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Multiple magnetic phases of La2CoMnO6Àd „0ÏdÏ0.05…
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Transport and magnetic properties of polycrystalline La2CoMnO62d , 0<d<0.05, have revealed the exis-
tence of two distinguishable monoclinic ferromagnetic phases separated by a two-phase domain 0.02<d
<0.05 and a pseudotetragonal (c/a,&) phase withd >0.05 that was prepared at 600 °C. A nearly oxygen-
stoichiometric sample having a magnetizationM (5 K, 50 kOe)55.78mB /f.u. with a Curie temperatureTc

'226 K is identified as atomically ordered La2Co21Mn41O6 containing about 1.8% antiferromagnetic spins at
antisites. This ferromagnetic phase is ann-type polaronic conductor that progressively traps mobile electrons at
the oxygen vacancies that introduced them on lowering the temperature. Although the x-ray-diffraction pattern
can be indexed in orthorhombic~Pbnm! or monoclinic (P21 /n) symmetry withb'90°, atomic order iden-
tifies the space group asP21 /n. A second monoclinic, ferromagnetic phase withTc,150 K andd '0.05 has
a large, positive thermoelectric power that increases progressively with decreasing temperature. Quenching a
d '0.02 sample from 1350 °C into liquid N2 gave a single phase withTc5134 K andd '0.05. A sample with
d >0.05 that was synthesized at 600 °C was pseudotetragonal (c/a,&) and had a paramagnetic Weiss
constantu,Tc'225 K as well as a significantly smaller magnetization, but its magnetization curveM (T)
showed no evidence of spin-glass behavior; its large, positive thermoelectric power was characteristic of
polaronic conduction without trapping of mobile charge carriers at lower temperatures. Interpretation of the
two phases withd'0.05 is based on the hypothesis that introduction of high-spin Mn31 by the oxygen
vacancies creates around it additional Mn31 and intermediate-spin Co31 at neighboring sites; the resulting gain
in elastic energy from cooperative, dynamic Jahn-Teller deformations at these ions must be sufficient to
overcome the cost of about 0.2 eV for the electron transfer from a Co21 ion to a Mn41 ion.

DOI: 10.1103/PhysRevB.67.014401 PACS number~s!: 75.30.Cr, 75.30.Et, 75.30.Kz, 72.80.Ga
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I. INTRODUCTION

The original formulation of the rules for the sign of th
superexchange interactions1,2 led to an attempt3 to make fer-
romagnetic insulators by ordering Ni21 and Mn41 or Co21

and Mn41 in the double perovskites La2NiMnO6 and
La2CoMnO6. Failure to achieve ordering was thought at th
time to be due to an unexpected stabilization of Mn31 with
Ni31 and Co31. A little later Blasse4 had the same idea an
attempted to prepare the same ordered compositions; bu
too failed to obtain complete order although he was able
show the presence of the predicted ferromagn
Mn41-O-Co21 and Mn41-O-Ni21 superexchange interac
tions. In those early experiments, the oxygen stoichiome
of the samples was not monitored. Recent electrochem
measurements5 showed that the Co211Mn415Co31

1Mn31 interaction is biased to the left by about 0.2 eV, a
the Ni211Mn415Ni311Mn31 interaction by about 0.8 eV
Therefore, understanding the failure to achieve full order
of the Co21 or Ni21 and Mn41 ions in La2CoMnO6 and
La2NiMnO6 has remained a challenge. In this paper we
examine this question and demonstrate synthesis und
high oxygen pressure of a nearly fully ordere
ferromagnetic-insulator La2Co21Mn41O6 phase with a mag-
netization approaching 6mB per formula unit~f.u.!. We also
identify a second monoclinic, ferromagnetic oxyge
deficient phase of lower Curie temperature that appear
contain at least some Co31 and Mn31.

The earliest study of La2CoMnO6, made on samples pre
pared by solid-state reaction at 1300 °C in air,3 reported the
coexistence of two perovskite phases: one w
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O-orthorhombic (a,c/&,b in space groupPbnm! as dis-
tinguished fromO8-orthorhombic (c/&,a,b) found in
the stoichiometric end member LaMnO3; the other was

R-rhombohedralR3̄c like the other end member LaCoO3.
This sample was ferromagnetic with a saturation magnet
tion at 4.2 K of 4mB /Mn, which led to the assumption tha
the sample contained high-spin Mn31 and low-spin, diamag-
netic Co31 ions. The ferromagnetic interactions betwe
Mn31 ions were attributed to quasi-static~vibronic! superex-
change interactions like those found in LaMn12xGaxO3

where the Jahn-Teller deformations at the Mn31 ions fluctu-
ate. Chemical analysis had confirmed only Mn31 in
LaMn12xGaxO3; from the total oxidizing power of
La2CoMnO6, it was not possible to distinguish betwee
Mn311Co31 and Mn411Co21. Samples prepared a
1100 °C in vacuo showed the presence of two distin
ferromagnetic phases with Curie temperatures of 175
225 K.

