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Oxygen stoichiometry, ferromagnetism, and transport properties of Lga_,NiMnO ¢, 5
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Nominal LgNiMnOg prepared by solid-state reaction in air in accordance with earlier reports is shown to
contain excess oxygen as well as the coexistence of two ferromagnetic phases of comparable Curie tempera-
tures, one monoclinic and the other rhombohedral. As originally predicted, ordering ofaNid Mrf* ions
gives ferromagnetic Ni"-O-Mn*" interactions and transforms the orthorhomBlimmspace group to mono-
clinic P2, /n with 8~90° and the rhombohedr&3c space group t&R3m or R3. Synthesis by the Pechini
method in Ar, air, and @ atmospheres under different thermal treatments also consistently gaye @e
lowest §=0.05(1) was attained for a singRe2,/n phase reacted under Ar at 1350 °C. Lowering the mean
A-site atomic radius in La ,[1,NiMnOg and NgNiMnOg also stabilizes the monoclinic phase, and near
oxygen stoichiometry was attained inLa[1,NiMnOg for x~0.09. Excess oxygen is accommodated in the
perovskite structure by the creation of cation vacancies, and it is shown that lanthanum vacancies create deep
three-hole acceptor traps. Comparison with the double perovskif€dMnQ; and LgNiRuOg, s versus
La,CoRuQ, signals that stabilization of lanthanum vacancies is associated witfaNN?* redox couple that
is stabilized by a counter octahedral-site catidmaving a strong covalent component toMsO bonding. It
is therefore proposed that in the presence df'Nibut not C8*, a lanthanum vacancy is stabilized by the
formation of two holes trapped deeply in molecular orbitals of apaluster of the oxygen atoms that neighbor
a lanthanum vacancy. Transport data also indicate a lowering of the separation of fiéMviAt and
Ni**/Ni?* redox couples fronE,=0.8 eV toE4~0.3 eV in the ordered Ri', Mn** array. This lowering and
a motional enthalpyaH,,,~0.1 eV of electrons is attributed to locally cooperative Jahn-Teller deformations of
low-spin NF* and high-spin MA" octahedral sites. The magnetizatibh(5 K, 50 kOe) is lowered by both
local atomic disorder and the formation of antiphase boundaries. It is shown that a prolonged anneal at 800 °C
reduces the local atomic disorder, but it does not remove the antiphase boundaries. Synthetic strategies to
increase the magnetization must be designed to reduce the concentration of antiphase boundaries and cation
vacancies as well as the atomic disorder.
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. INTRODUCTION K was 4.5Gug/f.u., somewhat smaller than the spin-only
value of Sug/f.u. for either disordered Ri and Mr?* or
The two earliest studies of LAIMnOg were indepen- ordered N§™ and Mrf ™.

dently motivated by a desire to test the just-postulated rules The second early study was performed by Blassko
for the sign of the superexchange interaction by making a&ynthesized nearly oxygen-stoichiometric ,N&MnOg by
ferromagnetic insulator L&i>"Mn** Og with ordered Ni*  solid-state reaction in air at 1000 °C followed by an anneal at
and Mrf* ions on the octahedral sites of a perovskite. The800 °C for an undisclosed period of time. From paramagnetic
first study was made on the system LgWin,_,Oz, which ~ susceptibility, he obtained a Curie constanC
showed ferromagnetic order with a magnetization approach=3.10 emumol* K™* (ue;=4.90ug) and a ferromagnetic
ing the spin-only value for valences Mh and low-spin Weiss constang=310 K; the highest saturation magnetiza-
Ni* over the entire range 0sx=<0.5. Since there was no 1ion he obtained®4 K was 4.3%g/f.u. Although the mag-
evidence of long-range atomic order and bothNetization me_asurements _do nqt distinguish between disor-
Mn4*-O-Mn?* and N2*-O-Ni2* interactions would be an- dered low-spin Ni* and high-spin MA* on the one hand

. . . i f* on the other, Blasse concluded
tiferromagnetic, it was assumed that,DNaMnOg was ortho- and ordered Ni" and M on ’ ;
g 2 o from the e that he had demonstrated JNi2*Mn** O

rhombic and contained disordered low-spirf Niand Mr?* , . >R o 6
ions; both of these octahedral-site ions contain a single eleé’vIth a large degree of atomic order; ions in antisite positions

1Or 1 2 ool degeneraeorbtal, 50 ey oL COUPIE 1oy semmnt Homomeesai St b e reac-
ferromagnetically to one another by vibronic superexchangeﬂ-on

