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Crystals up to 4 mm on the edge of sodium-substituted lan-
thanum manganates with the rhombohedral perovskite structure
have been grown for the first time using fused salt electrolysis at
980—-1000°C. Cs;M00,~MoO; mixtures have been employed as
solvents. Substitution of Na for La appears to be limited to about
12 at.%. All the phases prepared have an average Mn valence of
3.26(2) which is a result of decreasing A-site vacancies as the Na
content is increased. The Curie and insulator—metal transition
temperatures increase with increasing Na content with values of
300-320 K being observed for samples containing 10—12 at.%
Na. Magnetoresistance values (5T field) of ~62% at 300 K
with a maximum value of 76% at 280 K were observed for
a sample of composition Nay g0l 550Mnyo96D3. © 1999 Academic

Press

INTRODUCTION

There has been a renewed interest in perovskite-like
phases derived from LnMnO; (Ln = La, Nd, Pr) because of
the discovery of so-called colossal magnetoresistance phe-
nomena (CMR), wherein dramatic decreases in the electrical
resistivity occur upon the application of a magnetic field
(1-5). For instance, stoichiometric LaMnQOj is a paramag-
netic insulator at room temperature, which undergoes an
antiferromagnetic transition at low temperature with insu-
lating transport behavior. However, partial replacement of
La by an alkaline earth metal ion such as Ca or Sr results in
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a ferromagnetic ordering with the Curie temperature, T,
near room temperature (RT) and a concomitant insula-
tor-metal transition, at Ty, which is close to T.. These
substituted phases (at ~20-50 at. % doping) exhibit CMR.
A maximum in the magnetoresistance (MR) is observed in
the vicinity of T,/ Ty where MR = 100[ p(H) — p(0)]/p(0)
with p(H) and p(0) being the resistivity at a given temper-
ature in the presence and absence of an applied magnetic
field, respectively. For example, the phase with nominal
composition Sty ;7Lay g3MnO5; has been reported to have
a T, of 283 K and has a MR value approaching 90% near
T =250 K (15T field) (6).

In phases where La is replaced by other rare earth metals,
such as Nd or Pr, and the alkaline earth metal content is
between 30 and 50 mol%, extremely high CMR values
approaching 100% are obtained, albeit at relatively low
temperatures (7-10). However, because of potential device
applications, much of the recent work has focused on the
study of materials that display lower but significant CMR at
or near room temperature, in particular, Sr-substituted
LaMnOs, often formulated as La; —,Sr,MnQOj. The crystal
chemistry, however, is much more complex than that simple
formulation implies; both the La- (or 4-) cation sites and the
Mn (or B) sites may be deficient and in some instances
oxygen nonstoichiometry can be induced. The physics of
CMR materials is not well understood, although it is clear
that in the rare earth perovskite manganates it is linked to
a mixed Mn(III)/Mn(IV) valency, the sizes of the A4 cations,
the level of defects on both the 4 and Mn sites, and the
crystallographic symmetry, particularly as these factors
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affect the Mn-O-Mn bond lengths and angles (11-15). In
the Sr-substituted phases, a minimum Mn(IV) content of at
least 17% appears to be required to obtain ferromagnetic,
metallic-like phases near 250 K, with progressively higher
values required for T, and Ty at room temperature or
above (6, 16-19).

