MnOg octahedra, which increases with decreasing dimensionality. Mn
K-edge X-ray absorption spectroscopy and iodometric titrations show no detectable amount
of Mn3* (a Jahn—Teller distorted d* ion) in the samples indicating that the MnOsg deformation
may be associated with a splitting in the half-filled tyq levels of Mn**. Magnetic susceptibility
measurements show spontaneous magnetic ordering to antiferromagnetic states at ~125 K
for CaMnO3; and Ca;Mn3030 and at ~110 K for Ca,MnO, and CazsMn,0;. The effective
magnetic moment is greatly suppressed in all of the RP manganates, even in the three-
dimensional CaMnOs, n = « phase, and decreases dramatically with decreasing dimensional-
ity. Large deviations from Curie—Weiss behavior are observed above the ordering
temperature, which increase with decreasing n. These observations are discussed in terms
of two-dimensional magnetic fluctuations and alternative mechanisms. The compounds are
all poor electronic conductors with room-temperature resistivities in the range of 102—-10*
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Introduction

Since the discovery of a large magnetoresistance effect
in La;—xAxMnO3 (A = divalent cation),! a significant
research effort has been directed toward the synthesis
and characterization of new compounds, particularly
manganates, which exhibit giant magnetoresistance
(GMR) or colossal magnetoresistance (CMR).2 The
impetus for such an effort lies in the vast potential in
revolutionizing our existing magnetic storage and re-
trieval technologies.®* Despite the amount of research
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being conducted in this area, the GMR—CMR phenom-
ena are still poorly understood.

It has been suggested that a double-exchange mech-
anism is responsible for the coexistence of ferromagnetic
and metallic properties in manganate perovskites.>
This double-exchange mechanism requires mixed-valent
manganese (Mn3*, Mn**) to be present as in the case of
La;xSrkMnOs;. However, recent reports on the observa-
tion of GMR effects in the pyrochlore TI,Mn,0,%7 (with
manganese exclusively in its tetravalent state) could not
be rationalized on the double-exchange model. Clearly,
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Figure 1. Structural representation of the Ruddlesden—Popper series, where A = Ca and B = Mn in this case.
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the importance of mixed-valency and crystal structure
in manganates with GMR properties is not well under-
stood.

As part of our current efforts in understanding the
evolution of electronic properties as a function of mixed-
valency and dimensionality, we have undertaken a
detailed examination of the structure and electronic
properties of the Ruddlesden—Popper (RP) phases (CaO)-
(CaMnO3)n (n = 1, 2, 3, ©).811 Figure 1 shows the
structures of the RP phases for n =1, 2, 3, and  (from
left to right). The n = o and n = 1 compounds (CaMnO3
and Ca;MnOy, respectively) can be considered as the
end-members of the RP series. The n = « compound
has a perovskite-type structure, characterized by a
three-dimensional (3D) array of corner sharing MnOg
octahedra. The n = 1 compound forms with the two-
dimensional (2D) K;NiF,-type structure with CaMnOg;
perovskite layers alternating with CaO rock salt layers.
In the n = 2 (CasMn;0;) and n = 3 (CasMn301p)
compounds two and three CaMnOs perovskite layers are
interconnected by corner-sharing MnOg octahedra, re-
spectively. One of the important aspects of this series
is that manganese remains tetravalent for all values of
n; therefore, the electrical and magnetic properties can
be studied as a function of dimensionality (i.e. n) while
the formal valence of manganese remains fixed at 4+.

The entire RP series of calcium manganates has
previously been prepared but at high oxygen pressure.!2
In addition, the magnetic properties of the compounds
synthesized by high oxygen pressure have been
studied.’?2714 A recent structural and magnetic proper-
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ties study of the Ca4Mn30;9 suggested it to be a new
GMR material.’® More recently Battle et al. showed
that CasMn30;1p orders spontaneously at 115 K most
likely with a G-type antiferromagnetic ordering.
This paper details the synthesis and characterization
of (CaO)(CaMnOs3), (n =1, 2, 3, ) materials prepared
by the Pechini citrate gel technique.l’®> This study is
published as part 1 of a systematic study of the
relationship of valence and structural dimensionality to
magnetoresistance phenomena in RP manganates.

Experimental Section

Synthesis. All starting materials were a minimum of
reagent grade purity. The molecular weight of Ca(NO3),:4H,0
(Aldrich, 99+%) was checked immediately before reaction by
decomposition to CaO with a TA Instruments thermal gravi-
metric analyzer (model 2050). Mn(NOs), (Aldrich) was pur-
chased as a 49.7% w/w aqueous solution. To prepare the
calcium manganates, appropriate stoichiometry of metal ni-
trates were dissolved in 25 mL of distilled water. An excess
of citric acid (Aldrich, 99.5+%) and ethylene glycol (Aldrich,
99+%) was added, and the mixture was stirred mechanically
for 10—15 min. Several drops of concentrated nitric acid were
added to prevent precipitation of Ca(OH),. The mixture was
then slowly heated on a hot plate to remove the water and
form a gel. Care should be exercised at this step, as the
addition of too much nitric acid could result in self-
ignition of the mixture. The gel was then placed in a
furnace and heated slowly to 500 °C to decompose the nitrates
and ignite the carbonaceous material. The decomposed gel
was removed from the furnace when the resultant ash stopped
glowing. The ash was then ground and pressed into pellets
using a Y/»-in. diameter die under a pressure of 7000 psi. The
pellets were then fired at 1200 °C in flowing oxygen for 12 h.