In this earliest study;? the LgNiMnOg samples were pre-
pared by solid-state reaction at 1100 °C in air followed by an Ni2" +Mn?* = Ni3* +Mn3* 1)
anneal at 800 °C. The O-orthorhombi< c/v2<b in space
group Pbnm was distinguished from the ‘@rthorhombic s biased to the left by about 0.8 eV, and several studies with
(c/vZ<a<b) phase found in the orbitally ordered oxygen- ®®Mn NMR,>® extended x-ray absorption fine structure
stoichiometric parent compound LaMgpO An impurity (EXAFS) and x-ray absorption near-edge structure
La,NiO, phase was observed only after post-annealing ifXANES),” and neutron diffractichsupport Blasse’s assign-
vacuum at 800 °C. An observed magnetization in 11 kOe at 4nent. However, Sonobe and ASaibserved the coexistence
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of orthorhombic and rhombohedral phases with the volumeynthesized by the Pechini metfodwith La(NO;)4
f_ract|on of the rhombohedra_l phase increasing with the par:6.031)H,O or precalcined NgD; dissolved in dilute nitric
fual pressure of oxygemO,, in samples annealed at 900°C acid, Ni(NGy),-5.991)H,0, and Mn(CHCOO),
in flcgwmg O,. Both _phases were ferromagnetic. Bla_sc_:o,3_541)Hzo as the starting materials; the )@, powders
etal” prepared LgNiMnOg., samples by the Pechini \yere precalcined in air at 1000 °C for 12 h. The water of
method’ which were also annealed in flowing;@t 900 °C  ¢yystallization of the salts was determined by thermogravi-
for 2 days followed by different post—annealln_g tre_a_tments.metriC analysis(TGA) with a heating rate of 1°C/min in
They found the same two phases, but identified th&iowing air for lanthanunlll) nitrate and in a flowing mix-
O—ort_horhomgc as monoclinie2, /n and the rhombohedral {,re of 5% H/Ar for nickel (Il) nitrate and manganes#)
asR3m or R3 to allow for two distinguishable octahedral acetate. Stoichiometric quantities of the salts were dissolved
sites. They concluded that both phases contained ordered de-ionized water; a little dilute nitric acid was then added
Ni2* and Mrf*. A La,NiMnOg ;o Sample showed 82, /n to ensure complete dissolution of the acetate. In this synthe-
to rhombohedral transition near room temperature aid a sis, 1.5 times the stoichiometric amount of citric acid was
=260 K. They concluded that both phases contained abouhen added to the stirring emerald-green solution to accom-
16% atomic disorder in their sample. The better-orderelish complete chelation. Ethylene glycol was added to the
sample of Asaihad aT.=275 K. Blascoet al® also found emerald-green chelated solution, and this solution was then
that post-annealing in Ngave the impurity phase LAIO,. heated to approximately 150 °C to allow the chelates to un-

On the other hand, Joseph J8lyecently reported a fer- dergo polyesterification as well as to remove excess water.
romagnetic orthorhombic phase with a well-defindd  The resulting yellowish-green-brown gel was completely
~150 K that had been prepared by the glycine-nitratedried in an oven, ground, and slowly decomposed in air
method at temperaturds<500 °C in air. The paramagnetic at 375 °C for 24 h. The products, a brown powder Xer 0
susceptibility below 573 K of a sample prepared at 400 °Cand dark-brown powders forx=1/12 and 1/10,
gave au.4=5.0lug and ad=192 K. However, annealing at La,NiggdVn; 106+ 5, and N&NiMnOg. s, were ground,
1300°C in air resulted in rhombohedral symmetry with apressed into half-inch-diameter pellets 2—5 mm thick, and
T.~280 K, au.4=5.05ug, and af=313 K as measured annealed in different flowing atmospheres at the tempera-
below 723 K. Samples annealed in the range 506 TC tures and for the times indicated in Table I. With the excep-
<1300°C contained both ferromagnetic phases. Unfortution of the quenched samples LNM-Q1 and LNM-Q2, all
nately, the saturation magnetizations of the two phases weigamples were cooled to room temperature in their respective
not given. The authors speculated that the orthorhombic lowatmospheres at the cooling rates indicated in Table I.
T. phase contained M and N?* whereas the more stable Samples synthesized @t<550 °C were brown while those
rhombohedral highF, phase contained M and low-spin  synthesized at 550 “€T=<1000 °C were black; all samples
Ni®*. If one of the two phases contains®Niand Mr**, it synthesized aT<1000 °C were soft. However, all samples
would more probably be the loW; phase since a higli,  synthesized aT>1000°C were gray-black and those syn-
has been shown to be characteristic of phases with atomihesized afT=1300 °C were also dense. Samplesxef0
cally ordered Ni* and Mrf". were also prepared by solid-state reaction; powders gDk a

The present study was undertaken in an attempt to clarifgprecalcined in air at 1000 °C for 12 h, M3, and NiO were
the chemistry of LaNiMnOg; our syntheses all gave nomi- ground together in stoichiometric ratios. The mixed powders
nal LaNiMnOg, s compositions suggestive of the dissolu- were then pressed into half-inch-diameter pellets 2-3 mm
tion of amorphous LgO; and/or LaNiO,. We were able to thick and annealed in different flowing atmospheres at the
obtain nearly oxygen-stoichiometric jalJ,NiMnOg,  temperatures and for the times also shown in Table I. The
samples withx~0.09. These results force us to ask whyresulting pellets were gray-black. The data for only a few
La,CoMnQs_ 5 is stabilized in aif* whereas LaNiMnOg, ;  Samples synthesized by the Pechini method and solid-state
is found; the C&'/Cc?" couple is less stable than the reaction are included in Table I.
Ni®*/Ni?* couple. Because low-spin Ni:t®e! and high- The oxygen stoichiometry, the+466 of Table I, was de-
spin Mt *:t3e! are both strong Jahn-Teller ions, the possibletermined by complete reduction in flowing 5%, H\r to a
role of cooperative site deformations is investigated. In admixture of L3Oz or Nd,O3, MnO, and Ni metal in a Perkin-
dition, we have observed that double perovskites may conElmer Series 7 TGA at a heating rate of 1 °C/min to 1000 °C.
tain atomically ordered antiphase regions separated by afdhe oxygen stoichiometry of all samples annealedTat
tiphase boundaries across which the neighboring=1100°C was reproducible. Théfor samples sintered at
ferromagnetic regions are coupled antiferromagnetically irb50 °C<T=800°C was difficult to resolve because of the
an external magnetic field=0.1%1* The possible influence adsorbed water on the large surface area of the powders as
of antiphase boundaries in nominal NiMnOg is also con-  Well as the incorporation of a small amount of undecom-
sidered. posed carbon from the gel, however,20.30 for these

