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Crystals of Sr-doped perovskite lanthanum manganates, con-
taining 7+34 mole percent Sr have been grown by fused salt
electrolysis using Cs2MoO4+MoO3 solvents in stabilized zirconia
crucibles. The rhombohedral crystals grow with cubic-like habits
typically with facial areas 0.25+4 mm2 on edge with the average
facial area decreasing with increasing Sr content. All measured
crystals with Sr contents between 11.7 and 33.6 mole percent Sr
underwent transitions from a paramagnetic-insulator to a fer-
romagnetic-metallic state with values of Tc and TIM between 325
and ''400 K (for TIM), the values increasing with Sr content.
A magnetoresistance of approximately 45% at 375 K was ob-
served for a crystal of composition Sr0.336La0.661Mn0.997O3. The
anomalously high Tc 5 325 K for Sr0.117La0.844Mn0.990O3 for
a sample of such low Sr content is interpreted in terms of a high
vacancy level on the A cation site which stabilizes the rhom-
bohedral perovskite structure, which otherwise might have been
expected to be orthorhombic type-1. The formation of Sr-doped
lanthanum manganate perovskite at the cathode with the orthor-
hombic type-2 structure is interpreted in terms of an electrostati-
cally assisted air oxidation mechanism. ( 1999 Academic Press

INTRODUCTION

Rare earth manganates of the ¸nMnO
3

type (¸n"rare
earth), although known for several decades, have received
renewed interest because of the discovery of the colossal
magnetoresistance (CMR) phenomenon, wherein the elec-
88
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trical resistivity decreases by orders of magnitude upon the
application of magnetic "eld (1}5). The importance of CMR
e!ects in commercial magnetic recording and retrieval tech-
nologies has spurred systematic investigations aimed at
understanding the mechanism of CMR in manganates
which is critical for the development of materials with
improved properties. The double-exchange mechanism, ori-
ginally proposed by Zener (6), seemed to adequately ac-
count for the observed CMR phenomenon at least in rare
earth manganates doped with mono- or divalent cations.
According to this model, the insulating gap of the undoped
antiferromagnetic LaMnO

3
corresponds to the charge-

transfer energy di!erence between the O (2p) and Mn (3d)
states. Doping LaMnO

3
with mono- or divalent cations at

the La site results in mixed valency and strong ferromag-
netic correlations at the Mn sites. The loss of scattering due
to the magnetic order, near and below the Curie temper-
ature, ¹

#
, is responsible for the insulator}metal transition.

Scattering losses in the vicinity of ¹
#
are further minimized

by the application of a "nite magnetic "eld, leading to an
increased conductivity. While this simple model, based on
the mixed-valent Mn, has been remarkably successful in
explaining the CMR phenomenon of doped perovskite
manganates, recent discoveries of CMR e!ects in the pyro-
chlore Tl

2
Mn

2
O

7
(7) raised critical questions concerning

the role of mixed valency and crystal structure require-
ments.

Another important aspect concerning the CMR of man-
ganates is that while some experiments have been carried
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out on single crystal specimens, most investigations
reported in the literature have used ceramic specimens or
thin "lms casted from polycrystalline materials. The role of
grain boundaries (GB) in the CMR e!ect has been investi-
gated extensively primarily in polycrystalline materials and
in epitaxially grown manganate "lms (5, 8}12). There is
a consensus that GB e!ects are important in the CMR
e!ect. In general GB are deleterious to the magnetoresis-
tance (MR) near ¹

#
but appear to enhance the e!ect at

¹;¹
#
. The CMR is maximum at the metal}insulator

transition in both polycrystalline and single crystal mater-
ials but appears to be much sharper and larger in single
crystal or thin "lm samples.

Studies of CMR of well-characterized, high-quality, rela-
tively defect-free single crystals would help to clarify GB
issues and any three-dimensional aspect of the phenomenon
to polycrystalline and thin "lm materials, respectively. Pre-
viously, rare earth manganate crystals have been grown by
the arc-image #oating-zone (FZ) method which requires
extremely high temperatures (&20003C) and specialized ap-
paratus (13,14). In the FZ method, the oxygen content of the
crystals is sensitive to the atmosphere in which they are
grown. For example, an argon atmosphere is used in the
growth of pure and lightly doped LaMnO

3
, while mixtures

of Ar#O
2

are required for the growth of La
1~x

Sr
x
MnO

3
phases with 0.0(x(0.6 (13). Crystals are often deformed
as a result of a phase transition which takes place on cooling
from elevated temperatures. Subsequent annealing in oxy-
gen at 10003C is required to obtain suitable oxygen
stoichiometries (14), but this procedure may not fully repair
the lattice damage.