LaMnO; and LaCaMnO, were synthesized for the Mn
K-edge X-ray absorption spectroscopy (XAS) measurements
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Table 1. Lattice Parameters for the Calcium Manganate RP Phases

compd a(A) b (A) c(A) space group Mn valence?
Ca;MnO4P 5.18334(5) (5.183(1)) 24.1023(5) (24.117(4)) 14,/acd 4.0
CasMn,O+* 3.68338(8) (3.71) 19.5748(8) (19.50) 14/mmm 3.96
CasMn301¢ 5.2492(5) (5.26557(12)) 5.2407(5) (5.26039(11)) 27.119(2) (26.8276(5)) Pbca 4.02
CaMnOz 5.2770(2) (5.279(1)) 7.4510(4) (7.448(1)) 5.2643(2) (5.264(1)) Pnma 3.96

a From iodometric titration; error is £0.01. Values of the lattice parameters in parentheses were taken from the following: ref 21; cref

10; dref 14; eref 20.

(see below). Stoichiometric quantities of La,Os (Cerac, 99.99%,
dried in air at 800 °C), Mn(NOs3), (and Ca(NOs3),*4H,0 for
LaCaMnOQy) were dissolved in a minimum (typically 50 mL)
of dilute (~2 M) nitric acid to which citric acid and ethylene
glycol were added. The solution was heated on a hot plate to
give a gel which was decomposed to a powder by further
heating to 500 °C as described above. To prepare LaCaMnQy,,
the resultant powder was heated at 1200 °C under flowing O,
for 12 h. LaMnO3 was prepared by firing the powder in air at
1100 °C for 12 h, followed by heating under flowing Ar at 1200
°C for 12 h.

Thermal gravimetric analysis (TGA) of the product was
carried out on approximately 10—15 mg of sample, which was
placed on a platinum pan and heated to 950 °C at 10 °C/min
in flowing N, or Oz (50 cm®min). The oxidation state of
manganese was determined by iodometric titration employing
an amperometric dead-stop end-point detection, using the
technique described by Licci et al.*®

X-ray Absorption Spectroscopy (XAS). The Mn K-edge
XAS measurements were performed on beam line X-19A at
the Brookhaven National Synchrotron Light Source using a
double crystal Si(311) monochromator. Electron yield, fluo-
rescence mode,'” and transmission mode measurements were
made and all were checked for consistency. A standard was
run simultaneously with all measurements for precise calibra-
tion. The relative energies between various spectra were
established by careful comparison of the standard spectra.
Particular care was taken to use the identical standard sample
maintained in a constant position to accurately calibrate the
chemical shift results. In general, the relative accuracy of the
energy is about £0.05 eV. The absolute energy of the spectra
is pinned to the first inflection point of pure Mn (6539.0 eV)
and to the main peak of MnO (6555.0 eV). All spectra were
normalized to unity step in the absorption coefficient from well
below to well above the edge.

Powder X-ray diffraction (PXD) was obtained with a
Scintag PAD V diffractometer with monochromatized Cu Ka
radiation and a liquid-nitrogen-cooled Li-drifted germanium
detector. Samples were ground with silicon as the internal
standard and placed on glass slides with petroleum jelly.
Lattice parameters were refined with a least-squares fitting
program. In addition, Rietveld profile fitting'® of the room-
temperature PXD data was completed using the program
GSAS.1°

Magnetic Susceptibility (y). Temperature-dependent y
measurements were obtained using a Quantum Design SQUID
magnetometer (MPMS) over the temperature range 10—350
K in an applied field of 15 000 G.

Electrical resistivity (p) measurements as a function of
temperature were made with a standard four-probe method
in an APD Cryogenics closed-cycle helium refrigerator. Ul-
trasonically drawn indium wires were attached to sintered
polycrystalline samples, with silver paint.
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Figure 2. Schematic representation of the synthetic method
used in this study.

Results

Synthesis. Pure phase samples of the (CaO)-
(CaMnO3), (n = 1, 2, 3, «) series have been prepared
using the Pechini gel method®® as summarized sche-
matically in Figure 2. Although phase formation occurs
as low as ~900 °C, the crystallinity of the phases greatly
improved when heat treated at 1100—1200 °C. All
samples in this study showed neither gain nor loss of
weight up to 1000 °C in O, or N, atmospheres. lodo-
metric titrations confirmed that all the calcium man-
ganate samples contained manganese in the 4+ oxida-
tion state (Table 1).