Blasse4 synthesized nearly oxygen-stoichiometr
La2CoMnO6 by solid-state reaction in air at 1000 °C fo
lowed by an anneal at 800 °C for an undisclosed period
time. From the paramagnetic susceptibility, he obtaine
Curie constantC54.74 emu mol21 K21 (meff56.16mB) and
a Weiss constantu5270 K, which he attributed to ferromag
netic Co21-O-Mn41 superexchange interactions, but th
highest measured saturation magnetization he could obta
4 K was only 4.82mB /f.u. Clearly atomic disorder was intro
ducing antiferromagnetic interactions.

Recently, Joy and co-workers6,7 prepared La2CoMnO6 by
the low-temperature glycine-nitrate method. Samples
©2003 The American Physical Society01-1



.

R. I. DASS AND J. B. GOODENOUGH PHYSICAL REVIEW B67, 014401 ~2003!
TABLE I. The synthesis conditions and room-temperature structural properties of La2CoMnO62d prepared under different conditions

Sample Synthesis
conditions

Oxygen
content, 62d

Space
group

a ~Å! b ~Å! c ~Å! b ~°! V ~Å3!

LCM-O1 1350 °C~12 h!, O2 , cool 20 °C/h 6.00~1! P21 /n 5.528~1! 7.767~1! 5.494~1! 90.01~1! 235.89~12!

LCM-O2 1350 °C~6 h!, O2 , cool 180 °C/h 5.98~1! P21 /n 5.525~1! 7.770~1! 5.485~1! 90.02~1! 235.42~12!

LCM-O3 LCM-O1 at 600 °C~168 h!, 3
atm. O2 , furnace cooled

6.00~1! P21 /n 5.526~1! 7.775~1! 5.492~1! 90.01~1! 235.96~12!

LCM-A1 1350 °C~16 h!, air, cool 20 °C/h 5.98~1! P21 /n 5.524~1! 7.763~1! 5.487~1! 90.01~1! 235.30~12!

LCM-Q1 LCM-A1 at 1350 °C~3 h!, air,
quenched in liquid N2

5.95~1! P21 /n 5.522~1! 7.764~1! 5.480~1! 90.01~1! 234.99~12!

LCM-AR1 1350 °C~8 h!, Ar, cool 180 °C/h 5.95~1! P21 /n 5.524~1! 7.768~1! 5.482~1! 90.01~1! 235.24~12!

LCM-LT1 600 °C~12 h!, air, cool 180 °C/h <5.95 Pseudotetragonal 5.518~2! 7.766~3! 236.46~26!
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nealed at 700 °C in air were reported to be rhombohe
with a well-definedTc5225 K; the paramagnetic suscep
bility gave ameff53.52mB and au5378 K as extrapolated
from above 600 K. On the other hand, samples anneale
1300 °C in air had orthorhombic symmetry with aTc
5150 K, a meff54.01mB , and u5236 K as extrapolated
from above 450 K. They interpreted these findings to rep
sent high-spin Mn31 and low-spin Co31 in the rhombohedra
phase and high-spin Co21 and Mn41 in the orthorhombic
phase. Samples prepared in the range 700 °C,T,1300 °C
contained both phases. Neither the saturation magnetiza
at 4 K nor the oxygen stoichiometry of their two phases w
reported. Jonker8 reported a maximum in the resistivity o
the system LaCo12xMnxO3 nearx50.5, which is consisten
with Co21 and Mn41 ions in samples withx50.5.

The present work had four objectives:~1! to clarify the
different chemistries and structures of the two magnetic
distinguishable phases,~2! to determine the origin of the
phase segregation,~3! to synthesize a single-phase ferroma
netic insulator having ordered Co21 and Mn41 ions, and~4!
to investigate whether the ordered phase contained antip
boundaries between ordered domains.

