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Properties of the electron-doped layered manganates La,,Ca; 4+,,Mn,0, (0.6<x=<1.0)
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The Ly _,,Ca , ,,Mn,0O; (0.6<x<1.0) series has been successfully synthesized using a citrate gel tech-
nique in order to study their structure and properties as a functionirothe Mrf**-rich region of the phase
diagram. Rietveld refinement of powder x-ray diffraction data, combined with electron microscopy, shows that
the phases are of high purity and adoptithe2 Ruddlesden-Popper structure comprised of perovskite bilayers
separated by rocksalt layers. The lattice parameteaches a minimum at~0.7 and the increase withis
attributed to elongation of the apical Mn-O bonds due to prefereatiite occupancy and/or splitting of the
tyq levels of Mrf*.  X-ray absorption spectroscopy measurements confirm that the Mn-valence variation in
these series tracks formal valence expectations. In the regiefx&®.8 the magnetic susceptibility manifests
a peak or shoulder at280 K due to charge and orbital ordering, and antiferromagnetic order develops at lower
temperatures T~ 150—200 K) with quasi-two-dimensional antiferromagnetic fluctuation effects being evi-
denced abovd@ . The magnetic properties change significantly at 0s8251.0: at higher temperatures
two-dimensional magnetic coupling is observed and 415 K the system spontaneously orders antiferromag-
netically, but with a ferromagnetic moment. The transport results indicate insulating behavior at all composi-
tions, but with an enhanced localization upon charge/orbital ordering ixt@&7 material.

I. INTRODUCTION It is well established that electron correlations are enhanced
in two-dimensional(LD) materials. Hence, for these com-
Manganates,L;_,A,MnO; (where L and A represent pounds with a lower dimensionality than that of the three-
trivalent rare-earth and divalent alkaline-earth ions, respecdimensional perovskite manganates, the magnetotransport
tively), with perovskite structure have been the subject ofphenomena are expected to be interesting in terms of aniso-
intense research due to their fascinating magnetic and eletropic transport and exchange interactions.
trical properties, such as colossal magnetoresistaBbR) Research into the properties of timle=2RP manganate
Ref. 1 and charge orderirfgExplanations for these phenom- phases has mainly focussed on the, LgSr , ,,Mn,0;
ena are generally concerned with the behavior of the mangaeries’ Of note, then=2RP manganates display a high mag-
neset,y and e, electrons. For example, double exchahge netoresistance efféccompared to the other members of the
involves ferromagneti¢FM) spin coupling between M RP series, including the perovskite manganates. Investiga-
and Mrf* with the conduction electrons mediating the inter-tions of the (Nd, Sm=2 phases have revealed them to be
action. Other instabilities, such as charge and orbital orderbiphasic, exhibiting CMR behavior, but without three-
ing and antiferromagnetidAF) superexchange, compete dimensional(3D) ferromagnetic long-range order.
with double exchange, leading to complex phase diagrams in The properties of the La,,Ca . ,Mn,O; series have
which the properties of the manganate are extremely sensbeen examined in the Ma-rich (hole-doped region of the
tive to many factors, such as the nature and relative concemphase diagram. Wher=0.22—-0.50, the compounds un-

tration of the dopant atorh® dergo an insulator-metal (IM) and paramagnetic-
The perovskite structure can be regarded as rthec ferromagnetic transitiot?** However, unlike in the 3h
end member of the Ruddlesden-PoppéRP) series =« perovskites, the IM transition takes place at a lower

(AO)(ABO;),.% The structure of the RP series consists oftemperature than the FM transition. This has been rational-
perovskitelike blocks octahedra thick, separated by a rock- ized on the basis of two transition temperatures due to aniso-
saltlike AO layer. In then=2RP phase studied in this paper, tropic exchange interactions. Upon lowering the temperature
two BOg corner-sharing slabs of octahedra alternate with ~ the higher transition is to a phase of 2D in-plane ordering,

rocksalt layers, shown in Fig. 1. and the lower one leads to full 3D ordering and a metallic
The structural consequences of moving from the perovrf:)hasel.0
skite (n==) to a layered RP phas@vhere n<) are the Here we report on the preparation, structure, and proper-

introduction of a two-dimensiongPD) character and a re- ties of the La_,,Ca, , ,,Mn,O; series in the electron-doped
duction from 6 to 5 in the number of nearest-neighbor man+egion 0.6=x=<1.0 of the phase diagram. The series has been
ganese atoms around sites at the edge of A&®(;), slabs.  successfully synthesized to higher valuesxoin order to
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AQ2); 0Q2) made with a Quantum Design superconducting quantum in-
4 terference devic€SQUID) magnetometer over the tempera-
y Mn; O(3) ture range 5—400 K in an applied field of 1000 G. Data were
@ ® A(1);0() collected after cooling in zero fieldzero-field cooling

(ZFO)] and in an applied fieldFC).

Resistivity measurements were made using a standard
four-probe method. Gold wire contacts were attached to the
sintered polycrystalline samples with silver paint.

The Mn K-edge x-ray absorption spectroscoffAS)
measurements were performed on beam lines X-19A and
X-18B at the Brookhaven National Laboratory synchrotron
light source using double crystal and channel-cutl Bl
monochromators, respectively. Electron vyield, fluorescence
mode, and transmission mode measurements were made and
checked for consistency. A standard was run simultaneously
with all the measurements for precise calibration. The rela-
tive energies between various spectra were established by
careful comparison of the standard spectra. In general, the
relative accuracy of the energy is abau®.05 eV. All spec-
tra were normalized to unity step in the absorption coeffi-
cient from well below to well above the edge.