Structure. The PXD data, refined profiles, and
difference plots for Ca;MnQO,4, CazMn,07, CasMnz01o,
and CaMnOjs; are shown in Figures 3. The lattice
parameters, summarized in Table 1, are consistent with
earlier data,121420.21 except for those of the n = 3 phase
(to be discussed latter). The backgrounds of the PXD
data in the Rietveld refinements were fitted with an
8-term Chebyshev polynomial, and a pseudo-Voigt func-
tion was employed to model the peak shapes. The initial
positional parameters for CaMnO3, Ca;MnQ,, and Cas-
Mn3zO;0 were taken from previous studies.1#2021 For Cas-
Mn,0O7, the initial parameters were taken from the
study of Sr3Ti,07.22 In the case of CaMnO3, CazMn,0x,
and CaysMn30,9, physically sensible isotropic tempera-
ture factors could not be refined and so the values were
fixed at 0.01 A2 in the final refinements. The param-
eters obtained after the refinements converged are listed
in Tables 2—5. The Mn—0 distances and Mn—O—Mn
angles for the series are shown in Table 6. There are
two distinct Mn—O distances for CaMnO3; which show

(20) Poeppelmeier, K. R.; Leonowicz, M. E.; J. C. Scanlon, M. E.;
Longo, J. M.; Yelon, W. B. J. Solid State Chem. 1982, 45, 71.

(21) Leonowicz, M. E.; Poeppelmeier, K. R.; Longo, J. M. J. Solid
State Chem. 1985, 59, 71.

(22) Ruddlesden, S. N.; Popper, P. Acta Crystallogr. 1958, 11, 54.
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Table 2. Atomic Parameters for CaMnO3; Refined in the
Space Group Pnma?

Fawcett et al.

atom site X y z

Ca 4c 0.0272(9) 0.25 —0.007(2)
Mn 4b 0 0 0.5
0O(1) 4c 0.487(3) 0.25 0.085(4)
0(2) 8d 0.289(3) 0.023(3) —0.289(3)

aRp =1.96%, Ryp = 2.47%, and %2 = 1.26 for 7499 observations
and 23 variables.

Table 3. Atomic Parameters for Ca,MnO4 Refined in the
Space Group l4;/acd?

atom  site X y z 100U;s, (A2)
ca 16d O 0.25 0.55095(9) 0.3(1)
Mn 8a 0 0.25 0.375 1.0(2)
o1) 16d 0 0.25 0.4600(3) 0.7(1)
0() 16f 0.215(1) 0.465(1) 0.125 1.5(3)

aRp = 2.96%, Rwp = 3.77%, and y2 = 1.345 for 7499 observations
and 22 variables.

Table 4. Atomic Parameters for CazMn,0O; Refined in the
Space Group 14/mmm?2

atom site X y z
Ca(1) 2b 0 0 0.5

Ca(2) 4e 0 0 0.3114(2)
Mn 4e 0 0 0.0977(3)
0O(1) 2a 0 0 0

0(2) 89 0 0.5 0.0871(5)
0O(3) 4e 0 0 0.2047(8)

aRp = 2.79%, Rup = 3.92%, and y2 = 2.679 for 7499 observations
and 19 variables.

Table 5. Atomic Parameters for Ca;Mn3010 Refined in
the Space Group Pbca?

40t .

20

15.0
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Counts x10° (arb. units)
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80r
4.0: { N L.Al ] ;-

20 40 60 80
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Figure 3. Observed (+) and calculated (solid line) X-ray
diffraction patterns for (from top): Ca,MnQO,, CasMn,0;, Cau-
Mn3010, and CaMnOs. The difference plot is located at the
bottom of each figure. Tic marks represent allowed reflections.

atom site X y z
Ca(1) 8c 0.502(6) 0.499(8) 0.0710(4)
Ca(2) 8c —0.003(5) —0.009(11) 0.2072(3)
Mn(1) 4b 0 0.5 0

Mn(2) 8c 0.505(5) —0.005(8) 0.1380(3)
0O(1) 8c 0.490(16) 0.007(13) 0.068(1)
0O(2) 8c 0.510(12) —0.007(13) 0.2272(8)
0O(3) 8c 0.807(9) 0.211(4) 0.119(1)
O(4) 8c 0.210(13) 0.789(4) 0.152(1)
O(5) 8c 0.293(13) 0.289(4) —0.006(2)

Table 6. Mn—0 Bond Distances (A) and Mn—O—Mn Bond
Angles (deg) for the Calcium Manganate RP Phases

aRp = 1.91%, Ryp = 2.92%, and 2 = 4.561 for 7999 observations
and 37 variables.

little variation from each other (1.89(2) and 1.919(5) A).
The bond angles for CaMnOj; deviate just slightly from
90 and 180°, which is in agreement with the results of
a previous single-crystal structure analysis.?! With
decreasing dimensionality, there is increasing distortion
in the MnOg octahedra characterized by a lengthening
of the bond between manganese and the apical oxygens.
The Mn—0 bond distances for the other end-member,
Ca,MnOy, are 1.849(2) and 2.046(6) A. The CazMn,0-
structure has three distinct bond distances (1.853(1),
1.918(6), 2.09(2) A) with the longest distance again
between the manganese and apical oxygen atoms.
There are nine distinct Mn—O distances in CasMn301p
which vary from 1.84(3) to 2.42(2) A. 1t should be noted
that while the positions of oxygen obtained from powder
X-ray diffraction studies are not generally very reliable
in an absolute sense, they can be used with some
confidence to analyze trends in bond distances and bond
angles.