II. EXPERIMENTAL PROCEDURES AND RESULTS

A. Synthesis

La2CoMnO62d was synthesized by the Pechini metho9

with La(NO3)3•6.03(1)H2O, Co(NO3)2•5.94(1)H2O, and
Mn(CH3COO)2•3.54(1)H2O as the starting materials. Th
water of crystallization of the salts was determined by th
mogravimetric analysis~TGA! with a heating rate of 1 °C
min in flowing air for the nitrates and in a flowing mixture o
5% H2 /Ar for the acetate. Stoichiometric quantities of th
salts were dissolved in deionized water; a little dilute nit
acid was added to ensure complete dissolution of the ace
Citric acid was then added to the stirring red solution; 1 m
per 1 mol of trivalent cation and23 mol per 1 mol of divalent
cation were required. In this synthesis, 1.5 times the stoic
metric amount of citric acid was needed to complete
chelation. After 30 min of stirring, the same molar volume
ethylene glycol as citric acid was added to the pink chela
solution. The solution was then heated to approximat
150 °C to allow the chelates to undergo polyesterification
01440
al

at

-

on
e

y

-

se

r-

te.
l

o-
e
f
d

ly
s

well as to remove excess water. The resulting dark-brown
was completely dried in an oven, ground, and slowly deco
posed in air at 375 °C for 24 h. The product, a dark-bro
powder, was ground, pressed into half-inch-diameter pel
2–5 mm thick, and annealed in different flowing atm
spheres at the temperatures and for the times indicate
Table I. With one exception, sample LCM-Q1, all sampl
were cooled to room temperature in their respective atm
spheres at the cooling rates also indicated in Table I. Sam
LCM-Q1 was obtained by quenching LCM-A1 into liqui
N2 after annealing for 3 h at 1350 °C in air. Note that
LCM-O3 was produced by sintering sample LCM-O1
600 °C in 3 atm of O2 for seven days and furnace cooling
room temperature. All samples synthesized atT<700 °C
were black and soft while those sintered at 1350 °C w
greenish-gray and very dense.

The oxygen stoichiometry, the 62d of Table I, of all the
samples was determined by complete reduction in flow
5% H2 /Ar to a mixture of La2O3, MnO, and Co metal in a
Perkin-Elmer Series 7 Thermogravimetric Analyzer~TGA!
at a heating rate of 1 °C/min to 1000 °C. A typical TGA pl
is shown in Fig. 1. The oxygen stoichiometry of all samp
annealed at 1350 °C was reproducible; the variation fr
sample to sample fell within the range 0<d<0.05. Thed for
samples sintered atT<700 °C was difficult to resolve be
cause of adsorbed water on the large surface area of
powders. From Table I, it appears that the oxygen stoichio
etry is governed not only by the synthesis temperature
oxygen partial pressure, but also by the rate at which
sample is cooled.

B. Structure

The identification of all phases and determination
room-temperature lattice parameters were accomplished
a Philips PW 1729 powder x-ray diffractometer equipp
with a pyrolytic graphite monochromator and CuKa radia-
tion (l51.54059 Å); KCl was the internal standard. Da
were collected in steps of 0.020° over the range 10°<2u
<100° with a count time of 15 s per step. Peak profiles w
fitted with the programJADE, and lattice parameters wer
refined by a least-square method developed by Novak
Colville.10 The lattice constants of the different samples a
also given in Table I.
1-2
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MULTIPLE MAGNETIC PHASES OF La2CoMnO62d (0<d<0.05) PHYSICAL REVIEW B67, 014401 ~2003!
All samples were single-phase to x-ray diffraction. Due
the small difference in scattering factors of Co and Mn,11 no
superstructure lines were observed. All samples that
been heated to 1350 °C were highly crystalline with narr
x-ray-diffraction peaks, e.g., Fig. 2, that were easily refin
within two possible space groups, orthorhombicPbnm (Z
52) and monoclinicP21 /n (Z52) with a b'90°. The
former corresponds to a random distribution of Co and
over the octahedral sites of the perovskite structure, the la
to an ordering of Co21 and Mn41 ions into distinguishable
2c and 2d sites. Discrimination between these alternatives
favor of the monoclinic phase comes from a consideration
the magnetic properties as is discussed below.

Table I shows a nearly constanta parameter andb'90°
for all samples indexed as monoclinicP21 /n. The stoichio-
metric sample LCM-O3, which was annealed under 3 atm2

FIG. 1. The TGA plot of LCM-A1 ~1350 °C, air, 16 h, cool
20 °C/h! in a flowing atmosphere of 5% H2 /Ar.
01440
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at 600 °C, had the largest cell volume. The volume decrea
as the oxygen deficitd increased.