Specimens withk=0.6 and 0.9 were examined by trans-
mission electron microscopfTEM). The x=0.6 specimens

FIG. 1. The n=2 Ruddlesden-Popper structure of Were prepared by dispersing powder that had been crushed in
La, »,Cay ; 2,MN,O,. acetone onto lacey-carbon coated copper grids. X=h€.9
specimens were prepared from pellets by conventional pol-

investigate the fascinating electronic and magnetic properShing, dimpling, and ion thinning. The specimens were ex-
ties. This is compared and contrasted with the perovskitézlgq'nlfd using a Phillips 430 TEM microscope operated at

manganates over the same doping region.

Il. EXPERIMENT IIl. RESULTS AND DISCUSSION

Samples of La ,,Ca,Mn,0; were prepared from A. Synthesis

La,0; (Alfa Aesar, 99.99%, dried in air at 800 °C prior to  Synthesis of th&v=2 manganates is notoriously difficult,
use, CaCQ, (Aldrich, 99+%), and Mr(NOs), (Aldrich, 49.7  and biphasic samples can be forrfethat appear to be
wt % solution in dilute nitric acifl Stoichiometric amounts monophasic by analysis of laboratory powder x-ray diffrac-
of the starting materials were dissolved in approximatelytion data alone. The preparation is sensitive to many factors
25cnT 4 M HNO; to which was added an excess of citric including temperature, heating time, and the cooling
acid (Aldrich, 99.5% and ethylene glycolAldrich, 99+%)  proces&’ more so than for the perovskite manganates. For
with respect to metal-complex formation. After all the reac-example, the phase diagram for,Lg,Sr; ; »,,Mn,0; has re-
tants had dissolved, the solution was heated on a hot plagently been extended into the Kfnrich region via a two-
resulting in the formation of a gel. The gel was dried atstep process: high-temperature firifg650 °Q followed
300 °C, then heated to 600 °C to remove the organic mattesy quenching into dry ice, then low-temperature annealing
and to decompose the nitrates. The resultant ash was presgd®0 °O to fill oxygen vacancie&?
into pellets, and fired at 1250 °C for 24 h, then quenched to The preparation of the La,,Ca . ,,Mn,O; series was
room temperature. After regrinding and pressing into pelletsattempted using a variety of conditions. The citrate gel tech-
this process was repeated. nigue was used because it has the advantages of smaller par-
The oxidation state of manganese in the products waticle size and greater sample homogeneity over standard
determined with iodometric titrations as described by Liccisolid-state techniques. Firing the reaction mixture at lower
et all? temperature$1000—1200 °¢ produced a mixture of the
Powder x-ray diffractiofPXD) data were measured with =2RP phase, the perovskite, and unreacted CaO/Ga&O
a Scintag Pad-V diffractometer employing Ca radiation  higher reaction temperaturgs=1300 °Q, the majority n
over the range 5%260<120°, with a step size of 0.02°. =2RP phase was contaminated by small perovskite impuri-
Rietveld refinement of the data was undertaken using thdes. There was also a loss in crystallinity as evidenced by
GSAS Rietveld refinement prograf.A broad maximum broad peaks in the PXD pattern attributed to the creation of
seen in the background of the x-ray diffraction patterns wa®xygen vacancies. We found that a temperature of 1250 °C
due to the glass slide used to hold the samples. Althoughnd quenching to room temperature were optimal conditions
refinement of laboratory powder x-ray diffraction data doesfor the preparation of the phases studied in this paper.
not generally give reliable oxygen positions, we have used Samples withx<0.5 could not be prepared without the
the results to report overall trends in the data. presence of perovskite impurities, which became the major-
Temperature-dependent susceptibility measurements weity phase at lower values of A detailed analysis of crystal-
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lites with x<0.5 by electron microscopy revealed large in- 1.5
tergrowths ofn=2 andn=%« phases. Measurements of the
magnetic and electrical properties of suck 0.5 materials
showed a variation witlx, similar to that observed in previ-
ous work!® i.e., an insulator-metal transition occurring at a

1.0

significantly lower temperature than the ferromagnetic tran- g
sition. 3
The oxygen content, determined by iodometric titration, g
indicated that the samples were slightly oxygen deficient due 2
to quenching the reaction to room temperature from high 3::
temperature$1250 °Q. Further studies of the Mn oxidation 5
state were determined with x-ray absorption spectroscopy, as § e ——
described below. = Lol x=1.0]

B. Structure: X-ray diffraction

Preliminary characterization of the samples was under- [ ol
taken with powder x-ray diffraction. In order to identify 0 20 40 60 80 100 120
whether antn=2RP phase had formed, data were collected 26
over the range 5%26<120°. The data below 15°, which

hould tai flecti due to simol Kite i FIG. 2. Typical x-ray diffraction profiles for
should contain no reflections due to simple perovs IelmpuLazfzxcag+2anzO7 (top to bottom: LagdCa Mn,0,

riti(_as,. were analyzed for the 002 reflgcti(m ~9°), charac- Lag .Ca, Mn,0; and CaMn,O,. Key: observed datat) and cal-
teristic of the La_,,Cay,,,Mn,0; series. Further analyses ¢jated profile(solid line); difference plots drawn below each pro-
of the PXD data, which contain the 002 reflection, were Un+ijie, and tick marks represent allowed reflections.

dertaken with Rietveld refinements.