XAS. Figure 4 shows a comparison of the Mn K-edge
X-ray absorption spectra of the RP phases (CaO)-

CaMnO3
Mn—0(1) x2 1.919(5) Mn—0O(1)—Mn 152(1)
Mn—0(2) x4 1.89(2) Mn—0(2)—Mn 159.6(8)
CazMnO4
Mn—0(1) x2 2.046(6) Mn—0(2)—Mn 164.8(7)
Mn—0(2) x4 1.849(2)
CagMn207
Mn—0(1) 1.918(6) Mn—0O(1)—Mn 180
Mn—0(2) x4 1.853(1) Mn—0(2)—Mn 167.5(8)
Mn—0(3) 2.09(2)
CasMn3049
Mn(1)-O(1) x2  1.84(3)  Mn(1)—O(G)-Mn(1)  159(3)
Mn(1)-O() x2 1.87(5)  Mn()-O(1)-Mn(2)  175(5)
Mn(1)-0(5) x2 1.90(6)  Mn(2)-0O(3)-Mn(2)  142(2)
Mn(2)—0(1) 191(3)  Mn(2)-O(4)-Mn(2) 151(3)
Mn(2)—0(2) 2.42(2)
Mn(2)—0(3) 1.86(4)
Mn(2)—0(3) 2.02(5)
Mn(2)—0(4) 1.92(6)
Mn(2)—0(4) 1.94(6)

(CaMnOs3), or Can+1MnOsnt1 (N = 1, 2, 3, and «), the
formally Mn3* and Mn** perovskites (n = ©) LaMnO3
and CaMnOs, respectively, and the n = 1 RP phases
LaCaMnO4 and Ca,MnOg4. In Figure 4 the preedge a
feature, near 6545 eV, should be noted in all of the
spectra. Figure 5 shows the preedge a features for
LaMnOg3, CaMnOg3, LaCaMnQy4, and Ca;MnO,. In Fig-
ure 6, the preedge regions of the four RP calcium
manganates studied in this paper are displayed.
Magnetic Susceptibility. Figure 7 shows the molar
magnetic susceptibility (ym) vs temperature plots for
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Figure 4. Comparison of the Mn K-edge spectra of the RP
phase (CaO)(CaMnO3), (n =1, 2, 3, and ) or Can+1Mn,Ozn+1
compounds, the formally Mn3*/Mn** perovskite (n = o, RP)
LaMnO3z/CaMnQO3; compounds, and the n = 1, RP Ca;MnO.,/
LaCaMnO, compounds.

T
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Absorption Coeff.
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Figure 5. The preedge a features for the pure Ca and La
substituted n = 1 and n = o RP phases. The level of La
substitution generates formally Mn3* from the initially formal
Mn*" RP compounds. Note the very similar decrease in the a
feature (d final state related) spectral weight consistent with
a strong d character of the La-doped electrons.

CaMnOs3;, CasMn3019, CazMn,07, and Ca,MnO4. The
magnetization measurements were made in a field of
15 000 G, similar to the measurements made by Mac-
Chesney et al.’2 The results are discussed in terms of
the magnetic susceptibility y = M/H. In the ordered
phases, the 15 000 G field yields results which could,
in principle, differ from the low-field limit of the
susceptibility if the spin canting in the antiferromag-
netic phases is nonlinear. All of the susceptibility
results have been reduced to the units of emu/mol of
Mn so that the Mn magnetic response between the
various systems can be compared directly. All of the
compounds show magnetic ordering. The CaMnO3; (n
= o) and CasMnz019 (n = 3) ordering temperatures
(both about 125 K) can be identified by the inflection in
the M(T)/H vs T curves, while CasMn,O; (n = 2) and
Ca;Mn0O,4 (n = 1) show antiferromagnetic ordering at
~110 K. In Figure 8 an expanded view of the T > Ty
range of Figure 7 is presented. Figure 9 shows the
temperature dependence of the reciprocal susceptibility,
+~1, for all the RP phases studied here; the dashed line
in the figure indicate the Curie—Weiss law (CW)
behavior.
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Figure 6. The preedge regions of the RP phase (CaO)-
(CaMnOs)s (n = 1, 2, 3, and ). In this expanded view it is
clear that there is an unresolved bimodal character to this
feature with the two components being labeled by al and a2.
This splitting is strongest for the n = 1 material and weakens
progressively inthen =2, n=3,and n = o,
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Figure 7. Magnetic susceptibility y = M/H for the (CaO)-
(CaMnO3), (n =1, 2, 3, and ») RP phases studied in this work.

Electrical Resistivity. All samples in the series
have high room-temperature resistivities varying from
~102 to 10* Q cm. Figure 10 shows the natural log of
the resistivity (In(p)) plotted as a function of reciprocal
temperature for Can+1MnyOszn+1 (N =1, 2, 3, and ). In
Table 7 the gap energy (A), the room-temperature
resistivity (prt), and the preexponetial factor (o) are
summarized.