Alternative but relatively less explored systems for room
temperature CMR manganates are those in which a portion
of the rare earth is replaced by an alkali metal. Such phases
were studied over 20 years ago by Voorhoeve and co-
workers for their catalytic properties (20). They found for
phases of nominal composition La; -, 4. MnOj; (4 = Na, K,
Rb) that up to 40% of the La could be replaced by K
but only to 20% if Na or Rb were used. Gubkin et al.,
reported on the high-temperature solution growth of
Lagy oNag {MnOj single crystals with T/ Ty close to 300 K
and MR ~ 30% (H =2 T) near T,/ Ty (21). Alkali-metal-
substituted systems, similar to those in Ref. (20), were inves-
tigated for their electrical and magnetic properties by
Shimura et al., who found ferromagnetism and an asso-
ciated insulator-metal transition at or near room temper-
ature by the addition of 9-16% mol% Na or K (22).
Recently, the synthesis of oxygen-deficient phases in which
approximately 50% of the La has been replaced by K or Rb
have been reported (23) which display a MR of 20-30% in
the vicinity of Tyy (260 K for both phases). These appear to
be perovskite-related phases, in which the anion deficiency
is ordered, and are thus quite different from those reported
in Ref. (20, 22). Singh et al. (24) have synthesized A-cation
and oxygen-deficient phases to which they assigned the
general formula La; _,_,4,MnO;_; (4 = Na or K) by us-
ing a NaCl or KClI flux at 1170 K. The highest T, = 300K
(T = 290K) was found for Lag g,Nay 3MnO, 93. The
MR properties of these phases were not studied. Boix et al.
(25) have recently reported the synthesis of several Na-

substituted phases by the acetate method which contain
3-15 at.% Na. Interestingly, these phases all have an aver-
age Mn valency of 3.33. T, and Ty appear to increase with
increasing Na content and decreasing Mn-site vacancies.

Most of the above studies of alkali-metal-substituted
phases have been carried out on polycrystalline phases.
Since MR properties appear to be influenced in part by
grain boundary and crystallite size effects (26-30), the avail-
ability of good quality single crystals, which would be rela-
tively free of such defects, would be desirable. Previously,
the method used to produce large single crystals of perov-
skite manganates, particularly lanthanum manganates
doped with alkaline earths, was the arc-image floating zone
method (6, 16-18). However, it is unlikely that this method
could be used to produce specimens doped with alkali
metals because of the high volatility of the latter at the very
high temperatures required for crystal growth. Recently, we
reported that single-crystal rare earth manganates could be
prepared by fused salt electrolysis using alkali molybdate
solvents (31-33) at ~1000°C which demonstrated that con-
trolled substitution of Na and K should be possible. We
report here the results for our synthesis efforts on Na-sub-
stituted LaMnOj; and a study of the electrical and magnetic
properties of the phases formed.

EXPERIMENTAL

The crystals were grown in melts obtained using mixtures
of cesium molybdate and molybdenum (VI) oxide to which
solute ions were added in the form of Na,MoO,, La,0O;,
and MnCOj;. The electrolyses were carried out for periods
of 1-3 days in yttria-stabilized zirconia crucibles (McDanel
Vesuvius) using platinum electrodes at temperatures be-
tween 980 and 1000°C. Particular conditions for representa-
tive phases obtained are given in Table 1. Further details

TABLE 1
Synthesis Conditions and Analyzed Compositions for Sodium-Substituted Lanthanum Manganates Prepared
in Y-Stabilized Zirconia Crucibles Using Cs,M00,~Mo0O; and Na,MoO,~MoQO; Solvents

Starting molar ratios

Sample ID Cs;MoO, Na,MoO, MoO3; La,0; MnO Time (h) I(mA) T(°C) Analyzed composition

13-81-2A 7.64 0.14 3.00 1.00 1.90 21 13 990 Nag 914L20.03:Mng 97603
13-81-3A 7.84 0.73 3.30 1.00 1.74 18 13 990 Nag.041L20.918MnNg.99;03
13-81-5A 5.90 1.65 3.02 1.00 1.85 27 15 990 Nayg.o77La0.88sMn; 90203
13-81-6A 5.10 1.65 3.00 1.00 1.85 45 15 985 Nag.074L20.903Mng 95603
13-81-7A 5.90 4.38 4.14 1.00 1.65 22 15 990 Nag.101L2¢.877Mng 99703
13-81-9A 5.00 5.00 3.86 1.00 1.90 42 15 985 Nag.119La0.861MnN; 00503
MB10-5A 5.80 4.55 3.05 1.00 1.55 71 10 980 Nag g99Lag.880Mng 99603
MB10-7A 5.75 4.80 3.00 1.00 1.60 100 11 990 Nag.113La0.888Mng 08403
14-6-1A — 7.25 3.00 1.00 1.80 28 15 1000 Nag. 104l 881 Mn0.99503
14-6-2CM — 7.25 3.00 1.00 1.80 51 15-20 1000 Nag.069L80.916MnN; 00303