In an attempt to duplicate the low-temperature phase
dexed by Joy and co-workers6,7 asR-rhombohedral, we sin-
tered in air at 600 °C the dark-brown powder formed
375 °C for 12 h followed by cooling to room temperature
a rate of 180 °C/h. The poorly crystalline black powder ga
broad diffraction peaks~Fig. 2! that could not be indexed in
rhombohedralR3̄c symmetry, but could be refined within
pseudotetragonal model witha5b'&ap and c'2ap ,
whereap'3.90 Å is the lattice parameter for a cubic pero
skite. Ac/&,a5b shows that this phase does not contain
cooperative twisting of the octahedra about thec-axis as oc-
curs in low-temperature SrTiO3 . The x-ray diffraction peaks
of Joy et al.7 for the low-temperature phase were too bro
to allow an unambiguous crystal-symmetry assignment.

The LCM-O3 sample was the product of an attempt
synthesize a more crystalline low-temperature phase. We
not convert the monoclinic phase to either a rhombohedra
a tetragonal phase by annealing the LCM-O1 phase at 60
under 3 atm O2, but we did succeed in approaching closer
oxygen stoichiometry in the monoclinic phase as judged
the increase in volume.

C. Thermoelectric power

For all samples, the Seebeck coefficienta(T), Fig. 3, was
obtained with a laboratory-built apparatus as describ
elsewhere.12 Since all the samples were polaronic conduct
of high resistivity below 300 K, the data became unreliab
below 150 K due to the impedance limits of the apparatus
correction was applied to compensate for the small contri
tion to a(T) from the leads.

The inset of Fig. 3 shows a large, negativea(T) for the
two oxygen-stoichiometric samples LCM-O1 and LCM-O
the increase in the magnitude ofa(T) with decreasing tem-
perature signals a progressive trapping out or annihilation
n-type polarons as the temperature is lowered. Surprisin
-
al
FIG. 2. The room-temperature powder x
ray-diffraction patterns of pseudotetragon
LCM-LT1 ~600 °C, air, 12 h, cool 180 °C/h!
and monoclinic LCM-O1~1350 °C, O2 , 12 h,
cool 20 °C/h!.
1-3
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the most oxygen-deficient samples LCM-Q1 and LCM-AR
each withd'0.05(1), exhibit a large, positivea(T) that
increases on lowering the temperature even though an
gen deficiency can be expected to introduce electrons,
holes, into the CoMnO62d array. The samples LCM-O2 an
LCM-A1, with d'0.02(1), show an intermediate magnitud
and temperature dependence ofa(T).

D. Magnetic data

Magnetic data for all samples of this study were tak
with a Quantum Design dc superconducting quantum in
ference device~SQUID! magnetometer; the results are su
marized in Table II. Figure 4 shows magnetizationM versus

FIG. 3. The variation of the thermoelectric powera(T) for all
compositions in the system La2CoMnO62d (0<d<0.05). The fer-
romagnetic Curie temperatureTc is indicated for some of the com
positions.
01440
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- FIG. 4. TheM-H hysteresis loops of all compositions in th
system La2CoMnO62d (0<d<0.05) atT55 K.
d
ent
TABLE II. The magnetic properties of La2CoMnO62d (0<d<0.05) prepared under different conditions.F refers to ferromagnetism an
Tci is the Curie temperature of long-range ferromagnetic order.M (50 kOe), Mr , andHci are the magnetization at 50 kOe, the reman
magnetization, and the coercivity, respectively,

Sample Type of
magnetic
behavior

Magnetic
transition

temperature
~K!

M (5 K, 50 kOe)
(mB /f.u.)

Mr ~5 K!
(mB /f.u.)

Hci ~5 K!
~Oe!

meff(mB) u ~K!

LCM-O1 F Tc5226(2) 4.85~2! 2.90~2! 5520~10! 5.96~2! 300~2!

LCM-O2 F Tc15180(2) 4.26~2! 2.35~2! 12100~20! 5.92~2! 268~2!

LCM-O3 F Tc5226(2) 5.78~2! 3.30~2! 5350~10! 6.00~1! 298~2!

LCM-A1 F Tc15212(2) 4.82~2! 2.58~2! 5700~10! 5.93~2! 274~2!

LCM-A2 F Tc15208(2) 3.95~2! 1.95~2! 10700~20!

F Tc25148(2)
LCM-Q1 F Tc5134(2) 3.53~2! 1.69~2! 11280~20! 5.93~2! 236~2!

LCM-AR1 F Tc15202(2) 3.83~2! 1.88~2! 10900~20! 5.99~2! 244~2!