Earlier, we reported on the synthesis and properties
of crystals of lanthanum manganates with the rhombo-
hedral perovskite structure (15). The crystal growth was
accomplished by fused salt electrolysis (FSE), using molten
sodium molybdate}molybdenum(VI) oxide solvents at
975}10003C in air. In this way, we were able to prepare
crystals in which La was partially replaced by Na and/or Sr.
These crystals had facial areas of 1 to 4 mm2 which were
suitable for most physical property measurements. How-
ever, the crystals obtained were also heavily doped with
aluminum, which was abstracted from the crucible contain-
ing the melt. While this report clearly indicated the utility of
the technique, it was evident that other containers and
solvents would be necessary if the method of FSE were to be
applied to the production of crystals of rare earth manga-
nates whose composition could be controlled by the user.
Recently we reported the growth high quality single crystals
of rhombohedral La

0.936
Mn

0.980
O

3
by using Cs

2
MoO

4
-

based solvents and yttria-stabilized zirconia crucibles (16).
In this paper we report on the growth, magnetic susceptibil-
ity, electrical resistance, and magnetoresistive properties of
Sr-doped lanthanum manganate crystals prepared by this
method.
EXPERIMENTAL

The crystals were grown using melts obtained from mix-
tures of cesium molybdate and molybdenum(VI) oxide to
which MnCO

3
, La

2
O

3
, and SrMoO

4
or SrCO

3
were added.

Cs
2
MoO

4
was prepared by the careful addition of a stoi-

chiometric amount of MoO
3

to a cesium carbonate solu-
tion, which was then "ltered and evaporated to obtain the
hydrated, crystalline cesium molybdate, which was rendered
anhydrous by drying for 2 days at 1603C. SrMoO

4
was also

prepared in this laboratory by wet chemical methods and
then ignited at 6003C to remove residual moisture. All
starting reagents had stated purities of 99.9% or better.
Electrolyses were carried out in air at 950}10003C using Pt
electrodes in 20 cc, yttria-stabilized zirconia crucibles
purchased from the McDanel Corporation. The time of
electrolysis varied from a few hours to several days using
currents between 10 and 40 mA. An 8 to 10 turn 0.5 mm
diameter spiral about 1 cm long made from 0.37 mm dia-
meter Pt wire attached to a 0.50 mm diameter shank served
as the anode. The cathode was a 1 cm2 Pt foil or a similar
spiral. Runs were carried out in air and were terminated by
lifting the electrodes from the melt. Products were washed in
warm, dilute solutions of potassium carbonate containing
a small amount of ethylenediaminetetraacetic acid. In some
instances, solid products were also obtained at the cathode
which were chemically cleaned in the same fashion de-
scribed for the anode products or by washing with warm,
dilute HCl when it was clear that the materials obtained
were not manganate-based and were resistant to this re-
agent.

Chemical analyses for Na, La, Sr, Y, Mn, Mo, Pt, and
Zr were carried with a Baird Atomic Model 2070 inductive-
ly coupled plasma emission spectrometer (ICP). Analyses
for main constituents were done in triplicate and are
considered to be accurate to within 1}2%. Trace
elements (i.e., normally less than 0.1% by weight) were
done in duplicate and their accuracy is probably no better
than 2%. The cesium content of the crystals were deter-
mined by atomic absorption spectroscopy. The formal
average valence of manganese was established by an
iodometric titration employing an amperometric
dead-stop end point method (17, 18). Powder X-ray
di!raction (PXD) data was obtained using a Rigaku
D-Max 2 system (graphite monochromatized CuKa radi-
ation). Electrical resistivity measurements on selected crys-
tals were made in a four-point probe con"guration and
magnetic measurements were carried out on batches of
randomly oriented crystals using a Quantum Design
SQUID magnetometer (MPMS) between 4}400 K. Mag-
netoresistance was measured at several temperatures and in
magnetic "elds up to 5 Tesla (T) in the transverse con"gura-
tion (HoI).
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RESULTS AND DISCUSSION