Note. All Mn valences were determined by iodometric titration, and the oxygen content has been normalized to a stoichiometry of 3.
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regarding the method can be found elsewhere (31-33).
Chemical analyses for principal metallic constituents as
well as trace constituents such as Y, Zr, and Mo were
carried out with a Baird Atomic Model 2070 inductively
coupled plasma emission spectrometer (ICP). The results
are considered accurate to 1-2%. No analysis for Cs was
made since previous experiments had shown that this
ion was not incorporated into the perovskite phase (33).
The average Mn valence was determined by an iodomet-
ric titration employing a dead-stop amperometric end
point (34). The values are considered valid to within +0.03
units.

Powder X-ray diffraction (PXD) data was obtained
using a Rigaku D-Max 2 system. When accurate lattice
constants were desired, a silicon internal standard was
employed. Graphite monochromatized CuKo radiation
was used throughout. Electrical resistivity measurements
on selected crystals were made in a four-point probe con-
figuration. The magnetic susceptibility measurements
were carried out on randomly oriented crystals using
a Quantum Design SQUID magnetometer (MPMS) be-
tween 4 and 350 K (H = 100G). Magnetoresistance was
measured between 200 and 400K and in magnetic fields
up to 5 T in the transverse configuration (H perpendicular
to I).

RESULTS AND DISCUSSION

Table 1 lists the conditions used for the synthesis of
several phases prepared in this experiment. All the products
labeled with a suffix A are anode products, the lone cathode
product being designated by the suffix CM. The anode
products grow as small clusters of intergrown, black crystals
having a nominally cubic-like habit. Typically, the crystals
have facial areas between 1 and 4 mm?, although some
crystals up to 3-4mm on the edge have been obtained.
A photograph of some of the better crystals is shown in
Fig. 1. In general, the crystal size increased with the time of
electrolysis. The cathode product, like other manganate
cathode products, is poorly crystalline and biphasic. It is
mentioned here only to alert the reader to their existence
and will not be discussed further. Similar products obtained
for Sr-doped lanthanum manganates are discussed in more
detail elsewhere (33).

We note (Table 1) that the ratio of Na/La in the melts is
increased the amount of Na incorporated into the La man-
ganate also increases. However, a relatively large excess of
Na in the melt with respect to La is required to achieve
a level of 10-12 at.% Na in the manganate, which appears
to be the upper limit for this value under the conditions used
here. Our Mn valence determination shows that this value

FIG. 1.

. o

Photograph of crystal fragments from run MB-10-5A. Scale is in millimeters.
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TABLE 2
Unit Cell Data, Analyzed Average Mn Valance, and 7, and T}y, Values for Sodium-Substituted Lanthanum Manganates Prepared
in Y-Stabilized Zirconia Crucibles using Na,MoO,~Mo0O; or Cs,Mo00,~MoQO; Solvents

Sample ID Analyzed composition a (1&) o(°) Ve (/&3) Mn val T, (K) T (K) vy UMn
13-44-2A Lag.036Mng. 05203 5.4816(4) 60.66(1) 59.10(1) 3.25 230 250 0.064 0.018
13-81-2A Nag.014L20.932Mng 97603 5.4802(3) 60.662(6) 59.05(1) 3.27 240 240 0.054 0.024
13-81-3A Nag.041La0.018MnNg 09103 5.4782(3) 60.673(6) 59.01(1) 3.23 280 270 0.041 0.009
13-81-6A Nag.074L20.903MnNg 05603 5.4758(3) 60.640(5) 58.89(1) 3.27 290 300 0.023 0.014
MB-10-3A Nag.086La0.003MnNg. 05603 5.4731(3) 60.573(6) 58.71(1) 3.25 280 300 0.011 0.014
MB-10-5A Nag g90Lag ggoMng 99603 5.4738(2) 60.631(5) 58.81(1) 3.25 300 300 0.012 0.004
13-81-7A Nag.101Lag.g77Mng. 09703 5.4725(4) 60.624(8) 58.76(1) 3.25 305 300 0.021 0.003
14-6-1A Nag.104La0.881 Mg 99503 5.4726(5) 60.600(9) 58.73(1) 3.26 320 — 0.015 0.002
MB-10-7A Nag.113La0.88sMng 05403 5.4709(3) 60.610(6) 58.69(1) 3.27 300 300 — 0.016
13-81-9A Nag.110Lag.86:1Mny 00503 5.4694(3) 60.572(7) 58.60(1) 3.27 310 — 0.020 —
14-6-2CM Nag.060La9.016Mny 00103 5.4781(5) 60.65(1) 58.98(1) 3.18 — — 0.025