samples was reproducible.
Il. EXPERIMENTAL PROCEDURES AND RESULTS

A. Synthesis B. Structure

Compounds of the system Lal1,NiMnOg, s (0=<Xx The identification of all room-temperature phases and de-
<1/10), LgNigoMn; 106+s, and NgNiMnOg,. s were termination of their lattice parameters were accomplished
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TABLE I. The synthesis conditions and room-temperature structural properties,ofMaNiMnOg, 5, LayNigogVn, 106+ 5, and
Nd,NiMnOg, 5 prepared under different conditions.

Synthesis Oxygen
Sample conditions content, 6+ & Space group a (A) b (A) ch  a(® B V (A3
La, ,[0,NiMnOg, 5
x=0
Sol gel
LNM-R1 1350 °G6 h), Ar, cool 180 °C/h 6.08L) P2;/n 5.51711) 7.7481) 5.46Q1) 90.011) 233.6512)
LNM-R2 1350 °06 h), Ar, cool 20 °C/h 6.071)  P2,/n+R-3(R-3m)

LNM-A1 1350 °Q(6 h), air, cool 180 °C/h 6.08) P2,/n+R-3(R-3m)
LNM-A2 1100 °C(48 b, air, cool 20 °C/h 6.1d) R-3(R-3m)+P2,/n

LNM-A3 LNM-A2 at 800 °C(504 h, 6.221) R-3(R-3m)+P2,/n
air, cool 180 °C/h
LNM-A4 LNM-Q2 at 800 °Q168 h, 6.101) P2,/n 5.5151) 7.7381) 5.4621) 90.041) 233.0912)
air, cool 180 °C/h
LNM-Q1 1350 °G12 h), 6.091) P2, /n+R-3(R-3m)
air, quenched in liquid H
LNM-Q2 1450 °Q4 h), 6.091) P2,/n 55171) 7.7431) 5.4631) 90.031) 233.3712

air, quenched in liquid H
LNM-O1 1350 °G24 h), O,, cool 20 °C/h 6.001) P2, /n+R-3(R-3m)
LNM-O2 1350°G24 h), O,, cool 180 °C/h 6.08L) P2, /n+R-3(R-3m)

LNM-LT1  425°C(110 h, air, cool 180 °C/h Amorphous

LNM-LT2 600 °C(144 h, air, cool 180 °C/h  =6.325) R-3(R-3m) 5.451(3) 60.752) 116.4723)

LNM-LT3  725°C(80 h), air, cool 180°C/h  =6.305) R-3(R-3m) 5.44643) 60.842) 116.3823)
Solid state

LNM-SA1 1100 °G48 h), air, cool 20 °C/h 6.1) P2,/n+R-3(R-3m) Small LgNiO,4, s impurity

LNM-SA2 LNM-SA1 at 800 °G252 h), 6.091) P2,/n+R-3(R-3m) Small LaNiO,, s impurity

air, cool 180 °C/h
LNM-SA3 1100 °Q96 h), air, cool 20 °C/h 6.08) P2;/n+R-3(R-3m)

x=1/12

L2NM-O1 1350 °G24 h), O,, cool 20 °C/h 6.08L) P2,/n 5.5151) 7.7421) 5.4631) 90.051) 233.2512)
x=1/10

LINM-O1 1350 °G24 h), O,, cool 20 °C/h 5.971) P2,/n 55161) 7.7441) 5.4641) 90.041) 233.3412)

La,Nig.ogMn1 106+
LNM55-A1 1100 °G48 h), air, cool 20 °C/h 6.18) P2, /n+R-3(R-3m)

Nd,NiMNnOgs. 5

NNM-O1 1350 °G12 h), O,, cool 60 °C/h 6.28L) P2,/n 5.4101) 7.6761) 5.4811) 90.031) 227.6112)
NNM-AL 1100 °G48 h), air, cool, 20 °C/h 6.16) P2,/n 5.4131) 7.6741) 5.4831) 90.081) 227.6312)
NNM-LT1 600 °C (110 h, air, cool 180°C/h  =6.355) P2,/n 5.41Q1) 7.6781) 5.5041) 90.1Q1) 228.3712)

with a Philips PW 1729 powder x-ray diffractometer gral R3c or R3m or R3 (Z=1) space group with am
equipped with a pyrolytic graphite monochromator and Cu~g0° and O-orthorhombi®bnmor monoclinicP2,/n (Z