Table 1 summarizes the conditions of the crystal growth
for the Sr doped lanthanum manganates together with the
analyzed compositions. The oxidized products grow dir-
ectly on the anode spiral in the form of an intergrown,
highly re#ecting mass of black crystals, which have a cubic-
like or square-tabular habit. The dimensions of the indi-
vidual crystallites were typically between 0.5 and 1.5 mm on
edge although a few fragments could be found with edges up
to 2 mm long. In general, the average crystal size decreased
with increasing Sr content.

Although longer times and lower current densities might
be expected to produce the largest crystals, we found that
some compromises were necessary for two reasons. First, as
deposition proceeds the melt becomes depleted of solute
ions, which may lead to the formation of other phases or to
other electrode reactions. Secondly, soluble oxidized or re-
duced species are preferentially formed in the melt at low
applied voltages and, as a result, little or no deposition of
solid product takes place at the electrodes. On the other
hand, high applied voltages resulted in signi"cant evolution
of oxygen at the anode. Thus we found that electrolysis for
2 to 4 days at applied voltages between 0.85 and 1.0 V
resulted in currents between 10 and 20 mA and most likely
to produce the best crystals.

We also found that an operating temperature between
975}10003C appeared to be optimal. Lower temperatures
(900}9503C) result in signi"cantly reduced solute solubili-
ties, decreased product yield, or codeposition of Mn

2
O

3
(15). Higher temperatures (i.e., 1025}10503C) result in in-
creased solvent loss by volatilization and increased attack of
the crucible by the melt.

The use of yttria-stabilized zirconia crucibles has a de"-
nite advantage over the high-density alumina crucibles used
in the earlier studies (15) in that partial replacement of Mn
by Al is no longer a factor. Some small replacement of La by
Y may occur but for the anode products it seems to be of
the order of 0.1 to 0.3 atomic % (i.e., 0.03}0.1% by weight)
in the perovskite manganates even after several days usage
of the same crucible. Signi"cant amounts of Y and Zr are
present in the melt as evidenced by the fact that at high
MnO solute concentrations LaMn

2
O

5
-like crystals are for-

med at the anode which contain relatively large amounts of
both zirconium and yttrium. However, incorporation of Zr
in the perovskite manganates formed at the anode does not
seem to be a factor as evidenced by the fact that this element
was typically found at levels less than 0.03% by weight and
never exceeding 0.04%.

Levels of Mo found were found to be less than 0.03%
provided care was taken to wash the lightly ground crystals
prior to analysis. However, multiple washings of the lightly
ground crystals reduced these values to less than 0.03% in
all cases. A side reaction of the electrolysis, which is some-
times observed, is a slow dissolution of the Pt anode and
a partial redeposition at the cathode in the form of a metal-
lic sponge. Since this implies the presence of a soluble Pt
species in the melt, we also examined several manganate
samples for the presence of Pt and found the amount to be
insigni"cant, i.e., typically on the order of 50 to 200 ppm or
less. The total Cs content of the crystals, as determined by
atomic absorption spectroscopy, was between 50 and 300
ppm indicating that little or no incorporation of Cs has
taken place. Indeed, the sample with 300 ppm Cs purposely
was not rigorously washed to see what levels of contamina-
tion might be present so we can safely conclude that any
incorporated Cs is likely to be less than 0.01 percent by
weight.

In Tables 1 and 2 we have chosen to report our
stoichiometries for metal content to three decimal places.
Although this probably is not always justi"ed for La and
Mn, it will generally be so for Sr since the accuracy for this
element is closer to 1% and its concentration is relatively
small. Further, this convention avoids rounding errors in
estimating A and B site vacancy levels which are discussed
later.