F Tc25148(2)
LCM-LT1 F Tc5225(2) 3.36~2! 1.78~2! 12080~20! 5.85~2! 212~2!
1-4
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FIG. 5. The temperature de
pendence of the molar magnetiza
tion M under different applied
fieldsH for all compositions in the
system La2CoMnO62d (0<d
<0.05). The ferromagnetic Curie
temperatureTc is indicated for
some of the compositions.
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applied magnetic fieldH obtained at 5 K over the range
250 kOe<H<50 kOe; they provide theM (5 K, 50 kOe),
the coercivity Hci(5 K), and the remananceMr(5 K) of
Table II. Figure 5 showsM (T) curves taken on cooling in
fields of 20 and 2500 Oe@field cooling~FC!# and on heating
in these same fields after cooling in zero field~ZFC!. The
Curie temperaturesTc of Table II were taken from the inflec
tion point of the low-field data. The existence of a ferroma
netic phase withTc5134 K was found in the quenche
sample LCM-Q1 having ad'0.05(1), and it can beseen in
the 20-OeM (T) curve to be the dominant phase in samp
LCM-AR1, also having ad'0.05(1). In order to determine
whether the difference in behavior between these twod
'0.05(1) samples can be attributed to clustering of the o
gen vacancies, sample LCM-A2 was synthesized by annea
ing in air at 1350 °C for 16 h the dark-brown powder form
at 375 °C; this sample was cooled at 180 °C/h to room te
perature, and TGA analysis gave it ad'0.04(1), a little
01440
-

-

-

smaller than that of LCM-Q1 and LCM-AR1. TheM (T)
curve at 20 Oe for this crystallographically single-pha
sample is also shown in Fig. 5. Paramagnetic molar sus
tibilities xmol were taken over the range 300 K<T<700 K;
from the straight-line portion ofxmol

21 of Fig. 6, we obtained
the values of themeff in mB and the Weiss constantu shown
in Table II.

III. DISCUSSION

Since these compounds are all insulators, double
change is not a factor, and interpretation of these results
gins with the rules for the sign of the spin-spin supere
change interactions:~1! half-filled to empty orbital virtual
spin transfer as ine2-O-e0, ferromagnetic coupling;~2! half-
filled to half-filled orbital virtual charge transfer as i
e2-O-e2 or t3-O-t3, antiferromagnetic coupling. In addition
~3! interactions vias-bondinge orbitals dominate those by
1-5
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p-bondingt orbitals where both are present in the same to
interaction, and~4! Jahn-Teller ions having a single electro
in twofold-degenerate, fluctuatinge-orbital occupation as in
e1-O-e1 give a three-dimensional ferromagnetic, vibron
superexchange interaction.13,14 Ordering of Mn41 and
Co21 ions in La2Co21Mn41O6 gives ferromagnetic
e2-O-e0 interactions, but point disorder creates antifer
magnetic Mn41-O-Mn41 or Co21-O-Co21 interactions with
the antisite ions. Moreover, in an ordered double perovsk
nucleation of atomic order at different positions results
antiphase boundaries if the positions of the Co21 and Mn41

are inverted in one ordered region relative to that in a nei
boring region. The antiphase interface between the two
gions would have antiferromagnetic Co21-O-Co21 or
Mn41-O-Mn41 interactions, whereas both ordered regio
would have ferromagnetic Co21-O-Mn41 interactions. Anti-
parallel coupling of the neighboring domains gives a lo
remanent magnetizationMr , but in an external magneti
field H550 kOe, all the ferromagnetic regions becom
aligned with only a 360° domain wall residing at the a
tiphase boundary.15 Finally, we note that local Jahn-Telle
deformations can stabilize intermediate-spin Co31:t5e1,16,17

and transfer of ane electron from a Co21 to a Mn41 would
create intermediate-spin Co31 and high-spin Mn31. Such a
transfer across a 0.2 eV gap would only occur, if at all,
regions about a Mn31 ion in a reduced La2CoMnO62d so as
to reduce the elastic energy associated with local occup
e-orbital fluctuations by introducingcooperativelocal Jahn-
Teller deformations.18 With this background, we turn to th
experimental results.

The LCM-O3 phase withTc5226 K is the most nearly

FIG. 6. The variation of the paramagnetic inverse molar susc
tibility xmol

21 with temperature for some compositions of the syst
La2CoMnO62d (0<d<0.05) in H550 kOe. The dashed lines ar
guides for the eye.
01440
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oxygen stoichiometric and has anM (5 K, 50 kOe)
55.78mB /f.u., which approaches the spin-only 6mB /f.u. for
both fully ordered La2Co21Mn41O6 and disordered
La2Co31Mn31O6. This is the highest magnetization for th
compound that has ever been reported. Since it is ne
oxygen stoichiometric, we may assume that this phase
ordered La2Co21Mn41O6 with about 1.8% antisite Co21

and Mn41, i.e., with an order parameter that approach
unity. A field of 50 kOe is sufficient to orient any antiparall
antiphase regions parallel to their neighbor parallel regi
with only a 360° domain wall at the antiphase boundary15