“Sample is biphasic with the main phase being orthorhombic with a = 5.486 (7) A, b=7819 (8) A, and ¢ = 5.524 (5) A.

was essentially constant within experimental error at
3.26 + 0.02, the e.s.d. being well within the estimated uncer-
tainty of the method of + 0.03 valence units (Table 2).

Our observed valence results are entirely consistent with
the decreasing number of 4-cation and Mn vacancies (v,
and vy, respectively, in Table 2), which occur as the Na
content is increased. Finally, we note that Vg, the crystal
volume per formula unit (Table 2), decreases as the sodium
content increases. This occurs in spite of the fact that the
accepted value of the 12-fold crystal radius for Na is slightly
larger than that of La, 1.53 vs 1.50 A (35). Since the Mn
valence remains essentially constant, the observed decrease
in crystal volume is likely to be the result of decreased
electrostatic repulsions within the oxygen sublattice as the
cation vacancy concentration decreases. The vacancy level
appears to be significantly higher on the A4 sites than the Mn
sites, the latter approaching full stoichiometry, within ex-
perimental error, above the 4 at.% Na level.

Figure 2 shows the magnetic susceptibilities as a function
of temperature for several of the Na-substituted anode
products listed in Table 1. All the phases show a transition
to the ferromagnetic state. As expected, the transition tem-
perature, T, increases steadily with increasing sodium con-
tent (or as the A-cation vacancy level is decreased). The
sample with the highest sodium content (11.9at.%) dis-
played a T, of 320 K. The kinks observed below T, in the
temperature-dependent susceptibilities of phases with low
sodium content, in particular the phases with 1.4 and
4.1at.% Na, seem to signal either (i) structural phase
transitions, (ii) the onset of complex magnetic interactions,
or (iii) possible compositional inhomogeneities. In general,
the saturation magnetization decreases with increasing Na
content (with a few exceptions, which are probably due to
the varying cation vacancy contents). This is to be expected
in view of the composition controlled localized to itinerant

behavior. Furthermore, since the average valence of Mn
remains constant across the samples, it is reasonable to
attribute the loss in the saturation magnetization to the
decreased number of localized electrons at the Mn sites.
Figure 3 shows the variation of T, as a function 4- and
Mn-site vacancy levels as estimated from the results of
chemical analysis for the various anode products. It is
evident from these plots that a decreasing A-site vacancy
level correlates well with an increasing T.. A more pro-
nounced, but less well-defined trend for the Mn-site vacancy
level, is also observed. However, this trend is complicated
by the fact that, for samples with more than 1.4at.% Na,
the Mn content is near stoichiometry within the estimated
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FIG. 2. Magnetic susceptibility vs temperature plots for several Na-
doped LaMnOj; samples.
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FIG. 3. Plot of Curie temperature vs A4-site (a) and Mn-site vacancy
levels (b). The relative errors in both the T.’s and vacancies (pooled e.s.d. of
+ 0.01 for the A site and + 0.008 for the Mn site) are indicated. The
straight line drawn in the figures is a guide for the eye.