Kea radiation (. =1.54059 A); NaCl was the internal stan- =2) with af~90°, Fig. 1, in agreement with Blase al;®
dard. Data were collected in steps of 0.020° over the ranggamples annealed at 800 °C in air for 3 weék84 h were
10°<26=<100° with a count time of 15 s per step. Peaksii|l biphasic. A random distribution of Ni and Mn over the
profiles were fitted with the progranape and lattice param- octahedral sites of the perovskite structure occurs in

eters were refined by a least-squares method developed @-orthorhombichnmand R3c while an ordering of Ni*
Novak and Colvillet* The lattice constants of the different b S ) .
and Mrf* into distinguishable sites can be accommodated in

samples are also given in Table I. o = _
No superstructure lines were observed in any of thé®21/n andR3 or R3m. As both phases are ferromagnetic

samples due to the small difference in the mean scatteringith Ni** and Mrf* ions, we designate the structures
factors of Ni and Mn® All x=0 samples heated t@ P2, /n andR3m or R3. A nominal LgNiMnOg sample fired
=800°C in flowing Q or air were biphasic with the two at 1350 °C in Ar, LNM-R1, was single-phase to x-ray diffrac-
perovskite phases being easily refined within the rhombohetion and could be refined withiR2, /n with a 8~90°. All
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FIG. 1. Room-temperature powder x-ray diffraction patterns of compositions in the systegi LANiMnOg, 5 (0<x<1/10).

nominal LgNiMnOg, s samples were oxygen hyperstoichio- O, to determine whether a La deficiency would give a well-
metric with 6=0.051); both § and the volume fraction of ordered single phase at high temperature. The La-deficient
the rhombohedral phase increased with the partial pressure gamplesx=1/12 and 1/10 were single phase and could be
oxygen,pO,. Despite firing in Ar, LNM-R1 also had excess refined within the monoclinic space gro®®,/n with a 8
oxygen, but with a smalle6=0.051). All attempts to pre- ~90°, similar to LNM-R1. They were also highly crystalline
pare a high-temperature, oxygen-stoichiometric phase wefgjth narrow x-ray diffraction peaks, e.g., Fig. 1. Sample
unsuccessful. The perovskite structure cannot accept excess| ;10 had a 5= —0.03(1) while x=1/12 had aé
oxygen in an interstitial site; therefore, the oxygen nonsto-_ 0.031).

ichiometry 6 is accommodated by the creation of cation va-

H 16,17
cancies. Van Roosmaleretal 7 have argued {2l g for all samples of Lo, NMnO. indesed as
G515 A-xPx 8ro A monoclinic P2, /n. Samplesx=1/12 and 1/10 with L&

an equal number of La and Mn vacancies, but other studies . . A .
by Tofield and Scotf and Mitchellet al® have reported that vacancies and the highest Ni oxidation states had only a little

the vacancies are preferentially on the La sites and have suﬁina”er cell volume than the2, /n sample ox=0 prepared
gested that the extra extruded La is present as amorpho . . .
La,0, that is undetected by a diffraction experiment. If Al attempts to synthesize a single-phase, high-
amorphous LgO; is present, then a post-anneal in vacuymtemperature, rhombohedrak=0 phase were unsuccoessful.
or N, would give LgNiO, and MnO in addition to a reduced Howe\‘/Jer, samples ak=0 synthesized in air at 550 <CT.
lanthanum-vacancy concentratiorid(,) in the majority <800°C for more than 80 h, though poorly crystaﬂne,
phase; an |mpur|ty Lﬁ\“OA phase was observed after post- Coulibe refined within the rhombohedral space gI’OIRBS
annealing in vacuum in the earliest sttidyand after anneal- or R3m, Fig. 1; they had a=0.30. This low-temperature
ing in N, by Blascoet al® rhombohedral phase &f= 0 is different from the orthorhom-
Therefore, a series of La-deficient samples,bic phase synthesized by Joseph ¥blyn air at a T
La, ,[JxNiMnOg, 5, was deliberately prepared in flowing <500 °C. Samples ok=0 synthesized in air af<550°C

Table | shows a nearly constaat parameter and @
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FIG. 2. Variation with temperature of the electrical resistivity T " T " T
p(T) for some compositions in the system ,Lal1,NiMnOg, s

(0=<x=<1/10). . Iﬂ?}?‘h&%l (Tup = 316Q2) K)
40 - X LNM-LT3 (Tpp =300 K) ]

in this study were brown in color and amorphous, e.g., T2 (Tap = 2060 K)

LNM-LT1. On annealing in air at 800 °C, these samples be- [ S,

came biphasic. A monoclini24/n phase with3~90° pre- \"‘“\.. T,

pared in Ar atmosphere contained an excess of oxyden, = 0l . oy

~0.051). However, unquenched samples prepared in airby ¥ <, N 1
o . . . > )

the Pechini method contained a rhombohedral impurity = Yo

phase within the monoclinic matrix if the oxygen excess was = \f

0.07<6=<0.10 while those prepared with &>0.10 con- sy, T )

tained a monoclinic impurity phase within the rhombohedral 0 *"'»-A_L ‘}J‘

matrix. On the other hand, a nearly stoichiometric mono- Tf

clinic phase can be obtained with 4%—-5% La deficiency, —— -

which is consistent with earlier observatioh¥’ that excess ! o T’ J

oxygen in the manganese perovskites is accommodated pri-

marily by the introduction of La vacancies with the forma- 20 L ‘ : . .

tion of amorphous LgOs. In the case of LeNiMnOg., 5, the 100 200 300

formation of amorphous L#;, which is undetected by a (b) Temperature (K)

d;ﬁracr?onl_exﬁfo”meir:]’ mﬁty beirllnfe\;red frrﬂm rt]?]e olbtsjerva:gn FIG. 3. Variation with temperature of the thermoelectric power
of a 2 4 purity acuum-annealed ar a(T) for (a) biphasic andb) monophasic compositions in the sys-
N,-annealed samples prepared at high temperatures in allm La_,0,NiMnOg. 5 (O=x=1/10). The ferromagnetic Curie