Discussion

Synthesis. The Pechini method offers several ad-
vantages in this system. First, the citrate gel method
coupled with careful analysis of starting reagents allows
careful control over product stoichiometry. The method
also allows the synthesis of materials at lower process-
ing temperatures and with smaller particle sizes. The
materials prepared in this study could be formed at
temperatures as low as 900 °C. Most importantly, the
method allowed the preparation of the materials at
ambient oxygen pressures which is an inherent advan-
tage of the smaller particle size.
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Figure 8. Enlargement of the T > Ty region, showing the
susceptibility maxima at 210 K for n = 2 and at 228 K for n =
1. The vestige of a similar effect may be evidenced in the
inflection point near 164 K in the n = 3 system.
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Figure 9. Inverse susceptibility y~* = H/M. The dashed line
though the high-T data of the n = « system represents a CW
relation with ue = 2.60 ug and ® = 511 K. The dashed lines
for the other curves represent a CW relation always with ues
= 2.60 ug but with ® = 548, 714, and 1037 K for the n = 3, 2,
and 1 phases, respectively.

Structure. The Rietveld refinements show that
there is a trend toward greater distortion in the MnQOg
octahedra with decreasing dimensionality (i.e. with
decreasing value of n). The Rietveld fit of CaMnOs3 in
this study yields similar results to those of the single-
crystal structure published by Poeppelmeier et al.2% The
elongation of the apical Mn—0 bonds in Ca;MnQO4 has
been noted before by Leonowicz et al.?! although the
difference between the apical and equatorial Mn—0O
distances was not as pronounced in their study. Le-
onowicz et al. also reported the neutron and X-ray
powder structure determination of Ca;MnOs3 5 in which,
again, there are differences between the apical and
equatorial Mn—0O bond distances in the MnOg octahe-
dra.?® The Rietveld fit of the PXD data for Ca;MnO3s
showed a distortion similar to the one noted in the
Rietveld fit for Ca;MnO4 in this study (Table 6).
Clearly, a distortion of this type would be expected in
the Ca,MnO35 compound because the manganese va-
lence is formally 3+ and thus it corresponds to a Jahn—
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Figure 10. In(p) vs reciprocal temperature for (CaO)-
(CaMnOs)n (N =1, 2, 3, and ).

Table 7. High-Temperature Fit of the Data to the
Activated, p(T) = po exp[A/T], Form

RP phase A (K)2 orT (Q cm) po (€2 cm)
Ca;MnOy4 1620 (0.14) 1.1 x 104 55
CasMn;07 1550 (0.134) 1.3 x 108 6.0
CasMn3010 1120 (0.0966) 8.32 x 102 23
CaMnOg3 717 (0.0618) 12.3 1.2

2 Values in parentheses are given in units of eV.

Teller distorted d* ion. However, the Mn K-edge XAS
spectrum of Ca;MnQy, clearly indicates that the man-
ganese valence is at or close to 4+. A Mn3®" induced
Jahn—Teller distortion measurable by X-ray diffraction
would require a much higher concentration of Mn3*
than that which is observed. The lengthening of the
apical Mn—0O bond can then be attributed to the
environment of the oxygen. The oxygen atom in the
apical site is only bonded to a single manganese atom
while the equatorial oxygen atoms are bonded to two
manganese atoms. The lengthening of the apical Mn—0O
bonds will also lead to a splitting of the tyy orbitals with
the dyx, and dy, orbitals being stabilized relative to the
dyy orbitals, which leads to a lowering of the electronic
energy for the d2 configuration.

The Rietveld analyses of the n = 2 and 3 members of
the RP series were complicated by hkl-dependent peak
broadening. This indicates that there are defects in
these compounds that need further investigation. How-
ever, our structural study using powder X-ray diffrac-
tion shows that the trend in the distortion of the MnOg
octahedra found in Ca;MnQy is continued. The length-
ening of the apical Mn—0O distances is most pronounced
at the edge of the perovskite-like (CaMnO3), slabs
neighboring the rock-salt-like CaO layers. In Cas-
Mn,0O, the apical Mn—0O(3) bond (2.09 A) which is
directed into the CaO rock-salt-like layer is longer than
the apical Mn—0O(1) bond (1.918 A) which is directed
into the center of the perovskite-like (CaMnQ3), slab
(Table 6). For CasMnz0;30 the Mn(2)—0(2) bond (di-
rected into the CaO layer) is longer than the other Mn-
(2)—0 bonds. Conversely, the Mn—0 bond lengths in
the MnOg octahedra at the center of the 3-layer per-
ovskite-like slabs are all essentially equal (d(Mn—0) =
1.84(3) A x2,1.87(5) A x2,1.90(6) A x2) (Table 6). One
reason for the distortion in the MnOg octahedra is due
to the bonding requirements of oxygen. Within the
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perovskite-like slabs, the oxygen atoms are shared
between two manganese atoms, whereas at the edge of
the slabs the oxygen atoms are only joined to one
manganese atom. The results from our refinement for
CasMn30q9 are in agreement with Battle et al.}4 apart
from the anomalous Mn(2)—0O(2) bond length of 2.42(2)
A. Battle et al.14 obtained Mn(2)—0(2) distances of 1.95-
(1) and 1.891(5) A from X-ray diffraction and neutron
diffraction data, respectively. However, as noted above,
the propensity to form longer Mn—0 bonds neighboring
the rock-salt-like CaO layer is found also in the n =1
and 2 members of the RP phases. The discrepancies
between the two studies may be attributed to differences
in sample preparation and to our relatively poor X-ray
diffraction data. The significantly different lattice
parameters between our sample and that of Battle et
al. (Table 1), particularly the much longer ¢ axis of our
sample, also suggests different stoichiometries and/or
defect structures of the samples investigated. Further
structural studies using electron microscopy to analyze
defects combined with information on short-range order
from EXAFS or neutron scattering are needed to
investigate fully these trends.