Refinements were carried out in the tetragonal spac@ateq that the phases were of high purity and crystallized
group I14/mmm The background was modeled by Cheby-\yit the space group4/mmm In a relatedn=2 RP phase
schev polynomials of the first kind and the peak shape WagrFe O, ., 17 curves in the lattice parameter wsplots
described by a pseudo-Voigt function. The isotropic thermalyere attributed to oxygen vacancies. However, iodometric
parameters for La/G&) and La/C&2) were constrained 10 iyrations indicate that the title phases are only slightly oxy-
refine together and likewise for(@, O(2), and A3). There  gan geficient. The behavior of the curves, as noted by Mill-
are two sites in th@=2RP structure over which the La and ;1 et al® for the Lay, ,,Sh , »,MN,0, series, may reflect
Ca can be distributed: a 12-coordinate §it@/Cal)] in  changes in the nature of orbital occupation andletype
the perovskitelike blocks and a 9-coordinate $lta/Ca2)] ordering as a function af, noted below.

in the rocksalt units. Using as constraints the total amount of |, ihe structural refinements. we observe that the smaller

La and Ca in the sample and assuming unit occupancy &2+ jon preferentially occupies the nine-coordinate Eite/

each site, the distribution of La and Ca was allowed to refin%dz)] in the rocksalt layetTable ). This is most noticeable
over the two sites. The Xx-ray diffraction patterns, including,ith lower values ofx, where the higher fraction of La con-

the raw data, the_fitted profile, and the di_fferer_lce profile for i tes significantly to the x-ray pattern. Studies of the
three representative members of the series witt0.6, 0.8, _5 rp manganates ; ,Sr, ¢Mn,O, (L=La, Pr,Nd) (Ref.
and 1.0, are shown in Fig. 2. The RP phases were assumed{g) 515, show that the smallércation has greater preference

be monophasic at the resolution of a laboratory x-ray diffraCxy the smaller nine-coordinate site. The distribution of Ae
tometer. However, a careful examination of the profiles dur-

ing the refinement revealed small, unidentified impurity

_peaks_ not associated with the title phases or a perovskite 378 ... 11944
impurity. 3t e °

The variation of the lattice parametesisand ¢ with X is “e o q1942
plotted in Fig. 3. Asxincreases, we note that thgparameter 376 - ea;. ’
decreases nonlinearly with a noted downturn xatO0.8, 375 |- R 194
which coincides with a change in the magnetic susceptibility —~ e l1938 ©
curves, discussed below, and thparameter reaches a mini- ~ 374 - S 3
mum atx~0.7. This behavior is contrary to that observed in 5,5 | A ~19.36
the hole-doped region in which the lattice parameters de- U,O
crease as increases’ When x>0.5, Asanoet al’® and 372 P N e
Millburn et al® (in the L& 5Snh,Mn0;RP phases an | “ Lies
also observe an increase in tb@arameter. R o7 .

The nonlinear nature of the plots of the lattice parameter 3.7 L ' : 1 ! ' 1 L+ 1193

06 065 07 075 08 085 09 095 1

as a function ok suggests the presence of either a structural "

transition or phase separation. However, all of the patterns
could be indexed in thé4/mmmspace group. Analysis by FIG. 3. The variation of the lattice parametarandc with x for
electron microscopy, which is discussed below, also indiia,_,,Ca  ,Mn,0;. (The dashed line acts as a guide to the eye.



TABLE I. Structural parameters for La,,Ca, , ,,MNn,0;_ 5. Q
(0]
e}
Ideal formula L3 &Ca ,Mn,0; Lay Cap Mny0, Lay L gMN,0, Lag 3sCa 5MN,0; Lay :Ca Mn0, Lay 25Ca 7MNn,0; Lag Ca gMN,0; CaMn,0;
X 0.6 0.7 0.8 0.825 0.85 0.875 0.9 1.0
0 0.05 0.03 0.02 0.02 0.03 0.02 0.03
Formal oxidation 3.6 3.65 3.77 3.81 3.83 3.85 3.88 3.97
state of Mn
alA 3.77378) 3.77241) 3.76673) 3.76391) 3.75651) 3.748@1) 3.73673) 3.70643)
c/A 19.31487) 19.31188) 19.335%1) 19.3441) 19.35307) 19.36346) 19.3832) 19.4372)
VIAS 274.971) 274.832) 274.326) 274.05%2) 273.092) 272.011) 270.636) 267.026)
cla 5.118 5.119 5.133 5.187 5.244
La/Ca1) occ 0.3386)/0.6626) 0.4285)/0.5725) 0.26Q5)/0.74Q5) 0.1085)/0.8925) 0.1154)/0.8854) 0.1074)/0.8934) 0.0504)/0.9504) E
La/Cd?2) z 0.313641) 0.31391) 0.31321) 0.31272) 0.31291) 0.31271) 0.312Q1) 0.31121) g
La/C4d2) occ 0.231(3)/0.07693)  0.0862)/0.9142) 0.0702)/0.9302) 0.121(2)/0.8792) 0.0932)/0.90712) 0.071(2)/0.9292) 0.0752)/0.9252) ﬂ
La/CaU /A2 0.013Q9) 0.00598) 0.0038) —0.00088) —0.00167) —0.001566) —0.00737) 0.00478) —
Mn z 0.09862) 0.10062) 0.10062) 0.09712) 0.09732) 0.09782) 0.09762) 0.0995%1) 2
Mn U, /A2 —-0.01119) —0.001798) 0.0049) 0.0071) 0.00%1) 0.00278) —0.00219) 0.00788) =
02 z 0.20156) 0.20086) 0.20447) 0.209@7) 0.20786) 0.20486) 0.20646) 0.202@5) %
03 z 0.09745) 0.09565) 0.103@4) 0.09435) 0.09455) 0.09535) 0.09554) 0.09864) m
O U, /A? 0.0051) 0.0111) 0.0241) 0.02712) 0.0172) 0.0141) 0.0191) 0.0301) %
Rup 0.0919 0.0911 0.1070 0.1050 0.1119 0.0997 0.0834 0.1117 §©
Rp 0.0668 0.0702 0.0749 0.0776 0.0838 0.0712 0.0631 0.0840 :|'
szed 8.941 for 34 5.775 for 34 11.303 for 33 10.370 for 31 11.91 for 31 10.41 for 30 6.406 for 36 11.23 for g'jo'
variables variables variables variables variables variables variables variable;IQI
La/Ca1)-O(1)x 4 2.667966) 2.6675Q7) 2.66341) 2.66151) 2.56216) 2.65021) 2.64222) 2.62082) =
-O(3)x8 2.66%7) 2.6397) 2.7308) 2.6217) 2.6226) 2.6306) 2.6306) 2.6645) JZ>
La/Ca2)-0(2)x1 2.16412) 2.18512) 2.11113 2.00814) 2.03512 2.08911) 2.04812) 2.12111) o
-0O(2)x4 2.6841) 2.6831) 2.6841) 2.6942) 2.6862) 2.6722) 2.6662) 2.6331) F,?,
-0O(3)x4 2.5527) 2.5717) 2.4958) 2.6038) 2.5987) 2.5866) 2.5896) 2.55235) %
Mn-O(1) X1 1.9044) 1.9433) 1.9464) 1.8784) 1.8834) 1.8944) 1.8914) 1.9343) %
-0(2)x1 1.98912) 1.93511) 1.998193) 2.16415) 2.13813 2.07112) 2.10912 1.99410) %
-0O(3)x4 1.88671) 1.88876) 1.88372) 1.88283) 1.879Q3) 1.87462) 1.86882) 1.85332) <
Mn-O(3)-Mn 178.76) 174.16) 178.43) 176.17) 176.86) 177.15) 177.55) 179.05)
MnQOgq 1.6 1.3 2.3 3.5 3.4 2.8 3.4 29
distortiorf