EN2Ni
[520497(1)]'_ It thus appears that a stable 50:50 Ni temperaturdl; and then-type top-type transitiorT,, are indicated
+Mn™" configuration over the entire sample is difficult t0 tor some of the compositions.

achieve. Although NgNiMnOg,, 5 is single phase, the excess

i ati \EO 2N 4+
oxygen prevents realization of 50:50°Ni+ Mn*". elsewheré® Since all the samples had a high resistance be-

, low 305 K, the data became unreliable for most samples
C. Transport properties below 120 K due to the impedance limits of the apparatus. A
The resistivity p(T) of three single-phase monoclinic correction was applied to compensate for the small contribu-
samples of La_,[1,NiMnOg_. 5, Fig. 2, was measured by a tion to «(T) from the leads.
four-probe technique with a laboratory-built apparatus in the The N&NiMnOg . 5 and all biphasic samples synthesized
temperature range 10KT <305 K. The samples were first by the Pechini method witk=0 and 0.0% 6<0.09, Fig.
cut into rectangular bars 0:&.5x3.5 mnt and the four 3(a), exhibited a large, positive(T) that increases on low-
probes were mounted onto the sample surface with tiny Irering the temperature; the single-phase monoclinic LNM-R1
pads. All samples were semiconductors with a high resissample with5=0.05(1) also exhibiteg-type conduction,
tance. Fig. 3(b). On the other hand, the low-temperature, rhombo-
For all samples, the Seebeck coefficief), Fig. 3, was hedral phases LNM-LT2 and LNM-LT3 witl$=0.30 and
obtained with a laboratory-built apparatus as described.a;NigodVin; 1006 15(1) €xhibited a transition from negative
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to positive thermoelectric power on cooling throudh, i ' T
~206(2) K, 30@2) K, and 2662) K, respectively. The = LNMRI
LINM-0O1, x=1/10 phase, withd=-0.031), exhibited 4t / //

n-type conduction while & ,,~316(2) K was observed for e /

L2NM-01, x=1/12, which had a&=0.031).

05
A

D. Magnetic data

Magnetic data were taken with a Quantum Design dc su-
perconducting quantum interference de\iQUID) magne-
tometer in the temperature range 5K=<700 K and in ap-
plied magnetic fields from-50 kOe to 50 kOe. Thé/-H
curves taken at 5 K, Fig. 4, exhibit a low-remaneigand L L
coercivity H.;=<320 Oe for all high-temperature phases. -40 20 o 20 40
Saturation of the magnetization was never attained in any of @ Magnetic Field Intensity (kOe)
the samples prepared by the Pechini method, and ‘ , s
M (5 K, 50 kOe)<4.05ug /f.u., smaller than the theoretical r LNM-SA2  LNM-SAI
spin-only value of g/f.u., was always observed. This ob- ] .(iﬁ)/ // {
servation contrasts with the earlier studidon samples pre- »
pared by solid-state synthesis that fouRt{5 K, 11 kOe) sl | / / LN&,AZ
=456 and 4.3gg/f.u. Therefore, we also prepared a 4
sample LNM-SA1 by solid-state synthesis under similar e 0 =
conditions and obtainedM (5 K, 50 kOe)=4.31ug/f.u.
Figure 5 shows theM-H hysteresis loops for nominal
LayNigggMny 1Qs+s and N@NiMnOg, s. These samples
had §=0.16. Biphasic LgNigggVn,; 186+ s had a sat-
uration magnetizationM (5 K, 50 kOe)=4.17ug/f.u.; the o =
Nd,NiMnOg ., s samples were single-phas&®,/n, and the
M-H curves reflect the contribution from the Ridions at 5 S S~ ™ B
K. The magnetic properties of the samplébaK are sum- (b) Magnetic Field Intensity (kOe)
marized in Table II.

Figure 6 shows the molar magnetizatibh(T) for the ] LMoL
samples of La ,[1,NiMnOg, s in magnetic fields of 20 Oe 0 / ] |
and 2500 Oe after cooling in zero fie{@FC) or cooling in . /
the measuring fieldFC). Before any measurements were Eo ] SRS
made, the samples were heatedl'te 320 K to remove any / /
previous magnetic history. The magnetic transition tempera-
turesT, or T; of Table Il were taken from the inflection point
of the low-field (H=20 Oe) data. Long-range ferromagnetic T ¥
order with T,~276(2) K and an enhancement of / / ]
M (T, 2500 Oe) below 80 K were observed in the three un- o
guenched monoclinic phases. The biphasic LNM-O1 sample - = / /
of Fig. 6(@) had a smaller enhancementMf T) below 80 K ; P o w0 1
than that found in sample LNM-R1 with a single monoclinic -6
phase and a lowevl (5 K, 50 kOe). The two rhombohedral
phases LNM-LT2 and LNM-LT3 had a similar Curie tem-
perature, 272(2) KT.<280(2) K, but a lower FIG. 4. M-H hysteresis loops of some compositions of the sys-
M(5 K, 50 kOe) and a larger enhancement\d{T) below  tem La_,[0,NiMnOg, s at T=5 K. Insets(i)—(vi) in (8)—(c) show
110 K, Fig. &b). The amorphous LNM-LT1 phase exhibited the low coercivities and remanences oy LNM-R1, (ii) LNM-
no long-range magnetic order down to 5 K; it remained aLT2, (jii) LNM-SAL, (iv) LNM-A3, (v) L2NM-01, and(vi) LINM-
Curie-Weiss paramagnet. 01, respectively.