Table 2 summarizes the unit cell parameters, the cell
volume per formula unit, and the average Mn valence for
the anode products as determined by iodometric titration of
the phases investigated. The PXD patterns of all these
phases could be indexed based on a rhombohedral sym-
metry. However, broadening of certain re#ections at high
angles for some compositions is often seen. The e!ect is
illustrated in Fig. 1 for the rhombohedral 21 20 and 242
re#ections near 68 and 68.53 2h, respectively. Figure 1a is for
a powder sample prepared from a single crystal fragment
taken from sample 180-13A of analyzed composition
Sr

0.147
La

0.804
Mn

1.001
O

3
and shows that both re#ections

have similar sharpness and line widths. Figure 1b is for
a powder prepared from a random collection of crystals of
sample 180-13A and shows a slight, incipient broadening of
the 21 20 re#ection as compared to the 242 re#ection. Finally,
Fig. 1c obtained for a powdered sample of composition
Sr

0.218
La

0.768
Mn

0.996
O

3
(83-4A) for a collection of crystals

shows a further loss of de"nition of the re#ection at 683,
which is still indexable as the rhombohedral 21 20 re#ection
as part of the data set used for the least squares determina-
tion of lattice constants.

These e!ects might be indicative of the presence of a lower
symmetry phase such as the well-established orthorhombic
type-2 (19). The powder patterns of these two forms would
be very similar and virtually impossible to distinguish with
conventional X-ray sources. However, the rhombohedral
21 20 is one of the more sensitive re#ections to such a distor-
tion and would be expected to split into a doublet while the
242 would remain unsplit. The possibility that the second-
ary phase might be the occasionally reported monoclinic
form cannot be ruled out since the behavior of the powder



TABLE 1
Synthesis Conditions and Analyzed Compositions for (La, Sr)MnO3 Phases Prepared in Yttria Stabilized Zirconia Crucibles

Using Cs2MoO4-MoO3 Solvents

Sample Starting molar ratios Time I Temp. Analyzed composition or
ID Cs

2
MoO

4
: MoO

3
: La

2
O

3
: MnO :SrMoO

4
(h) (mA) (3C) Sr/La Sr#La/Mn remarks

44-2A 2.11 : 1.00 : 0.31 : 0.54 : * 112 10}15 970 0.0 1.14 La
0.936

Mn
0.982

O
3
a

180-2A1 2.11 : 1.00 : 0.31 : 0.46 : 0.27 30 25 970 0.44 1.9 Sr
0.066

La
0.916

Mn
0.961

O
3

180-5A 2.15 : 1.00 : 0.24 : 0.66 : 0.37 90 5 975 0.77 1.3 Sr
0.104

La
0.855

Mn
0.978

O
3

180-11A1 2.00 : 1.00 : 0.28 : 0.74 : 0.39 87 18 975 0.70 1.3 Sr
0.117

La
0.844

Mn
0.990

O
3

180-13A 2.06 : 1.00 : 0.24 : 0.67 : 0.55 96 15 980 1.15 1.0 Sr
0.147

La
0.804

Mn
1.001

O
3

83-1Aa 2.92 : 1.00 : 0.10 : 0.82 : 0.62 5 10 990 3.0 1.0 Perovskite#Hausmanite
83-2Aa 2.92 : 1.00 : 0.10 : 0.82 : 0.62 18 10 990 3.0 1.0 Perovskite#Hausmanite
83-4A 2.48 : 1.00 : 0.16 : 0.47 : 0.39 75 10 990 1.2 1.5 Sr

0.218
La

0.768
Mn

0.996
O

3
83-5A 2.81 : 1.00 : 0.099 : 0.53 : 0.59 63 13 995 3.0 1.5 Sr

0.336
La

0.661
Mn

0.997
O

3
83-6A 2.79 : 1.00 : 0.057 : 0.45 : 0.55 90 10 995 4.8 1.5 Sr

0.321
La

0.679
Mn

0.994
O

3
83-8A 2.75 : 1.00 : 0.11 : 0.43 : 0.52 70 10 995 2.3 1.4 Sr

0.213
La

0.762
Mn

1.001
O

3
83-8C 2.75 : 1.00 : 0.11 : 0.43 : 0.52 70 10 995 2.3 1.4 Sr

0.087
La

0.920
Mn

1.002
O

3

a from Ref. (16).
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patterns would be very similar (14, 20). Thus, Fig. 1a can be
taken as evidence that individual crystals are reasonably
homogeneous within the limits of measurement, while
Figs. 1b and 1c show evidence for the presence of a second
phase with a slightly di!erent composition or the onset of
a small distortion to an orthorhombic or perhaps mono-
clinic form.