A ax—Teq) X 100%/  axt r o)

¢9 94dd



PRB 62 PROPERTIES OF THE ELECTRON-DOPED LAYERED. .. 6489

T

* o B o o P o B o

L]
¢
L]
&
&

¢
¢
©

‘
.

FIG. 4. Selected area diffractidiSAD) patterns taken fronta)
x=0.6 and(b) x=0.9 specimens. Both patterns are indexed as 14/
mmm (n=2) structure, with(a) [010], and(b) [1-10]; zone axes.

In (b) a row of 1/2 1/2 weak extra reflections are evident.

cation is likely to affect the Mn-O bond lengths, particularly
those along the axis. In the MnQ octahedra, there are two
apical Mn-O bonds, one directed to the center of the double
perovskite slafjMn-O(1)] and the other points into the rock-
salt layefMn-0O(2), Fig. 1]. While the variation of the Mn-O
bond distances, as a function xfin Table I, is not so sys-
tematic, the trend is clear. Asincreases, the Mn-Q) bond
length remains fairly constant\@,,;~0.04 A) with x in the
range 0.6x=<0.825 and dramatically decreases from
=0.825 with increasing up tox=0.9. In contrast, we note . )
a general increase in the Mné® bond length with increas- F19- 4 are indexed as tH@/mmm(n=2) structure, witha)

ing x and a significant increase\€,,q~0.1A) in the 0.6 [010]; and(b) [1-10]; zone axes, respectively. Typically, the
<x=<0.825 range. One reason for this trend is that the>AD patterns exhibit a streaking of intensity along the
smaller ion (C&") on the nine-coordinate site is surrounded[001]i direction, e.g., in Fig. #). The streaking reflects the
by a smaller volume polyhedra than the ion fbpoccupy- ~ Presence of planar' defects normal[@01],. With the help
ing the larger 12-coordinate site, which draws the surround®f high-resolution imaging, the defects were shown to be
ing oxygen ligands towards it, hence elongating the M@0 intergrowth of individual Iayers_ or blocks Wlt_h d_|fferent
bond which points to the rocksalt layer. Conversely, the_numbern of octahedra. Such an intergrowth region is shown
elongation of the Mn-C®) bond decreases the volume of the in Fig. 5 where predominately the=2 structure has blocks
nine-coordinate polyhedron surrounding th& cation, ©Of n=3 and a layer oh=4 structure. The amount of inter-
thereby forcing the smaller ion to occupy this site. With angrowth apparently diminishes with increasing Ca content.

FIG. 5. High-resolution TEM image showing the presence of
intergrowth in the predominately the=2 structure. Blocks oh
=3 and a layer oih=4 structure are indicated. The inset shows
digital diffraction (fast Fourier transformof the image.

increase inx, the Mn-Q2) bond increases, and tligparam- In addition to the reflections of thé4/mmm structure

eter increases. (at=3.74A, Ct:19.36A for X:O.g), a row of 1/21/2
We also observed distorted Mg@ctahedra in the RP

calcium manganates containing Mn exclusively in the 4 Energy (keV)

oxidation statdi.e., x=1).1° We ascribed the elongation to a oot OS2 65M  65% o® oF o

splitting of the t,y orbitals, with thed,, and d,, orbitals L MK La, ,Ca,,,Mn0,

being stabilized relative to thd,, orbital (similar to the | edge

splitting found in a tetragonal transition-metal complex 12b

which leads to a lowering of the electronic energy for the LNy

Mn** (d®) configuration. In the RP manganates reported in
this paper, the Mn@distortion increases as the amount of
Mn** increases, which could be attributedd@rbital split-

La,_Ca MnO
2-2x 142x 2778

Absorption Coeff.
8
T

ting (Table ). 08 i e .
More detailed explanations of the properties require the i 1 “5’5%
relative occupancy of the 9- and 12-coordinate sites and the i 1 3
o - 6.5565 <

oxygen positions to be resolved to a higher degree of accu- o,
racy by the use of higher-resolution diffraction data. Neutron
diffraction studies are currently being undertaken at a differ- BT T T b
ent laboratory with samples supplied by us. *

H——af< —la CaMnO, |

FIG. 6. The MnK main edges of La ,,Ca ,,Mn,O; (X
=0.6-1.0) along with those of the CaMp@nd LaMnQ stan-
dards. Inset: the enerdghemical shift of the peak of the MK

Figure 4 shows examples of selected area diffractiormain edges of La ,,Cay . »,Mn,0; (x=0.6—1.0) along with those
(SAD) patterns typical for all specimens. Both patterns inof the La_,CaMnO; system(Ref. 21).