XAS. In Figure 4, note (top) the strong chemical shift
between the Mn3*/Mn** perovskite material spectra
(LaMnO3/CaMnO3) is consistent with a formal valance
increase involving strong Mn-d-hole creation as was
emphasized by Croft et al.22 All of the Ca-based RP
compounds (middle) manifest very similar chemical
shifts consistent with a Mn-d count close to that of (top)
CaMnO3 and consistent with their identical 4+ formal
Mn valence. The Mn K-edge spectra of the pure and
50% La substituted 214 compounds are seen at the
bottom of the figure. The La substitution has clearly
induced a strong chemical shift to lower energy consis-
tent with the substituted electrons going dominantly
into the Mn-d orbitals. The preedge feature, noted in
the Mn K edge XAS in Figure 4, is related to transitions
into Mn d/d-p-hybridized final states and its intensity
variation is typically interpreted as scaling with the
Mn-d hole count. In Figure 5, the preedge a features
of the LaMnO3/CaMnO3; compounds and the Ca,MnO,/
LaCaMnO, compounds are separately superimposed.
The correlation of the preedge a-feature enhancement
with the increasing Mn-d hole count (i.e., upon replacing
La with Ca) has been discussed at length for the
perovskite series by Croft et al.2> The spectral changes
upon substitution of La for Ca in the 214 compound are
essentially the same as seen in the perovskite series.
Therefore the preedge feature variation reinforces the
interpretation that the La-doped electrons have strong
Mn-d character. Closer inspection of the Ca,MnO,4
spectrum in Figure 5 reveals a subtle low energy-
shoulder in its a feature. An even more subtle similar
structure in the CaMnOs3 a feature can also be dis-
cerned.

Since the preedge feature is due to transitions involv-
ing the empty 3d final states such preedge feature
splittings have been conventionally interpreted in terms
of 3d-state splittings. In TiO,, for example, the Ti K
preedge a feature exhibits a splitting which agrees very
well with the t,y—eq octahedral crystal field splitting (as

(23) Croft, M.; Sills, D.; Greenblatt, M.; Lee, C.; Cheong, C.;
Ramanujachary K. V.; Tran, D. Phys. Rev. 1997, B55 (14), 8726.
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well as manifesting an additional excitonic compo-
nent).2425 Also in the (Sr,La),FeO4 compounds the Fe
K preedge exhibits a splitting attributed by Omata et
al.?® to the tyy—eq splitting. And finally recent Mn K
edge studies of LixMn,0O4 batteries have manifested
strong t,g—eq preedge feature splittings.?’

Within this interpretation, the al—a2 splitting in
Figure 6 evidences a d-state splitting of about 2.6 eV in
Ca;MnO4 (n = 1). Presumably the gradual decrease of
this splitting with increasing n is due to the progressive
increase of dimensionality. Namely, for n = 1 the two
apical oxygens are elongated toward the CaO layers
relative to the equatorial oxygens. For the n = 2
material one of the apical oxygens is shared with
another Mn site similar to the perovskite, while the
other is bounded by a CaO layer. For the n = 3 material
the central of the three Mn layers is bonded above and
below like a perovskite with the CaO boundaries being
removed to the adjoining Mn-apical positions and so on,
until for n = « all Mn—0O bonds are equally shared.
Thus in the octahedrally coordinated perovskite a tog—
eg splitting is anticipated while in the n = 1 case an
additional splitting should spread the d-states over a
wider energy range with the other cases falling inter-
mediate. This trend is consistent with the qualitative
behavior observed in the al—a2 splitting. The intensity
variation in the al and a2 features, on the other hand,
involves more subtle issues such as the degree of
hybridized p (dipole allowed) character involved in these
final states and will not be addressed here.

Magnetic Properties. In Figure 7 the magnetic
susceptibility of the Ruddlesden—Popper (RP) phases
Can+1MnpO3n11 With n =1, 2, 3, and « show that the n
= o0 and n = 3 compounds spontaneously order both at
~125 K, in good agreement with previous work.12-14
Both the n = « and 3 compounds are known to order in
a simple G-type antiferromagnetic (AF) structure.8
The small ferromagnetic moment exhibited below the
AF ordering temperature for the n = o and n = 3
compounds is due to spin canting in the AF phase in
the external field. The low-field AC susceptibility work
of Rossell et al. manifested a sharp peak at the anti-
ferromagnetic transition (Ty) for the n = 3 compound?!3
as did the zero-field cooled low-field susceptibility of
Battle et al.'* Thus the disparity between these low-
field results and our 15000 G results mandates that
the spin canting in the n = 3 AF phase at least is
nonlinear.