However, 50 kOe is not sufficient to reorient the antiferr
magnetic spins at point antisite ions. AtH50, any antiphase
regions would revert back to an antiparallel orientation w
a 180° change of spin orientation across an antiphase bo
ary, which would lower the remanent magnetizationMr . The
fact thatMr53.30mB /f.u. in this polycrystalline sample in
dicates that there are few, if any, antiphase regions in
LCM-O3 sample. Moreover, failure to reach full saturatio
by 50 kOe could be due to canting of the antisite spins
well as to a large crystalline anisotropy of the octahedral-
Co21 ions. In the double perovskite Sr2FeMoO6, the anti-
ferromagnetic coupling across antiphase boundaries low
Mr to an extremely small value.15

The LCM-O1 sample contains a few more oxygen vac
cies than LCM-O3, and the Co21 and Mn41 ions are not so
well ordered. Nevertheless, both the LCM-O1 and LCM-O
samples have a paramagnetic Weiss constantu .Tc charac-
teristic of ferromagnetism as opposed to ferrimagnetism.

Sample LCM-Q1 withd50.05(1) has anM (T) curve
showing a single ferromagnetic phase withTc5134 K
whereas the unquenched samples LCM-AR1 and LCM-
with d50.05(1) andd50.04(1), respectively, each have
M (T) curves showing a minority ferromagnetic phase w
Tc15202 and 208 K, respectively, and a majority ferroma
netic phase withTc25148 K. Samples LCM-O2 and LCM-
A1, each with an oxygen deficiencyd50.02(1), also exhibit
an M (T) curve in 2500 Oe that deviates from a Brillou
function; its shape is characteristic of the coexistence of
ferromagnetic phases, one with aTc15180 and 212 K, re-
spectively, and the other with aTc2,150 K. Thus a two-
phase region between two distinguishable ferromagn
phases is seen to span the range 0.02<d<0.05 with stabili-
zation of a singled50.05(1) phase on quenching from
1350 °C. Although a first-order phase change distinguis
the oxygen-deficient phase havingTc2,150 K from the
oxygen-stoichiometric phase having aTc15226 K, neverthe-
less, synthetic conditions that do not allow segregation to
to thermodynamic equilibrium in the two-phase regi
causesTc1 to be lowered from 226 K andTc2 to be raised
from 134 K.

The Seebecka(T) data of Fig. 3 are unusual and info
mative. The nearly oxygen-stoichiometric samples LCM-O
and LCM-O1 with Tc5226 K have a negativea(T) that
increases in magnitude on cooling from room temperat
whereas samples LCM-Q1 and LCM-AR1 in which th
high-Tc phase is either absent or present in too low a c
centration to percolate have a positivea(T) that increases

p-
1-6
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with decreasing temperature. Samples LCM-O2 a
LCM-A1 contain contributions toa(T) from both phases
and therefore have intermediate values ofa(T). The magni-
tudes and temperature dependencies of the single-p
samples are typical of low-concentration polaronic cond
tion with a progressive trapping out of mobile charge carri
as the temperature is lowered.

A negative a(T) of large magnitude for the nearl
oxygen-stoichiometric samples LCM-O3 and LCM-O1~inset
of Fig. 3! is consistent with a small concentration of oxyg
vacancies that attract the Mn31 ions they introduce; fivefold
oxygen coordination at Mn31 ions bordering on oxygen va
cancy has been well established.19 Thermal excitation of an
e1 electron at a trapped Mn31 to a Mn41 ion not bordering a
vacancy would given-type polaronic conduction on the M
subarray. If an oxygen vacancy traps two Mn31 ions, one of
them must be in an antisite; in this way, oxygen vacanc
would contribute to atomic disorder. However, if the oxyg
vacancy does not perturb the atomic ordering, it can o
trap one of the two Mn31 ions it introduces.

The appearance ofp-type conductivity in the low-Tc2
phase havingd'0.05(1) is remarkable since reduction i
troduces Mn31 ions. The mobile Mn31 ions introduced by
oxygen vacancies would have theire electrons strongly
coupled to fluctuating, local Jahn-Teller distortions of th
octahedral sites. If these distortions were to induce tran
of an e electron from the Co21 ions to neighboring
Mn41 ions, creating intermediate-spin Co31 and
Mn31 ions, in order to gain elastic energy by making t
local Jahn-Teller distortions cooperative, a vibronic majori
spin s* band ofe-electron parentage would be created a
would be more than half-filled so as to give a positive th
moelectric powera(T). However, the large magnitude o
a(T) and its increase with decreasing temperature show
this simple picture is inadequate. The mobile charge carr
must be confined to a subset of the transition-metal ato
regions of ordered Co21 and Mn41 would not carry the mo-
bile charge carriers. Trapping out of Mn31 either as Co21

and Mn41 in the ordered regions or in static orbitally order
clusters on lowering the temperature could further reduce
number of atomic sites on which the charge carriers tra
thus reducing the hole concentration in the vibronics* or-
bitals of the conductive volume and raisinga(T).