A composition gradient within the crystal aggregate or
inhomogeneities within an individual crystal fragment could
possibly occur as a result of changes in the solute concentra-
tions as the electrolysis proceeds or as a function of the
position of growth with respect to the air}melt interface,
which might a!ect total oxygen content. This might also
result in a mixture of two hexagonal phases of slightly
TABL
Unit Cell Data, Analyzed Average Mn Valences Tc and TIM Va

Zirconia Crucibles Using C

Sample ID Analyzed composition a, A_

44-2A-1 La
0.936

Mn
0.982

MnO
3

5.4816(4)
180-2A1 Sr

0.066
La

0.916
Mn

0.961
O

3
5.4790(3)

180-5A Sr
0.104

La
0.855

Mn
0.978

O
3

5.4737(2)
180-11A Sr

0.117
La

0.844
Mn

0.990
O

3
5.4773(3)

180-13A Sr
0.147

La
0.804

Mn
1.001

O
3

5.4748(3)
83-8A Sr

0.213
La

0.762
Mn

1.001
O

3
5.4774(3)

83-4A Sr
0.218

La
0.768

Mn
0.996

O
3

5.4784(5)
83-5A Sr

0.336
La

0.661
Mn

0.997
O

3
5.4702(6)

83-6A Sr
0.321

La
0.679

Mn
0.994

O
3

5.4712(4)

83-8C Sr
0.087

La
0.920

Mn
1.002

O
3
a a"5.545(2)

b"7.774(3)
c"5.546(2)

aOrthorhombic type-2.
di!erent composition, but this should cause a broadening of
a number of other lines, which we in general have not seen in
this system (21). In any event the compositional changes
would be expected to be small and any di!erences in the
chemical analysis of individual crystal fragments and a rep-
resentative bulk sample would probably be within the limits
of experimental error of the ICP technique. The level of
homogeneity of individual crystals might best be answered
by resonance Raman or ferromagnetic resonance spectro-
scopies, techniques which are not available in our labora-
tory.

Multiphase e!ects have also been observed in Sr-doped
LaMnO

3
crystals grown by the FZ technique. In annealed

crystals of analyzed composition La
0.86

Sr
0.15

Mn
0.95

O
3
,

E 2
lues for Rare Earth Manganates Prepared in Yttria Stabilized
s2MoO4+MoO3 Solvents

a0 <
F
, A_ 3 Mn val ¹

#
, (¹

IM
), K

60.66(1) 59.10(1) 3.25 230 (240)
60.64(1) 59.00(1) 3.25 290
60.54(1) 58.69(1) 3.30
60.57(1) 58.85(1) 3.27 325 (345)
60.53(1) 58.711 3.29
60.533(7) 58.80(1) 3.25 365 (370)
60.54(1) 58.83(2) 3.27
60.40(1) 58.40(2) 3.36 370 ('400)
60.40(1) 58.42(2) 3.34

59.77(4) 3.06 220



FIG. 1. X-ray powder di!raction patterns of three di!erent Sr sub-
stituted lanthanum perovskite manganate samples in the 67}703 2h region
(CuKa radiation). Peaks near 693 correspond to the a1a2 doublet of
internal standard Si. (a) Sample 180-13A, Sr

0.147
La

0.804
Mn

1.001
O

3
;

a sample taken from one ground crystal. (b) 180-13A, a representative
sample of several ground crystals. (c) A representative sample of ground
crystals of 83-4A, Sr

0.218
La

0.768
Mn

0.996
O

3
.