The n = 1 and 2 susceptibilities exhibit strong
maxima at about 110 K which are assigned as their
approximate Tyn. These ordering temperatures are
consistent with previous work.'228 [t is worth noting
that the failure of the magnetic ordering temperature
to decrease with decreasing dimensionality from n = o
(3D) to n = 1 (2D) was the central point of the original
work by MacChesney et al.'?

(24) Poumellec, B.; Cortes, R.; Tourillon G.; Berthon, J. Phys. Stat.
Sol. 1991, 164, 319.

(25) Uozumi, T.; Okada, K.; Kotani, A.; Durmeyer, O.; Kappler, J.
P.; Beaurepaire, E.; Perlebas, J. C. Europhys. Lett. 1992, 18, 85.

(26) Omata, T.; Ueda, K.; Hosono, H.; Katada, M.; Ueda, N.;
Kawazoe, H. Phys. Rev. 1994, B49, 10, 194.

(27) Croft, M.; Bates, J. Unpublished results.

(28) Cox, D. E.; Shirane, G.; Birgenau, R. J.; MacChesney, J. B.
Phys. Rev. 1969, 188 (2), 930.
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Previous authors have commented on the unusual,
nearly temperature independent magnetic susceptibility
(for T > Ty) for the n = 1 material.2%3 However
previous work has failed to present the magnetic results
for all of these materials in a consistent emu/mol of Mn
form so that their magnetism could be compared di-
rectly. This has been done in Figure 7, which clearly
emphasizes that there is a systematic and large overall
depression of the Mn-magnetic response, inthe T > Ty
range, with decreasing n. The expected mean field CW
susceptibility for full-local-moment Mn*" (ues(full) =
3.87 ug) with ® = Ty = 125 K is also displayed in Figure
7. Figure 7 dramatically underscores that the Mn-
magnetic response, even in the pure 3D perovskite, is
substantially suppressed with respect to simple local
moment behavior, a point that seems to have escaped
comment in the previous work.

In Figure 8 (the expanded view of the T > Ty range
from Figure 7) the presence of subtle maxima in the ys
of the n = 1 and n = 2 compounds, well above their
ordering temperatures, is clearly visible. Indeed a
flattening in the susceptibility of the n = 3 compound,
very close to Ty, is suggestive of a vestigial maximum.
Since the canting yields a small FM signature at the
transition such a deviation from a monotonically in-
creasing slope just above Ty is not expected. The
susceptibility maximum in the n = 1 compound was
noted in the measurements of Davis (as cited in ref 12
and again in the paper by Lines®%). This maximum was
attributed to short-range fluctuations at temperatures
well above the ordering temperature in thisn =1, 2D
layered material.3® More recently quasi-2D magnetic
fluctuations above Ty (after the interpretation of Lines)
have been invoked for the n = 3 system.*

Goodenough discussed the nearly temperature inde-
pendent susceptibility of the n = 1, 2, and 3 materials
and speculated that these Mn compounds were close to
the critical covalency strength for the crossover from
local-moment behavior to itinerant moment behavior.
He cited the CW behavior of the n = « as evidence for
local moment behavior in the parent 3D perovskite.?®

To address the CW character (or more precisely its
absence) in our measurements we present in Figure 9
plots of the inverse susceptibility versus temperature
for all of the compounds measured. The dashed line
passing through the n = «, high-T data represents the
relation e = 4.34 ug and ® =511 K. The full moment
for Mn** is uer = 3.87 ug, and the reported ordered
phase moment (for the n = o compound) lies in the
range 2.4—2.6 ug so that the CW moment is apparently
an artifact of basically non-CW behavior. The © value
of 511 K is clearly anomalously high for a material with
Tn = 125 K as was underscored in Figure 7.

The n = 3 compound clearly has a more limited CW
region, and the dashed line tangent to the high-T data
represents a CW relation where 4 = 4.34 uB has been
fixed and ® = 548 K is found. The unrealistically high
® in this material was pointed out in ref 14 and
attributed to 2D fluctuations. It should be noted that
Battle et al. did not perform measurements on the 3D
n = oo material, for which our work shows a comparable

(29) Goodenough, J. Phys. Rev. 1967, 164, 785.
(30) Lines, E. Phys. Rev. 1967, 164, 736.
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(very high) ®. Thus the purely 2D fluctuation inter-
pretation for the high © is questionable.

The n = 2 and n = 1 compounds essentially show no
region of CW behavior in the temperature range con-
sidered. The high-T approach to the CW curves with
teif = 4.34 uB and ® = 714 and 1037 K, respectively, is
illustrated by the dashed lines in Figure 9. The suc-
cessively higher temperature at which the = curves
peal away from the CW straight-dashed lines and the
large vertical displacement with decreasing n of the 51
curves reflect the systematically decreasing Mn-mag-
netic response with increasing n.