The quenched sample LNM-Q2 of Fig(dh shows frus-
trated magnetic order setting in beldw;~278(2) Kwitha longed anneal at 800 °C in air that increage§ he sample
significant increase itM(T) occurring below 40 K inH LNM-SA1 of Fig. 6(e), which was prepared by solid-state
=2500 Oe; the ferromagnetic component above 80 Klin synthesis as previously reported, viz., sintered at 1100 °C for
=2500 Oe was only increased slightly by an anneal a#8 h and cooled at 20°C/h, had the highest
800 °C for 168 h, sample LNM-A4. Figure(@ shows that M(5 K, 50 kOe)=4.31ug/f.u., approaching the values pre-
the biphasic sample LNM-A2 prepared in air at 1100 °C hasviously reported, but it was triphasic, containing some
a low-field magnetization that decreased slightly after a proLa,NiO, impurity. Doubling the sintering time to 96 h at

M (p, / formula unit)
o
=

NMQT
o ¥

(2/ /
Vo

-2000 ] 2000

2f LNM-SA3 (iv)r
a4t 7/

M (p, / formula unit)

0 1000 1

M (p, / formula unit)
N

A

-40 -20 0 20 40
(c) Magnetic Field Intensity (kOe)
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8§ T ever, in samples with a large degree of long-range order, a
E o2 o IMSAL Mol prolonged anneal at 800 °C orders isolated NMn** pairs
6} ' ] E in the bulk, but it does not eliminate antiphase boundaries.

The antiphase boundaries couple adjoining ferromagnetic
blocks antiferromagnetically in zero applied field to give a
small remanence, but a modest applied magnetic field is able
to align the blocks leaving 360° spin rotations across an an-
tiphase boundar{?®

E Ordering of the Ni* and Mrf" ions transforms an

] O-orthorhombicPbnmto monoclinicP2,; /n with a B~90°

and a rhombohedraR3c to R3m or R3. Both the mono-
// clinic and rhombohedral ordered phases are ferromagnetic
NNM-A1 b / ] with comparable values of;, i.e., 270<sT.<280 K. The
3 2000 o 2000 rhombohedral phase is normally associated with a larger tol-
-8 s : — . erance factot=(A-0)/v2(M-0), where A-O) and M-0)

-40  -20 Y 20 40 are the mean equilibrium-site andM-site bond lengths in

Magnetic Field Intensity (kOe) the AMO; perovskite. Substitution of a smaller id for

La®>" reducest and stabilizes the monoclinie2,/n phase.
Similarly, the introduction of lanthanum vacancies in
La, ,[0,NiMnOg, s reduceg A—0O), and therefore the tol-
erance factor, to stabilize the monoclif®@, /n phase.

All  attempts to prepare oxygen-stoichiometric
. . Ln,NiMnOg, s samples in air or Ar with.n=_La or Nd gave
1100°C, sample LNM-SA3, removed the ANiO, impurity  gycess oxygen. As it is not possible to introduce oxygen
without increasingd, but M(5K, 50 kOe) was decreased jnerstitials into the perovskite structure, the excess oxygen
significantly to 3.4%g/f.u. The two La-deficient samples cap only be accommodated by the introduction of cation va-
LINM-O1 and L2NM-O1 were single-phasB2,/n and  cancies. The fact that prolonged annealing ofNiéMinOg, 5
nearly —oxygen stoichiometric, butM(5K, 50kOe€)  may yield LaNiO, as an impurity phase signals that La may
<4.0Qug/f.u. remained relatively low, and Fig(f shows  pe extruded from the lattice as amorphous@g, leaving a
an anomalous increase iM(T) below 60 K in H  predominance of lanthanum vacancies in the perovskite
= 25_00 Oe. ) phase. If the5 extra oxygen atoms per formula unit introduce

Figure 7 shows theM(T) curves inH=20Oe for the 3 predominance of lanthanum vacancies over Ni and Mn
LayNig.odVIN 1§06+ 5 Sample LNMS5-A1 and the nominal yacancies, then the2, /n phase would be stabilized relative
Nd,NiMnOg .. 5 samples. The LNM55-A1 sample exhibits a o the rhombohedral phase. Therefore, the observation of
normal ferromagneticM(T) behavior in H=200e and monoclinic and rhombohedral phases in  nominal
M(5 K, 50 kOe)}=4.17ug/f.u. is relatively high, but lower | 3,NiMnOg. 5 appears to signal an inhomogeneous prefer-
than the value obtained for the nominal ,DMNnOs. s  ential extrusion of the lanthanide as J2%. Sample
sample, LNM-SAL1, prepared by solid-state reaction that cony NM-R1 prepared at 1350 °C in Ar is single-phaB&,/n
tains LgNiO, as an impurity. On the other hand, the wjth 5~0.051); lanthanum vacancies are assumed to be
Nd;NiMnOg, ; phases NNM-O1 and NNM-Al withé  yniformly distributed throughout this sample with few cation
=0.25(1) and 0.1@), respectively, both show a marked in- yacancies on the octahedral sites. A similar deduction applies
crease ifM(T) on cooling below 80 K inH=20 Oe. to sample LNM-Q2, which was quenched from 1450 °C. The
observation of a single rhombohedral phase in the poorly
crystalline samples synthesized at temperatlres800 °C
and havings>0.30 would seem to signal a large concentra-