Although we do not make a calculation to justify the a
sumption that the elastic energy gained by a coopera
Jahn-Teller distortion could be sufficient to induce the tra
fer of an e-electron from a Co21 to a Mn41 ion across a
0.2-eV energy gap, we can point to evidence that the gai
elastic energy is sufficient to induce chemical heterogen
in a single-phase spinel. Some years ago, the elastic en
gained by a cooperative dynamic Jahn-Teller distortion
tween Mn31 ions was identified as the driving force to crea
Mn-rich inhomogeneities responsible for the realization o
squareB-H hysteresis loop in polycrystalline ferrite memo
cores.18 We are suggesting here that this energy gain is s
ficient to bias the reaction Co211Mn415Co311Mn31 to
the right in a small, but finite, volume about an isolat
Mn31 ion introduced by oxygen vacancies. The volume
which electron transfer occurs would be greater at hig
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temperatures; it would inhibit long-range ordering of Co a
Mn on different lattice sites, stabilizing instead vibronic, fe
romagnetic superexchange interactions in an atomically
ordered volume. Since vibronic superexchange would giv
smaller stabilization than a static ferromagnetic super
change, a vibronic ferromagnetic Curie temperature wo
be lower than that of the ordered La2Co21Mn41O6 phase.

Support for this model comes from the LCM-LT1 phas
which presents another puzzle. The LCM-LT1 phase has
Tc5225 K of the high-Tc1 phase, but a low value o
M (5 K, 50 kOe) and au,Tc differentiates it from the ferro-
magnetic LCM-O3 phase. Moreover, a pseudotetrago
structure withc/a,& is not compatible with cooperative
rotations of octahedra about thec-axis, but it is compatible
with a static ordering of occupiede1 orbitals as occurs in the
O8-orthorhombic (c/a,&) structure of LaMnO3, which
also has au<Tc . LaMnO3 has a canted-spin ferromagnet
component of its antiferromagnetically coupled, ferroma
netic ~001! planes. A static, cooperative ordering of occupi
e1 orbitals requires a significant concentration of Jahn-Te
ions; therefore stabilization of intermediate-spin Co31 and
Mn31 versus Co21 and Mn41 in a percolating matrix is re-
quired if the crystallographic distortions is due to a coope
tive Jahn-Teller orbital ordering. This sample, prepared
600 °C, is oxygen deficient withd>0.05, so whatever mode
is proposed should relate to that for the ferromagne
oxygen-deficient phase withTc25135 K. In that model, we
proposed a percolating volume of intermediate-spin Co31

and Mn31 ions that retains fluctuating Jahn-Teller deform
tions. An LCM-LT1 phase would be formed if the volume o
fluctuating Jahn-Teller deformations transformed to a lo
range, static cooperative Jahn-Teller deformation as occu
LaMnO3 below 750 K. Such a model would introduce th
coexistence of an atomically disordered, but orbitally
dered phase having antiferromagnetic Mn31-O-Mn31 inter-
actions in one direction coexisting with an atomically o
dered ferromagnetic phase and could therefore account f
single high-Tc1 Curie temperature and a reduced magneti
tion. On the other hand, there is no evidence of spin-gl
behavior, and the positivea(T) has a temperature depen
dence typical of a polaronic conductor without a progress
trapping out of the mobile polarons on lowering the tempe
ture. However, this situation would be found if the atom
cally disordered phase underwent a static orbital ordering
only part of its volume and interfaced the ferromagne
phase with its ferromagnetic~001! planes; a vibronic atomi-
cally disordered transitional layer containing mobile char
carriers would interface the atomically ordered ferromagne
phase. Since both the orbitally ordered and atomically
dered volumes percolate, the orbitally fluctuating interfa
layer would also and would give the observeda(T).0.