standard deviation of the analysis (4 0.008, the pooled
value for the replicate analysis of 12 different samples).
Given the importance of the Mn-O sublattice for the
occurrence of ferromagnetism, vacancies at the Mn site
would clearly weaken the exchange correlations and hence
T, would decrease. Furthermore, we propose that vacancies
at the A4 site play a secondary role, in that their effect is
indirect. For instance, A-site vacancies can induce (i) elec-
trostatic repulsions between the O?~ ions, thereby increas-
ing the overall cell volume, and (ii) local distortions in the
Mn-O-Mn bond angles and distances, both of which will
lead to weaker exchange correlations. It is interesting that
Boix et al. (25) have reported similar correlations between
T, and the level of cation defects, but they considered only
Mn-site effects. However, the average Mn valence of their

samples is essentially constant but at a value of 3.33 instead
of the 3.26 found in our study. The smaller unit cell volumes
of their samples compared to ours with similar levels of Na
doping is in line with the higher Mn(IV) content of their
samples, indicating that we are dealing with two sets of
phases with quite different properties. It is clear that Mn
vacancies should effect T, much more than a similar level of
A-site vacancies. To resolve the effects of the A-site defects
on the T./Tyy, in the phases studied here, it would be
necessary to grow good quality single crystals with control-
led levels of vacancies only at these sites. Unfortunately, the
techniques developed so far for the growth of manganate
single crystals, including the one reported here, would not
permit such a study.

Figure 4a shows the electrical resistivity (at 0 and 5 T) and
MR% as a function of temperature for Nag gi4lag 93>
Mng 47603 (sample 81-2A). A sharp insulator-to-metal
transition with Ty, = 240 K at zero applied field is ob-
served. At an applied field of 5T a maximum of 85% in the
MR is observed at that same temperature. These observa-
tions are similar to those reported previously for
Lag 936Mng 95,03 (sample 44-2A) (32). The MR behavior of
Nag g74La9.003Mng 95603 (81-6A), as shown in Fig. 4b,
indicates a maximum of ~60% MR at ~280K. Figure 4c
is a similar plot for sample MB-10-5A with an analyzed
composition of Nag gg9lag gsoMng 90603. Here, the zero
field Tyy is at 300 K and the maximum MR of 76% is at
280K (5-T field), which falls off rapidly with temperature.
Finally, in Fig. 4d, we show the MR properties of
Nag.113La0.858Mng 05403 (MB-10-7A), which shows
a maximum MR of 55% at 295K. These MR values are
unusually high for the room temperature range and may be
related to the overall crystal quality. The sharp decrease in
MR below Ty may also be taken as evidence for the lack of
grain boundary effects.

The smallest MR is observed in a crystal with the highest
sodium content, although there is no particular correlation
between the MR and the sodium content. Clearly, the MR is
affected by vacancies at the A and Mn-sites, T, of the
samples, sharpness of the transition, and the normal-state
resistivity of the crystals. Since the average valence of Mn is
near optimal for CMR and remained nearly constant across
the series, this factor is not responsible for the observed
variation in the MR values. On one hand, crystals that are
stoichiometric with respect to Mn, but contain relatively
large A-cation vacancies, exhibit the highest MR values. On
the other hand, crystals with the largest Mn deficiencies
display relatively smaller MRs, however, at or near RT
(Figs. 4b-4d).

Although our crystals appear to be well formed, there
does seem to be some small variation from crystal to crystal
of the same batch either in regard to the size of the rhom-
bohedral unit cell or perhaps the presence of some crystals
with orthorhombic symmetry. The effect is illustrated in
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Fig. 5, which is an expanded portion of the X-ray powder
diffraction pattern of three different samples which shows
the rhombohedral 220 and 242 reflections near 68 and 68.5°
20, respectively. Figure 5a is for a powder sample prepared
from a single-crystal fragment taken from sample 81-3A
with an average-analyzed composition of Nag gs1Lag 915
Mny 99;03. The pattern shows that both reflections have
similar sharpness and line widths. Figure 5b is for a powder
prepared from a random collection of crystals of the same
sample batch and shows a slight, incipient broadening of the
220 reflection as compared to the 242 reflection. Finally,
Fig. 5c obtained for a powder sample made from several
crystals of average composition Nag 191Lag.g77Mng 99703
(81-7A) shows a further loss of definition of the reflection at
68° 20 in which a multiplet is now evident. These effects
might be indicative of the presence of a lower symmetry
phase such as the well-established orthorhombic type

2 (15, 36), or the presence of a monoclinic phase of the type
described by Maignan et al. (37).