C. Structure: Electron microscopy
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main a2-peak feature, and the sub#-peak feature first

N 12 CaMnO, a3/ identified in the CaMn@perovskite pre-edg#. Despite hav-
¢t :' . .
x:og\j‘:?‘ S ‘ ,| ing the same formal Mn valence, comparison of CaMng

perovskite and thex=1.0, Lg_,,Caq . »,Mn,0; pre-edges
reveals that the 327 pre-edge has on overall greater spectral

%, ’
N e meeneet,
7

g POy

g o ph::-;ge intensity, a much more pronounced feature, and a more
9 discerniblea3-feature.

% In this 327 compound thec-axis/apical-Mn-O bond
g lengths on the interiof Mn-O(1)~1.9A] and the border

. [Mn-O(2)~2.0 A] of the MnQ; bilayers do not have sym-
metrical bond lengths. In fact, the Mn¢g) distance appears

to be particularly elongated. This could modify both the
overall intensity and energy distribution of the pre-edge fea-
tures. The lack of centrosymmetry allows enhanced mixing
of dipole allowedp states into the pre-edge feature final
states. This effect would be consistent with the overall pre-
edge intensity enhancement in thxe=1.0,327 spectrum.
Both simple electronic structure arguments and local density
approximation (LDAX U calculationé® for the perovskite
compounds indicate that the lowest unfillddstates(those
weak reflections is detected in tfie-10], SAD pattern of ~ contributing to theal feature are the majority-spineg
x=0.9 specimen, Fig. (). These reflections suggests a States. The Mn-@) bond elongation towards the rocksalt
largera parametera’ =v2a,=5.3 A. Observation of the ex- layer and the asymmetry of the apical Mn-O bonds imply
tra reflections were also supported by convergent beam difoss of bonding and increased localization of the &jn
fraction from grains af001], orientation. The work is in states. The increased prominence ofaliefeature would be
progress to establish the origin of the ordering, with a work-consistent with modification of these states and the potential
ing hypothesis that the octahedra in a perovskite layer arfor their more localized character.

tilted, probably due to the tolerance factor requirement. Inthe La _,CaMnO; system the decrease in Mn valence,
associated with decreasing has been shown to correlate

with the decrease in the intensity of the Mnper-edge fea-

) tures and with the decrease of the intensity ofdBefeature,
The Mn K main edges for La 5Ca;2Mn07 (X relative to theal feature?”® The LaMnQ, and CaMnQ pre-
=0.67-1.0) are shown in Fig. 6. There appears to be agyskite spectra in Fig. 7 illustrate clearly the end points of
extremely regular chemical shift of the spectra, with decreasg,ege intensity changes. The pre-edges for the
@ng X, to lower energy. This is consistent wit.h the trend Seen a, ,,Ca . »,Mn,0, (x=0.67—1.0) series, shown in Fig. 7,
in the perovskite La ,CaMnQO; system, with decreasing poth show such aa2-feature degradation and overall inten-
x/Mn valence® Indeed, in Fig. 6, inset, the concentration sty decrease with decreasimgThus the pre-edge variation
dependences of the chemical shifts of the perovskite, and thgther support the Mn-valence decrease with decreasing
327 systems are seen to exhibit excellent agreement in thg, x=1.0—0.67 in this system. Agaifas in the case of the
x=0.67-1.0 range. It is worth noting that tle=-0.6 com-  -nemical shift, it should be noted that the=0.6 pre-edge

pound exhibits a departure from this correlation. The gpectrum deviated from this trend, resembling se0.7
= 0.6 spectruninot shown in Fig. §in fact falls close to that  gpectrum.

of thex=0.7. Thex=0.5 material in this 327 series has been
reported to exhibit ferromagnetic-metallic behavibiThe
proximity of thex=0.6 material to this phase change could
be related to this deviation in the XAS chemical shift: how-  Our temperature-dependent susceptibiligfT)], and re-
ever, further work on this issue is needed. sistivity [p(T)] results are shown in Figs.(@—8h) and
The Mn K pre-edge features, related to transitions intoTable II. The insets of these figures show the high-

final d states, for the La ,,Ca ,,,Mn,0O; (x=0.67—-1.0) temperature inverse susceptibilify ~*(T)] behavior with
compounds are shown in Fig. 7. Tke=1.0 (CaMn,05) the region of Curie Weis€CW) behavior indicated by a line.
pre-edge spectrum manifests thé-shoulder feature, the The magnetic behavior in these materials is somewhat com-

0
6.538 6.54 6.542 6.544 6.546 6.548
Energy (keV)

FIG. 7. The MnK pre-edge features of La,Ca ,,Mn,0;
(x=0.6—1.0) compounds along with those of the CaMrebd
LaMnO; standards.

D. Mn K XAS

E. Magnetic and resistivity results

TABLE Il. Magnetic properties of La »,Ca , ,,MNn,O;_ 5.

X 0.6 0.7 0.8 0.825 0.85 0.875 0.9 1.0
oK —67 -37 -92 -33 -93 -95 -125 —465
(350-400 K

TeolK 280 275 275

Tu/K 140 110 117 165

Te/K 110 110 115 115 115
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FIG. 8. (8—(h) The temperature dependence of the magnetic susceptiiignd resistivity for La_,,Ca, , ,,Mn,O;. Inset: inverse
susceptibility vs temperature. The crosses and circles reprgseata collected under field-coolgdC) and zero-field-cooledZFC)
conditions, respectively. Note that characteristic temperatures associated with specific features in these curves have been Tjgatified:
Tco are associated with AF and charge- and orkiitaD) ordering temperatures, respectively;is the temperature of the negative inflection
point of the logarithmic resistivity curve fax=0.7; the solid line in the insets represent the regions modeled with the CW form,
=(T—6)/C; Tg denotes the temperature of the onset of a FM moment at the canté@A¥P ordering in the 0.85x=<1.0 range; the
temperature range above the long-range magnetic ordering temperBtdreitiere evidence has been found for short-range antiferromag-
netic fluctuationgAFF’s) is indicated by dotted-shadingz is analogous withT for the x=0.825 sample, but is differentiated due to its
anomalously high temperature; finally note the temperatliggswhich identify the ZFC, low-temperature maxima in the susceptibility in
the x>0.8 range.