FIG. 2. Variation of the magnetic susceptibility, s, as a function of
temperature for La

0.936
Mn

0.980
O

3
, Sr

0.066
La

0.916
Mn

0.961
O

3
(180-2A),

Sr
0.117

La
0.844

Mn
0.990

O
3

(180-11A1), Sr
0.213

La
0.762

Mn
1.001

O
3

(83-8A),
and Sr

0.336
La

0.661
Mn

0.997
O

3
(83-5A).
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a mixture of rhombohedral and orthorhombic forms are
observed (22). Vasiliu-Doloc et al. have also observed that
a crystal having the nominal composition La

0.85
Sr

0.15
MnO

3
, which is orthorhombic type-2 at room temperature

transforms to the rhombohedral structure when heated to
360 K (22). They also state that the &&hysteretic character''
suggests a "rst-order transition. Thus, the presence of multi-
phase products at lower temperatures might well be ex-
pected. In this respect composition dependent phase
transitions have been observed for Sr

x
La

1~x
MnO

3
where

the transition temperature decreases from 370 K for
x"0.15 to approximately 100 K for x"0.20 (13, 24).
Multiphase products have also been observed for polycrys-
talline specimens of the same system but for x"0}0.075.
(25).

The values of <
F
, the volume per formula unit, of the Sr-

doped manganates are, in general, smaller than that of
La
0.936

Mn
0.982

O
3

reported earlier (16). However, this vari-
ation cannot be explained in terms of the ionic size of the
dopants or the average formal valence at the Mn site alone,
since the process is complicated by the di!erent vacancy
levels on both the La and Mn sites.

In general the vacancy levels on both the A and B (Mn)
cation sites tend to decrease as the Sr content increases. By
the time the Sr level has reached 12 mole% the Mn site is
close to full stoichiometry while a vacancy level of about 4%
exists on the A sites. We also note that the average Mn
valency is more or less constant and independent of Sr
content at 3.27$0.02 valence units for samples containing
22 mole% Sr or less. However, the valence has become
commensurate with Sr content when the 32}34 mole% Sr
level has been reached and essentially full stoichiometry is
achieved on both the A and B sites.

Electrical and Magnetic Properties

The temperature dependent magnetic susceptibilities of
several representative samples spanning the range from 0 to
34 mole% Sr are shown in Fig. 2. For the Sr-doped samples
a transition to a ferromagnetic state is observed in the
temperature range 290}370 K. Clearly, the ¹

#
's observed in

this study do not correlate with the average formal valence
of Mn, but rather appear to depend on the extent of Sr
doping at the La site and the vacancy level on the Mn sites.
What is striking about these crystals is that the transition to
the ferromagnetic state is particularly sharp for Sr

0.336
La

0.661
Mn

0.997
O

3
(83-5A) (Fig. 2) and 85-6A (not shown),

both with Sr contents near 33 mole%, less so for sample
83-8A (Sr

0.213
La

0.762
Mn

1.001
O

3
) and quite broad for



FIG. 3. Variation of the %MR as a function of temperature, and
variation of the electrical resistivity as a function of temperature and
applied magnetic "eld for (a) sample 180-11A, Sr

0.117
La

0.844
Mn

0.990
O

3
,

(b) sample 83-8A, Sr
0.213

La
0.762

Mn
1.001

O
3
, and (c) sample 83-5A, Sr

0.336
La

0.661
Mn

0.997
O

3
.
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180-2A, Sr
0.066

La
0.916

Mn
0.961

O
3

which has the lowest
Sr content of the doped samples. (Fig. 2) This trend also
follows the decreasing level of vacancies on both A and
B sites.

The electrical resistivities of representative crystals as
a function of both the temperature and the magnetic "eld
are shown in Figs. 3a}3c. The maximum applied "eld in all
cases is 5 T, the upper limit of our experimental set-up. As
expected, the doped manganate crystals showed: (i) an insu-
lator-to-metal transition (¹

IM
) in the vicinity of the fer-

romagnetic Curie temperature and (ii) a resistivity decrease
upon the application of a "nite magnetic "eld. The resistiv-
ity at ¹

IM
decreases by a factor of nearly 20 as the Sr content

increases from 12 to 34 mole% and is consistent with trends
observed previously by other workers (13, 26}29). However,
the ¹

IM
near 345 K for Sr

0.117
La

0.844
Mn

0.990
O

3
is unex-

pected for a sample of such low Sr content (Fig. 3a). Typi-
cally samples with 10}12 mole% Sr have either the
rhombohedral or orthorhombic type-2 structure and have
¹

#
's 50 to 100 K lower (13, 26}29). This point will be

discussed in more detail later.
The term magnetoresistance used here is de"ned as

100[(o
0
!o

H
)/o

0
], where o

H
and o

0
are the resistivities at

applied "elds of H and zero Tesla, respectively. At 5 T 35%
MR was observed at 325 K for Sr