The interpretation that the 2D magnetic fluctuations
increase as n decreases and as one approaches a single
2D Mn—0O plane (in the n = 1 limit) would appear
qualitatively consistent with the high-T magnetic evolu-
tion with increasing n. The substantial enhancement
in the energy scale of these short-range interactions,
with decreasing n, does however present a substantial
theoretical challenge to this interpretation. More im-
portantly our results emphasize that the 3D perovskite
CaMnOg; already has an anomalously high ® and low
magnetic response at high T. Moreover, our results
indicate that the increase of the ©, the suppression of
the Mn-magnetic response, and appearance of a high-T
susceptibility maximum all appear to grow continu-
ously, with decreasing n, out of the magnetically anoma-
lous 3D-perovskite parent.

Thus our data indicates that consideration of the
suppression of magnetic response, previously noted in
these Mn n =1, 2, and 3 RP phases should be extended
to the moment reduction in the parent 3D perovskite.
The interpretation of 2D magnetic fluctuations, while
reasonable as a partial explanation for this effect in the
n =1, 2, and 3 compounds, is not tenable in the 3D
perovskite parent. Indeed the question whether the 2D
fluctuations play an important role at all must be
critically reexamined. Perhaps the suggestion by Good-
enough?® that covalency induced loss of local moment
behavior or some similar method of moment reduction
should be reconsidered. The role of frustration should
also be considered, although nearest-neighbor AF in-
teractions leading to type-G ordering in the 3D perovs-
kite are not expected to be frustrated. The presence of
Mn3T sites, which would couple ferromagnetically to the
Mn#** sites, could be one source of a frustration sup-
pression of the magnetic response; however, this should
have introduced a FM reduction in ®. Further work,
both experimental and theoretical, is clearly required
on these issues.

Electrical Resistivity. Figure 10 shows the In(p)
versus 1000/T for all of these RP manganates. The
much larger resistivity of the n < o materials is
reasonably associated with the introduction of the
insulating-CaO layers between the preovskite blocks.
The increase in the resistivity as the thickness of the
lower-resistivity perovskite block decreases (i.e. with
decreasing n) is similarly reasonable. The detailed
magnitude and temperature dependence of the resistiv-
ity of the n = 2 material appears, both from the figure
and the fit parameters, to deviate somewhat from the
systematic trend (Table 7). In view of potentially large
anisotropy and intergrain effects, single-crystal results
on these materials must be obtained before definitive
conclusions can be drawn on these trends.
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Regarding the temperature dependence of the resis-
tivities, they clearly deviate from a simple single activa-
tion energy behavior. The long-dashed lines indicate
the high-T-activated behavior, and the gap energies (A),
determined by least-squares fitting the high-T data, are
shown in Table 7. The resistivities of the n <
materials all crossover to a weaker T-dependence at
lower temperature. It should be noted that these
resistivity crossovers for the n = 3 and n = 2 phases
appear poorly or uncorrelated with the AF ordering
temperatures. Itis possible to obtain straight line plots
of In(p) versus (T/T)%, as might be expected from 3D (o
= 1,) or 2D (oo = 1/3) localization; however, the T,
parameters are unrealistically large if a fit over the
entire temperature range is attempted.3® Thus at this
juncture it appears reasonable to interpret the high-T
resistivity as activated with the weaker lower-T resis-
tivity being due to impurity carrier conduction, which
will presumably show localization at much lower tem-
peratures.

In contrast, the resistivity of the n = o perovskite
manifests a different temperature dependence. The
high-T behavior appears activated; however, the low-T
data deviate toward increased resistivity. Interestingly
this deviation occurs close to the AF ordering temper-
ature of the n = o material and may be coupled to the
AF order.

Conclusions

Ruddlesden—Popper (RP) phases, Can+1MnyOzn+1 With
n=1, 2, 3, and «, have been prepared using the Pechini
citrate gel process at temperatures as low as 900 °C
under flowing oxygen. Rietveld analysis indicates a

(31) Lien, N.; Rosenbaum, R. Phys. Rev. 1997, B56, 14960.
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systematic increase, with increasing n = 1-3, in the
elongation of the Mn—O distances at the edge of the
perovskite slab near the CaO rock-salt-like layers
apparently associated with the oxygen environment.
X-ray absorption near-edge spectroscopy results show
unambiguously that Mn is formally 4+ in all these
calcium-RP manganates. The magnetic susceptibility
data show AF magnetic ordering in all the RP manga-
nates in agreement with previous results.’24 However,
the magnetic results shown in this work demonstrate
for the first time that there is a systematic and large
overall depression of the Mn-magnetic response, in the
T > Ty range, with decreasing n. The expected mean
field CW susceptibility for full-local-moment Mn** even
in the pure 3D perovskite is substantially suppressed.
Thus 2D magnetic fluctuations, previously invoked to
explain deviations from expected localized moment
behavior in the n = 1 and 3 phases, are clearly not
adequate.®® The temperature dependence of the resis-
tivities shows high-temperature activated behavior with
a crossover to a weaker temperature dependence at
lower temperature for the n < co compounds. The n =
oo perovskite manifests a much lower resistivity than
the n =1, 2, and 3 phases, consistent with the absence
of insulating CaO rock salt layers. The increased
resistivity near the AF transition may be coupled to the
AF order in this material.
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