plex. Consequently, features in the results in Figa)-8(h), constantd), which are plotted in Fig. 9, top. Although Fig. 9,
which are subsequently used to infer the phase diagkdgn ~ middle, and 9, bottom, will be discussed at length in a sub-
9) of the system, have been identified for clarity. sequent section, they will be introduced here for clarity. In
We will consider first the high-temperature dependence ofig. 9, middle, the low-temperaturel0 K) y and room-
the magnetic susceptibility, shown in FiggaB-8h) along temperature resistivityprt) are plotted. In Fig. 9, bottom,
with the inverse susceptibilitfon an expanded scale the  the temperature-concentrati@x) phase diagram, as inferred
insets. At the highest temperatures the susceptibility infrom the magnetic and transport data, is summarized.
creases with decreasing temperature with the inverse suscep-In Fig. 9, top, the dashed horizontal line represents the
tibility approaching linear CW-like behaviof y=C/(T  approximate long-range AF ordering temperatufg)( in-
—60)] in a range indicated by the solid lines in the figure ferred below, for most of the materials in this series. It is
insets. Fitting these data in the3eranges yielded Weiss important to note that although the Weiss constants are con-
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FIG. 8. (Continued.

sistent with AF interactions, thé values fall substantially tions in the strength of the FM correlations. The rapid rise in
below the ordering temperature f&x0.9. Moreover, aik 0 for x>0.9 reflects the dominance of the covalency effects,
=1.0 thed value is roughly fourfold too high to agree with as the FM correlations are destroyed by the suppression of
the AF ordering temperature. Fawcettal’® have previ-  the Mr*/Mn**FM double exchange as is analogously seen
ou;ly discussed .the 'disproportionately larg@evalues (and in the Bi_,CaMnO; and La_,CaMnO; perovskite
their decrease with) in the RP phases Ga;Mn,Og+1 i systems#2° Within this interpretation the high-temperature

terms of covalency reduction in the Mn moments. Hencer ; P ;
X . . ange of the phase diagram, in Fig. 9, bottom, is labeled b
both substantial covalency and AF interactions would be ex: 9 P g 9 y

pected to produce quite large negativevalues in the FMF for ferromagnetic fluctuations in the<0.9 range.

La, -,Ca . »,Mn,0O; materials studied here. We therefore_r At t?] temperattgk;_e}tof appr:OX|mater_280 Kf d;noée(?j by
argue that the lowd values in thex<0.9 regime in fact are ' C©’ € susceptibiiity reaches a maximum 1or e u.

probably related to FM correlations in the high-temperaturdnaterial[see Fig. &)]. The resistivity at this composition
range, namely, a positive FM contribution to a larger nega—also shows a nonlinear incredseth a well-defined negative

tive (covalency-relatedd value. peak ind(In p)/dT] at T, =280K coinciding withTco. Thus
Indeed FM double-exchange coupling due to the presenc@'sx:0-7 material manifests thermal magnetic and resistiv-
of hopping between Mii and Mrf" is expected at high ity behavior essentially identical to those observed at the
temperatures in these materials. In perovskite manganatédarge- and orbital- (CO) ordering temperatures of
over a similar x range, e.g., Bi,CaMnO; (0.41<x La_,CaMnO; materials’®?’ namely, coincident peaks in
<0.82) ?*?®ferromagnetic spin correlations are observed at—d(In p)/dT and x(T). Also the high-temperaturé param-
high temperatures. The variations in the obsergedhlues eter is particularly low(see Fig. 9, topat x=0.7, indicating
(for x<<0.9) in Fig. 9, top, are presumably related to varia- (within the argument aboyethat the high-temperature FM
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X Noting that thed parameters at=0.6 and 0.8 are larger,
%6 0f5 07 075 OF U85 08 D% we conclude that the FM correlations at these concentrations

X=CI(T-0) ] are weaker than in th&=0.7 material(see Fig. 9, top
o 3001 1 These materials manifest subtle shoulderg/(f) near 280
g 20 K, precisely where the intervening phasge=(0.7) x(T)

showed a pronounced pedkee Figs. &) and 8c)]. We
propose that these shoulder features also mark the onset of a
CO ordering state similar ttalbeit less robugtthan that in

materials are therefore consistent with their weaker FM cor-
relations. The absence of a distinctive resistivity anomaly in
these materials could also be related to their weakened FM
correlations.

A second(perhaps relateédcause for a robust charge or-
dering in thex=0.7 material, but a more tenuous order in the
x=0.6 and 0.8 materials, could be the closeness of the
former to x=2/3. In the 3D perovskite manganatésg.,
Lay;sCasMnO; (Ref. 26 and 28and Bj,_,CaMnO; (Ref.

28)) the CO ordering effects are most pronounced for hole
concentration near certain fractional vald&4® At such con-
5 centrations the ordering is the simplest and most robust.
06 065 07 075 08 08 09 095 1 Moreover, the precise-fractional-concentration effects are
X much more dramatic for CO ordering in the 2D
La, _,SrNiO, systen?>?°Indeed, away from such fractional
compositions in the nickelate series, severely reduced mag-
netic and resistivity anomalies are seen and electron diffrac-
tion evidences weaker CO correlatidi€® Thus a peaking
of the 3D correlations in the CO orderiignd their magnetic
and transport signaturesearx=2/3 (i.e., thex=0.7 mate-
vsxfor the La,_»,Cay , ,,Mn,0, systemBottom: The phase dia- rial) in our reduced dimensional system appears to be rea-
gram for the La_,,Ca . ,,Mn,0; system. At high temperatures sone_lble. . o .
ferromagnetic fluctuation&MF’s) due to MF+/Mn** hopping are Single-crystal or oriented thin film studies of tteb

assumed to be present. The temperatures laliglgdhre the locus plang vsc axis r.esistivity would be very USGfl{' in addressing
of the higher-temperature maxima and shoulders in the<g.6 the issues raised above. Further experiments, such as