IV. SUMMARY AND CONCLUSIONS

This study has clarified the different chemistries a
structures of not two, but three thermodynamically dist
guishable phases. We have managed to synthesize a f
magnetic La2Co21Mn41O6 double perovskite with a nearly
complete ordering of the Co21 and Mn41 ions by oxidizing
1-7
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nearly all the Mn to Mn41 in a nearly oxygen-stoichiometri
sample. Oxygen vacancies introduce Mn31 ions and tend to
trap a second Mn31 near neighbor in an antisite position
thus lowering the atomic order and the saturation magnet
tion. Electrons excited from trapped Mn31 or, if a second
Mn31 was not attracted as a near neighbor, donated as
bile electrons on the Mn subarray given-type polaronic con-
duction. The most nearly oxygen stoichiometric sample h
a magnetization at 5 K in 50 kOe as high as
M (5 K, 50 kOe)55.78mB /f.u. and aTc5226 K. The atomi-
cally ordered matrix contains distinguishable Co21 and
Mn41 sites, which classifies the space group as monocl
P21 /n with b'90° rather than orthorhombicPbnm. Atomic
disorder introduces clusters containing antiferromagn
Mn41-O-Mn41 or Co21-O-Co21 interactions that align the
antisite spins antiferromagnetic with respect to the ferrom
netic matrix. Antiferromagnetic interactions across antiph
boundaries would introduce antiferromagnetically coup
ferromagnetic volumes with a 180° spin reversal pinned
an external fieldH50 at the antiphase boundary. A fieldH
550 kOe is large enough to align the volumes, creatin
360° domain wall at the antiphase boundary. Normally, s
a situation leads to aB-H hysteresis loop with a very sma
remanence whereas the ordered La2Co21Mn41O6 sample
had a remanent magnetizationMr53.3mB /f.u. Failure to ob-
tain a saturation magnetization of 6mB /f.u. appears to be du
to atomic disorder primarily associated with oxygen vac
cies rather than to the presence of antiphase boundaries

A second ferromagnetic phase with aTc5134 K was
found in a La2CoMnO62d sample withd50.05(1) that had
been quenched from 1350 °C into liquid N2 . If the Co and
Mn are disordered in this phase, it is to be classified ort
rhombic Pbnm. Although this perovskite is reduced, it ha
polaronic conduction with a positive thermoelectric pow
and the charge carriers are progressively trapped out
decreasing temperature. The positive thermoelectric po
can be understood if the mobile charge carriers occup
vibronic s* band associated with an atomically disorder
volume containing intermediate-spin Co31 and Mn31; vi-
bronic e1-O-e1 superexchange would give a thre
dimensional ferromagnetic coupling, but with a smaller e
change stabilization than the Co21-O-Mn41 interactions of
the atomically ordered phase and therefore a lowerTc . Since
the transfer of an electron from a Co21 ion to a Mn41 ion
would cost about 0.2 eV according to electrochemical d
the problem is to understand why the introduction of oxyg
ys
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vacancies would induce such an electron transfer. To add
this problem, it is pointed out that oxygen vacancies int
duce mobile Mn31 ions, particularly at higher temperature
and that the elastic energy associated with fluctuations of
occupiede orbital at a Mn31 ion may be reduced by the
required 0.2 eV by stabilizing other Jahn-Teller near neig
bors so that the local distortions can be cooperative. I
therefore suggested that the introduction of oxygen vacan
creates in the second phase a percolating matrix of ato
cally disordered, intermediate-spin Co31 and Mn31 Jahn-
Teller ions.

Demonstration that the two ferromagnetic phases are t
modynamically distinguishable is found in theM (T) curves
for samples with 0.02<d<0.05 that were not quenched
Two ferromagnetic phases were clearly visible, but the
gree to which phase segregation reached thermal equilibr
depended on the synthesis conditions. Support for the p
ence of intermediate-spin Co31 and high-spin Mn31 in the
quenchedd50.05(1) sample comes from ad>0.05 sample
synthesized at 600 °C. It has a pseudotetragonal (c/a,&)
structure that cannot be attributed to a cooperative rotatio
the octahedral sites about@001#, but can be understood as
static, cooperative orbital ordering at intermediate-spin Co31

and high-spin Mn31 like that in LaMnO3. To deform the
lattice symmetry, the static ordering would need to occur i
percolating matrix. In the quenched sample withd
50.05(1), anystatic orbital ordering would only occur pro
gressively at lower temperatures and be confined to n
percolating clusters; these clusters would trap out mobile
larons and would suppress the magnetization.

We conclude that the driving force for separation of tw
distinguishable ferromagnetic phases in the interval 0
<d<0.05 is a reduction of the elastic energy associated w
local distortive fluctuations at the mobile Mn31 ions intro-
duced by oxygen vacancies; the elastic energy is reduce
the introduction of neighboring Jahn-Teller ions to make
local distortions cooperative, and the additional Jahn-Te
ions are intermediate-spin Co31 and additional Mn31 ions
introduced by transfer of ane electron from a Co21 ion to a
neighboring Mn41 ion.
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