Alternatively, the effect may be due to multiple rhom-
bohedral phases of slightly different compositions, since the
La/Na ratios in the crystal depend upon the melt composi-
tion, which will change as the electrolysis proceeds. Indeed,
recent synchrotron X-ray powder diffraction studies of
a self-doped lanthanum manganate sample prepared by
fused salt electrolysis showed the presence of two rhom-
bohedral phases with slightly different lattice parameters
(38). Further, the possibility of intergrowths within the same
crystal cannot be excluded. These unanswered questions are
now being studied at other laboratories with samples sup-
plied by us.

While our study was in progress, the synthesis of very
small single crystals (<0.lmm on the edge) of
Lay g,Nagy 13MnO, 953 was reported (39). A single-crystal
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FIG.5. Powder X-ray diffraction patterns of Nag ogelag.003Mng. oge
O3 (MB-10-3A) in the 20 range of 67-70° (copper radiation). (a) One
ground crystal, (b) several ground crystals, and (c) several ground crystals
of 13-81-7A, Nag 191La0.877Mng.997,03.

X-ray diffraction study was consistent with space group R3
as opposed to the unusual R3¢ found for rhombohedral
manganate perovskites. In addition, the unit cell volume
was half that of the conventional cell. Although their pow-
der diffraction studies were unable to distinguish between
the two space groups, we clearly see a weak line at 20 near
38°, which is consistent with the larger cell with space group
R3c. Thus, our crystals appear to be fundamentally different
from theirs, perhaps as a result of the different method of
synthesis.

We have reported previously that the T./Ty and MR
values of the Sr-substituted lanthanum manganate perov-
skite single crystals grown by fused salt electrolysis (FSE)
are comparable to those, with corresponding composition,

grown by zone melting (33). Here, we would like to com-
ment on some of the similarities and differences between the
Sr-doped and Na-doped lanthanum manganate crystals,
both prepared by fused salt electrolysis. In each of these
systems, it is possible to raise the T, of the self-doped
La; _.Mn; _,0; by a progressive replacement of La with
Na or Sr. T.s as high as 370K are observed in the
La; _,SryMnO; (x ~ 0.336) (33), while the highest T, ob-
served in the Na system (x ~0.104) is ~320K. At low
doping levels, both the Sr and Na systems displayed signifi-
cant vacancies at both the 4 and B sites, which generally
decreased with increasing dopant content in both systems.
The maximum MR attainable in the vicinity of room
temperature for the Sr system (~30-35%) is significantly
smaller than the corresponding values seen in the Na
system (~60-80%) when measured under similar mag-
netic field strengths (5T). Thus, Na doping appears to be
superior to Sr doping for obtaining materials with high MR
near RT.

CONCLUSIONS

We have been able to grow crystals of rhombohedral

lanthanum manganate perovskites containing up to 12 at. %
sodium. Typically, these crystals have facial areas between
2 and 4mm? but crystals up to 4 mm on the edge have been
obtained in some instances. An essentially constant average
Mn valence of 3.26(2) units was observed for all phases
prepared in this study. T, and Ty increase with an increas-
ing Na content and decreasing A-site vacancy level up to
~7at.% Na. Higher values for Na do not seem to affect
T, which remain constant at ~300K. T, and Ty vary
from about 240K for zero at.% Na to 305-320K for
10-12at. % Na substitution. A remarkably high MR value
of 62% at 300K is observed for crystals with approximately
10 at.% Na, which show a maximum MR of 76% at 280 K.
Such high values of MR have not been observed previously
in bulk manganates in the vicinity of room temperature.
These high MR values may be related to the quality of the
individual crystals. However, X-ray powder diffraction
studies indicate that slight compositional differences may
exist for crystals from the same batch. A comparison of the
magnetoresistance properties between the Sr- and Na-
doped lanthanum manganates prepared by fused salt elec-
trolysis indicates that the nature and role of defects on the
MR properties is quite different in each of these systems.
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