<0.8 susceptibility curves, which have been interpreted as th&ariable-temperature electron or neutron diffraction, would
charge- and orhital-ordering temperatutese text The tempera- be particularly important to pin down both the CO ordering
ture of the negative inflection point of the logarithmic resistivity proposed and the degree of the interlayer correlations.
curve, T, at x=0.7 (square in the figupe is coincident withT g, We will now turn to the 100—150 K temperature region
further supporting the charge-ordering assignment at this composivhere magnetic-ordering correlations show an onset change
tion. Ty is the inflection point in the magnetic susceptibility for in all of the materials. In close proximity to the ordering
0.6<x=0.8 and has been associated with the onset of long-rangemperaturery, in a 3D material one typically observes a
AF order.T denotes the temperature of the onset of a FM momensharp peak iny(T) with a peak indy/dT just below it. In a
at the canted-AF ordering in the 08%=<1.0 range. The tempera- quasi-2D AF materialTy is identified with a much broader
ture range above the long-range magnetic ordering temperatuigfiection point iny(T) (peak indy/dT). In such quasi-2D
where evidence has been found for short-range antiferromagnetiq,terig|s the antiferromagnetic fluctuatio#s=F’s) weaken
flgctuatlons(AFF’s) is indicated by dotte_d-sh_admgp_ is analogous_ slowly aboveTy, leading to a broad maximum jp(T) well
with Tg for the_ x=0.825 sample,_ but is differentiated due to its above Ty. In the inverse susceptibilitj)(l(T)], these
anomalously high temperature. Finally, note the temperafliges AFFs are reflected by an upturn from CW behavior. With
which identify the ZFC, low-temperature maxima in the suscepti- X . . - ’
bility in the x> 0.8 range. f[hese p_omts_ in mind, th(_e ewd_ence fpr low-temperature AF
interactions in our materials will be discussed.
correlations(or FMF's) are relatively strong at this compo- In thex=0.6, 0.7, and 0.8 materialsee Figs. 8)—8(c)]
sition. In the La_,CaMnO; materials, the pronounced in- it can be seen that they all exhibit a positive inflection in the
crease inp(T) and decrease iy(T), upon CO, ordering x(T) curves at temperatures in the 100—-150 K rafige
have been ascribed to localization of the holes and the corbeled Ty in the figureg. The x=0.6 and 0.8x(T) results
comitant suppression of the high-temperature FRI#. It show maxima at temperatures roughly 50 K above the inflec-
was with this in mind that the label &fco was chosen for tion temperature. As noted, such behavior is typical of 2D
the y vs T maximum in Fig. &b). AF order, where the inflection point &t is associated with

008 Jos o the x=0.7 material. Accordingly these shoulders have been
§ 666 05 g labeled asT ¢ in Figs. 8a) and &c). As emphasized in the
5 04 preceding paragraph, the sharp maximumyifT) in CO
g o 03B manganates is attributed to the quenching of FM correla-
%002 :f = tions. The more subtlg(T) shoulders of oux=0.6 and 0.8

0

(=]

g

FIG. 9. Top: the high-temperature paramagnetivalues vsx
for the Lg_,,Ca , »,Mn,O; system. Note that the smafl values
compared to the AF-ordering temperatufig) scale(dotted ling is
taken as an indicator of ferromagnetic fluctuatigfMF’s) at high
temperaturesMiddle: The room-temperaturé300 K) resistivity
valuesp(300 K) and low-temperature susceptibility valugd0 K)
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the onset of long-range AF order and the temperature randeigh temperaturémore comparable to that of the proposed
betweenT, and theyx(T) maximum is associated with the charge-ordering energy in the=0.6 regimé. The magnetic

2D AFFs. Here the AF order occurs within the alreadybehavior of thex=0.825 material was sufficiently singular
charge- and orbital-ordered phase. The region of AFF’shatitwas prepared a second time by another member of our

aboveTy is indicated by a dotted-shaded region in @)  9group. The independent preparation produced identical re-
and y~1(T) curves in Figs. &)—8(b). sults. It is worth noting that the& value of thex=0.825

In thex=0.7 material the AFF peak is reduced to a shoul-material is the lowest of the entire series consistent with