In theLn,_,[0,NiMnOg . s (Ln=Ilanthanide) double per- tion of vacancies on both cation sites.
ovskites, the reaction Rif +Mn3* =Ni?"+Mn*" is biased A small reduction of the Ni content in
strongly enough to the right. These double perovskites ar&a,Nig ogMny 1d06.15(1), Sample LNM55-A1, prepared in air
ferromagnetic insofar as Ni and Mrf* ions order to give, at 1100 °C did not suppress the incorporation of excess oxy-
in accordance with the Goodenough-Kanamori rules, the fergen; this composition was also biphasic, which is suggestive
romagnetic (180> ¢) Ni?*-O-Mn**  superexchange/ of inhomogeneous extrusion of lanthanum. This sample has
semicovalent spin-spin interactions. M (5 K, 50 kOe)=4.17ug/f.u., which is significantly higher

Samples quenched from>1400°C have a disordered than the 3.4zg/f.u. of the LgNiMnOg i) sample
array of NP and Mrf* ions; they exhibit a frustrated mag- LNM-A2 that was prepared with an identical thermal treat-
netic order below aT;; because the Nf-O-Ni’" and ment. Although an excess Mh on a NP* position would
Mn**-O-Mn*" interactions are antiferromagnetic. A pro- produce % aligned antiparallel to the magnetization
longed anneal at 800 °C of a quenched sample does not creshereas a disordered Ni+Mn** pair in the bulk could
ate a long-range ordering of the®™Niand Mrf* ions. How-  give 5ug antiparallel to the magnetization, nevertheless the

M (p_ / formula unit)
T IN T o

& &

FIG. 5. M-H hysteresis loops of some compositions in the sys-
tems LaNig ggMny 106+ s and NGNiMnOg, s at T=5 K. Insets(i)
and (i) show the low coercivities and remanences for LNM55-A1
and NNM-O1, respectively.

Ill. DISCUSSION AND CONCLUSIONS
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significantly lower M(5 K, 50 kOe) of LNM-A2 demon- +Mn(IV) in the orbitally disordered high-temperature phase,
strates a larger degree of disorder for the sample with a ratiwhich leads to the oxidation of the Nih) to Mn(lIl). In
Ni/Mn=1. In fact, a prolonged anneal at 800 (kNM-A3) nominal LgNiMnOg, 5, all the manganese are MX), so
elevatedM (5 K, 50 kOe) to 4.0ng/f.u. Antiphase bound- this mechanism is not available. Moreover,CaMnQ; is
aries are immobile at 800°C. Therefore, this result show®xygen deficient unless prepared in oxygen atmospHére.
that LNM-A2 contained a large concentration of disorderedaddition, wé* have performed preliminary experiments with
Ni%*,Mn** pairs. Ru replacing Mn, and here also preparation in air yields
The observation of excess oxygen in LaMnQ can be  La;NiRUOg 191y but La;CoRUQ; oo(1). Therefore, the intro-
attributed to a disproportionation reaction 2h)=Mn(Il) duction of lanthanum vacanciés, , must be stabilized more
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6000 T INMES AT dominates above 200 K with an electron mobility larger than
Te1 = 270(2)K ] the hole mobility u,>u,). On the other hand, the single-
4000 | 2006 ] phase sample LNM-R1 prepared in Ar atmosphere hal a
: ~0.05(1) and remainep type to well above room tempera-
FC 3 ture, so we draw an additional conclusion3) excess oxy-
2000} ] gen (6>0) creates not only La vacancies, but also Mn
2 e and/or Ni vacancies that do not trap the*Niions they in-
= % ] troduce as strongly as the La vacancies.
; 0; N vy &IHH The intrinsic polaronic conductivity is'= o, + o, with
g 3000 | Te= 195Q) K 1
; s 42000 0= (AnIT)eXp( —Ean/KT), Ean=(L2E4+AHp,
2000 f - . (23
1000 ,zm F op=(ApIT)exp(—Eap/KT), Eap=(L2Eg+AHy,
3 } _ (2b)
00 100 200 300 whegEEg is thfﬁfnergy required to transfer an electron from
a Ni*" to a Mr™™ and theAH,, are the motional enthalpies
@ Temperature (K) of polaronic charge carriers. At low temperatures; oqy;,
F TNMLT where the extrinsic conductivityre,; is dominated by the
600 | T~ 188(2) K 3 major dopant supplying charge carriers. The thermoelectric
P ] power
“%q,i H=200c }
™ a=(anont+ayop)lo 3
=
g has the sign of the dominant charge carrierwfe w, im-
- plies aAH,>AH,,, and an intrinsic resistivity described
-] NNM-A1 by p=BTexpE,/KT) would have
g 3000 | T.= 197Q) K 3
= L H=200¢ Ea=(L/2)Eg+AHpy. (4)
a0 -
3 The two La-deficient samples LINM-O1 and L2NM-O1
1000 F ’T\ ] have E,~0.24 eV, and an effectiv\H,~0.1 eV corre-
T \ ] sponds to an
0 ;..._............x.................._
0 100 200 300 Ey~0.3eV (5)
(b) Temperature (K)