0.117
La

0.884
Mn

0.990
O

3
(Fig. 3a) and 37% MR at 330 K for Sr

0.213
La

0.762
Mn

1.001
O

3
(Fig. 3b). The transition to the metallic state in Sr

0.336
La

0.661
Mn

0.997
O

3
is above 400 K, the highest temperature

of our equipment; a maximum in the MR is found at about
45% at 375 K (Fig. 3c). An interesting feature of Fig. 3c is
the relatively high '25% MR values observed between 250
and 300 K. We have no good explanation for this e!ect
although it may be associated with the lack of grain bound-
aries and a higher level of crystal perfection than might be
found in single crystal material prepared by the FZ method.
In this respect, we must point out again that the presence of
intergrowths of slightly di!erent composition and/or crystal
symmetry within the measured crystal fragments cannot be
ruled out. This question is now being addressed at other
laboratories using specimens supplied by us.

It is interesting that the self-doped sample La
0.936

Mn
0.982

O
3

shows a signi"cantly higher MR (ca. 75%) at
5 T and 250 K (16) than any of the above samples. Although
a correlation between ¹

#
and the levels of vacancies on the

Mn sites has been indicated from studies of K-doped
samples (30), the room temperature resistivity of the self-
doped sample (ca. 10~1 )-cm) and those of the Sr-doped
samples di!er by two-to-three orders of magnitude and do
not scale with the formal valence of Mn or the unit cell
volume (Table 2). Thus the large variations seen in the
transport properties would appear to be related to the defect
chemistry such as local disorder with respect to Sr2`/La3`
on the A site and cation de"ciencies on both the A and
B sites of the perovskite structure. It is clear that optimiza-
tion of the MR properties requires a detailed understanding
of how the various defects a!ect the physical properties.
Thus, well-characterized single crystal studies of defects are
important in this context.



FIG. 4. Variation of the magnetic susceptibility, s, as a function of
temperature for sample 83-8C, Sr

0.087
La

0.918
Mn

1.000
O

3
.

94 MCCARROLL ET AL.
Comparison of our results for the Sr-doped lanthanum
manganate with those of previous studies is di$cult since
samples of nominal composition Sr

x
La

1~x
MnO

3
reported

in the literature clearly have di!erent levels of cation de"-
ciencies based upon both chemical analyses and unit cell
sizes (3, 5, 13, 14, 25, 26}28, 31}33) This is also re#ected in
the often di!erent temperature dependencies of their mag-
netic and conductivity properties regardless of whether the
samples measured are single crystals, oriented thin "lms, or
polycrystalline ceramics.

However, some comparisons with other bulk single crys-
tal materials appears to be in order. For instance, a single
crystal grown by Urushibara et al. (13) using the FZ
method, which has an analyzed composition of close to
Sr

0.20
La

0.80
MnO

3
, displays an MR of about 45% at 325 K

(H"5 T, ¹
#
"369 K, ¹

IM
"360 K) which compares with

our samples of composition Sr
0.213

La
0.762

Mn
1.001

O
3

with
MR of 37% at 330 K (H"5 T, ¹

#
"365 K, ¹

IM
"370 K)

and Sr
0.336

La
0.661

Mn
0.997

O
3

with MR of 45% at 375 K
(H"5 T, ¹

#
"370 K, ¹

IM
not observed below 400 K). On

the other hand FZ grown crystals studied by Anane et al.
(26) show MR values between 80 and 90%, albeit well below
room temperature, for x"0.10}0.175 in Sr

x
La

1~x
MnO

3
,

but this ratio drops to about 30% for x"0.25 (H"5 T).
Unfortunately no unit cell data are available for these
samples. Yang et al. prepared polycrystalline La

0.83
Sr

0.17
MnO

3
by chemie douce techniques and found a 40% MR at

300 K in 5 T (34). Ju and co-workers (4) have reported that
epitaxially grown thin "lms with the composition Sr

0.33
La

0.67
MnO

3
have MR values of 35% at 330 K near the

Curie temperature. However, the IM transitions of the "lms
are much broader than that of the target material from
which the "lms were prepared, suggesting that the "lms may
not be homogeneous. Wilson et al. have studied the e!ect of
radiation-induced defects on the MR in deoxygenated
Sr

0.3
La

0.7
MnO

3
"lms (35). They concluded that strutural

defects decrease carrier mobility and impede the ability of
an external magnetic "eld to lower the resistivity.