der on the low-temperature side of the robust CO orderin@';‘om""lo_uSly strong FM correlations and the singularly high
peak atTqo [Fig. 8b)]. Magnetic and neutron studies have 'F at this comp03|.t|o.n. Speculation on this behavior would
definitively demonstrated that this same behavior is assocf€ Premature at this juncture.
ated with the AF ordering occurring below the CO ordering
in the Bi,_,CaMnO; and Lg_,CaMnO; systen?®-2 F. Magnetic phase diagram summary
For x_>0.85, tr_\e suscgptibility curves show a dramatic Figure 9 is intended as a guide to help summarize
change in behaviofsee Figs. 8)-8(h)] with the onset of e~ ather complicated magnetic  results  of the
magnetic ordefstill near 115 K, being accompa_nied by the La,_».Cay 4 ,Mn,0; (0.6<x<1.0) system. Figure 9 com-
development of a modest FM component. This modest neﬁares the composition dependence of the Aighteiss pa-
moment is presumably related to canted-&FAF) ordering  rameters(top), low-T susceptibility and higF resistivity
and the ordering temperatures are hereafter designafegd as (middle), and the locality of the magnetic-transport-feature-
(to underscore the FM compongnEor thex=0.85, 0.875,  related temperatures in a proposed phase diagbatom.
and 1.00 materials, there is a subtle anomalous maximum iMhe most basic feature of the &,Ca; . ,,Mn,O, system
the x(T), occurring at~50 K aboveTg. We attribute this appears to be a crossover between two regimes of behavior
maximum to 2D AFF’s, similar to those observed in the in thex<0.8 andx=0.85 ranges, respectively.
=<0.8 range. In this composition range, th€T) ~* curves in In the x<0.8 range we have proposed that at high tem-
the insets also reflect these AFF's as an extended range pératures ferromagnetic fluctuationéMF’s), although
deviation from the high-temperature CW behavior. Again,masked by covalency effects, are present; a charge- and
the AFF temperature region is indicated by a dotted-shadedrbital-ordering transition occurs at a temperatufgq
bar. =280K; at lower temperatures, 2D AFF’s arise at 170—200
For the x=0.9 material no local maximum in(T) is K as indicated by a dotted-shaded range in the phase diagram
present; however, a subtle deviation from CW behavior in(Fig. 9, botton); these correlations are followed by the onset
the x(T) ! indicates AFF’s consistent with that of the of long-range AF ordering afy in the 110-140 K range.
neighboring compositions. While encountering a somewhalhe robustness of the CO signature appears to vary with
disparate magnetic behavior in this-0.9 material, it should  strength of the highi- FMF’s and/or with the nearness of the
be noted that in such quasi-2D systems competing magnetisomposition to a commensurate RMn** ratio. Specifi-
interactions can lead to modestly different behavior at isocally, our x=0.7 material exhibits the clearest charge- and
lated compositions. Despite a small detailed deviation, therbital-ordering anomalies with the=0.6 and 0.8 materials
x=0.9 magnetic behavior appears to basically fit in with themanifesting more subtle apparently shorter-range charge-
results of the other materials in the=0.85 composition and orbital-ordering signatures.
range. In the x=0.85 range the low-temperature state appears to
Thus in the 0.85:x=<1.0 range the susceptibility results be that of a CAF with a small FM moment below a long-
indicate a canted-AF-ordered state with a small FM momentange ordering temperatufg-=115K. There is some evi-
(through the cantingbelow Tr with 2D AFF effects appar- dence for 2D AFFs in the 160—180 K rangss indicated by
ent in the temperature range abobe. In this composition dotted shading in the phase diagparmihe rapid rise in the
range the low-temperature ZFC susceptibility also exhibitssusceptibility at 10 K(in Fig. 9, middle reflects the low-
maximum(at a temperatur@p) which disappears in the FC temperature crossover from CO-AF order fo£0.8 to CAF
susceptibility. This low-field maximum could reflect disorder order for x>0.8. Interestingly, a similar crossover from
and frustration effects or domain effects. CO-AF order to CAF order occurs in essentially the same
The magnetic results thus far clearly reflect the presenceomposition range for the 3D perovskite ;BiCaMnO;
of a boundary between the CAF order and CO-plus-AF ordegystent® The resistivity at 300 KFig. 9, middlé also mani-
in the 0.8<x<0.85 range(Fig. 9). However, the magnetic fests structure marking the crossover nea0.8; however,
behavior of thex=0.825 material is not simply straddling the presence of the insulatifga,CaO layers between the
this crossover. The susceptibility curve for the 0.825 ma-  perovskite (La,CBMnO; layers complicates its interpreta-
terial manifests a truly singular behavimee Fig. &)] rela-  tion. Recall also that tha andc lattice parametergFig. 3
tive to the other materials in this entire series. While it doesexhibited nonlinear changes across %3€0.8 phase diagram
develop a small, low-temperature FM moment near 115 Kransition region.
(as thex=0.85 materialy it also first develops a spontane-  The singular behavior at=0.825 must be noted in this
ous moment at a higher temperatre=280K. Close in- summary and in the phase diagram. The magnetic phase
spection of they(T) ~* curve[Fig. 8d) insefl also reveals a transition, atT%, with a FM component, is clearly anoma-
departure from the high-CW behavior in the 50 K range lous. The possibility that the susceptibility shoulder at 270 K
aboveTE . This behavior is reminiscent of that in the 0.85 in the x=0.8 material is in fact associated with an AF tran-
<x=1.0 range; however, it occurs at an unprecedentedlgition (as opposed to the CO ordering assigned bynugst
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be considered. This would at least provide precedence for V. CONCLUSION
such a high magnetic interaction energy scabe=a0.825. In

this scenario the lower transition at 0.8 would reasonably . In conclusion, the LA 5,Cay . ;xMn;0; (0.6<x<1.0) se-
be associated with the rapidly dropping charge and orbitai€S has been successfully prepared and the structural, mag-

ordering. Low-temperature electron diffraction and magnetid'®tiC, and transport properties of Mnrich layered RP man-

experiments in the 08x<0.85 transition region are cur- danates were investigated. Mt XAS results indicate that

rently being planned to clarify these issues. the average Mn valence in this layered system is not at
The loci of the low-temperature, ZFC maximag) have Strong variance with the 3D perovskite analogth the x

been indicated in the phase diagram. This low-field, low-=0.6 material being a possible exceptiohe structural

energy scale may reflect magnetic disorder and frustratioBnd magnetic properties evidence a crossover in the physical

effects or domain behavior and is included for completenesgroperties near th&=0.8 composition. Belowk=0.8 the

It is not unreasonable, however, that the FM-AF frustrationmaterials appear to involve separate charge-orbital- and AF-

effects would become more important close to the CAF-to-ordering transitions. Fox>0.8 canted-AF ordefwith a FM

CO-plus-AF boundary in the 0s8x=<0.85 compositions. Fi- component arises. Finally, the need for additional work in

nally, the possibility of additional structure in the phase dia-the 0.8<x=<0.85 range to clarify the charge-orbital and mag-

gram belowTg should be noted. Certainly, the susceptibility netic transitions is noted.

versus temperature curves do show breaks in their slope and

an anomalous quasilinear thermal variation. In a system with

varying AF a}nd FM interactions, with the addeq charge- and ACKNOWLEDGMENT
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