It has been observed that yttrium substitution in
La

1~x
A

x
MnO

3
phases (A"Ca, Sr) decreases ¹

#
and en-

hances MR (36}40). This has been ascribed to an internal
pressure e!ect as a result of a decreased average radius of
the A cation, which results in a distortion of the MnO

6
octahedra and a narrowing of the e

'
bandwidth. The in-

crease in MR is the result of a lowered hole mobility and an
increased coupling between localized and itinerant electrons
(41). Although Y appears to be present in our phases, the
amounts present, 40.5 atom% in all cases, are far too low
to explain the e!ects observed here.

Cathode Products

Although our main e!orts have focused on the characte-
rization of the products obtained at the anode, some com-
ments about the solid products obtained at the cathode are
also in order. In general, two types of product were ob-
served. (1) Normal products which grew on the cathode
plate or spiral. They were generally small in yield and were
either La rich (La,Sr)Mo

5
O

8
crystals or a phase whose

X-ray di!raction pattern appears to be related to that of
La

5
Mo

32
O

54
(42). (2) A product, which is found above the

melt on the cathode shank, which we will refer to as the
cathode creep or shank product. This material consists
largely of a colorless, or nearly colorless, oxidized matrix
containing small, dendritic-like black crystals, which are
shown by X-ray powder di!raction to be orthorhombic
perovskite phases (see Sample 83-8C in Tables 1 and 2 for
an example). These products can be freed of matrix by the
wash procedures described previously. Yields are small,
rarely exceeding 75}150 mg, although the increasing pres-
ence of Sr in the melts seems to increase the total amount of
creep product. The crystals are extremely small and ill
formed but with an occasional rectangular tablet 0.1}
0.2 mm on edge being observed.

While we have not investigated these products extensive-
ly, Sample 83-8C appears to be typical of the cathode
products, which are only weakly magnetic at room temper-
ature. The cathode products are often contaminated with
Pt sponge or yttria-stabilized zirconia crystals. However,
sample 83-8C was remarkably free of these contaminants
and a chemical analysis was deemed feasible, which yielded
a chemical formula of Sr

0.087
La

0.920
Mn

1.002
0
3
. Its low Mn

average valence of 3.06 and orthorhombic structure are
re#ected in a rather broad, ill-de"ned transition with a ¹

#
of

220 K as shown in Fig. 4. Because of the small size and poor
crystal quality of this sample we were unable to con"rm its
expected insulating nature. The apparent lack of A or Mn
site vacancies is also noteworthy.
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SUMMARY AND CONCLUSIONS

The relatively simple method of fused salt electrolysis has
been used to produce crystals of strontium substituted lan-
thanum perovskite manganates containing 6 to 34 atom
percent Sr at 975}10003C. These crystals, which grow at the
anode, typically have facial areas varying from 0.25 to
4 mm2. Although longer times of electrolysis tend to pro-
duce larger crystals, the composition of the molybdate
solvent and the relative concentrations of solute are also
important.

Samples with approximately 12 to 34 mole% strontium
were found to be ferromagnetic metals with a ¹

#
between

325 and 370 K, the values increasing with increasing Sr
content of the crystals. A sample of composition Sr

0.336
La

0.661
Mn

0.997
O

3
showed an MR value in excess of 45% at

375 K, but signi"cant MR ('25%) remaining down to
250 K. A crystal of composition Sr

0.117
La

0.844
Mn

0.990
O

3
had a ¹

#
of about 325 K, considerably higher than that

reported previously for materials with similar Sr contents.
This result can be interpreted in terms of a relatively high
level of A site vacancies resulting in an average Mn valency
su$ciently high enough to stabilize the ferromagnetic,
metallic, rhombohedral phase where an insulating, para-
magnetic, orthorhombic phase might otherwise have been
expected.

The formation of perovskite manganate phases at the
cathode above the air}melt interface in the form of a cath-
ode creep product is explained on the basis of an electro-
chemically assisted air oxidation mechanism.
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