~which is a significant reduction from th&~0.85 eV split-
FIG._?. Tempera_lture depen_de_nce of the molar magr_le_tle_lon ting between the MHA /Mn3* and NE*T/Ni2" redox couples
under different applied magnetic fields for some compositions in the, ovides as obtained from electrochemical measuren?@nts.
systems LaNio gMny.1¢06+ 5 and NGNiMNOsg. 5. At lower temperatures, the extrinsic conduction dominates
revealing the character of the major dopant supplying charge
strongly by some mechanism associated with the Nili2* carriers. If a La vacancy traps deeply the threé"Nins it
couple, which is more stable than the3¢6Co?* couple. In  introduces, only Mn and/or Ni vacancies supply extrinsic
order to understand howl, , might be more stable in the p-type carriers and oxygen vacanciesype carriers. Since
presence of Ni* than C3", we turn to the transport data. L1NM-O1 retainsa<0 to lowest temperatures, it follows
All the samples were semiconductive. In the single-phas¢hat the concentration of oxygen vacanciesi~
monoclinic samples of La,[J,NiMnOg. s, cation vacan- —0.031)/f.u., is greater than that of any i and/or Mrf*
cies act as electron acceptor sites and oxygen vacancies @&cancies. Since there are no oxygen vacancies in the
electron donors. Therefore, it is remarkable that the twd_2NM-O1 sample with §~0.031), the thermoelectric
nearly oxygen-stoichiometric samples into which 4% and 5%power is «>0 below aT,, as a result of Ni and/or Mn
La vacancies have been deliberately introduced have theacancies.
highest resistivity with, respectively, onlytype conduction In a simple cubic array of ordered Ni and Mrf* ions, a
for 6=-0.03(1) and n-type conduction aboveT,, Mn vacancy would create four Rii ions trapped at near-
~316(2) K for 6=0.031). From these data, we draw two neighbor nickel sites whereas a Ni vacancy would create two
conclusions: (1) the La vacancies act as deep traps for theNi®* ions at next-near-neighbor nickel sites. In LNM-R1
three NP ions each introduces an(@) intrinsic conduction  with §~0.051), the largerconcentration of excess oxygen
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TABLE Il. The magnetic properties of La,[1,NiMnOg. 5, LayNigggVMn; 106+ s, and NGNiMnOg, 5
prepared under different conditions. CWP, F, and SG refer to Curie-Weiss paramagnetism, ferromagnetism,
and spin glass, respectively;, T, M(50 kOe),M,, andH; are the Curie temperature of long-range
ferromagnetic order, the spin-glass freezing temperature, the magnetization at 50 kOe, the remanent magne-
tization, and the coercivity, respectively.

Sample Type of  Magnetic M(5K,50kOe) M, (5 K) Hg i BK) puer(ug) 60(K)
magnetic  transition (pgl/fu.) (pg/fu.) (Oe
behavior temperature

(K)

La, ,OO,NiMNnOg, 5

x=0
Sol gel
LNM-R1 F T.=276(2) 3.882) 0.4012) 3205) 5.162) 3022
LNM-O1 F T.1=270(2) 3.102) 0.392) 300(5) 5.032) 3022
LNM-A2 F T.1=276(2) 3.422) 0.602) 330(5)
LNM-A3 F T.1=278(2) 4.0%2) 0.522) 34005)
LNM-A4 SG T1=272(2) 1.041) 0.027 2605)
LNM-Q1 F T.1=270(2) 3.102) 0.2412) 290(5)
LNM-Q2 SG T:1=278(2) 1.101) 0.061 4605)
LNM-LT1 CwP 0.521) 0.002 1205)
LNM-LT2 F T.1=272(2) 2.392) 0.702) 7705)
LNM-LT3 F T.1=280(2) 2.902) 0.51(2) 69005)
Solid state
LNM-SA1 F Te1=266(2) 4.312) 0.772) 140(5)
LNM-SA2 F T.1=268(2) 3.962) 0.522) 14Q(5)
LNM-SA3 F T.1=276(2) 3.4%2) 0.722) 170(5)
x=1/12
L2NM-0O1 F T.=276(2) 4.002) 0.702) 16Q(5)
x=1/10
L1INM-O1 F T.=275(2) 3.912) 0.7412) 150(5)
LayNig oMy 1006+ 5
LNM55-A1 F T.1=270(2) 4.172) 1.0412) 190(5)
Nd,NiMnOg, 5
NNM-O1 F T.=195(2) 5.062) 0.562) 640(5)
NNM-A1 F T.=197(2) 4.482) 0.6612) 72005)
NNM-LT1 F T.=188(2) 3.822) 0.862) 139010

appears to create some Ni and/or Mn vacancies in addition tat the unlike central cation. For examptetype conduction
La vacancies, so the temperature range withO is larger  proceeds by transfer of amelectron from Ni*:t%? to a
than that of L2NM-O1, Lgg;;471/1NiMnOg g31). Mn**:t3e% as the oxygen atoms bridging the Mn to its two
This analysis leaves us with the following four ques-Ni neighbors move away from the Mn toward the two Ni
tions: (1) Why is u,> u,? (2) Why is the intrinsic gaggy ~ atoms, step 2 of Fig.(8). As the oxygen atoms move back
of LINM-O1 and L2NM-01 only 0.3 eV compared to 0.85 toward the Mn atom, the electron is transferred from the
eV obtained in spinels from electrochemical measurementsi¥in®* ion to a neighboring Ni* ion, step 3. Similarly,
(3) Why is the third acceptor level at a La vacancy so deep-type conduction proceeds by an orientation of an occupied
(4) Why does LaNiMnOg, s become oxidized whereas e orbital at a M+ ion toward a N¢* ion, which pushes the
La,CoMnG;_ 5 is reduced? bridging oxygen toward the Ki to lower the energy of its
The charge carriers occupy twofold-degenematwbitals  axially orientede orbital so as to induce transfer of its elec-
whether they are holes on low-spin®Nit®e! or electrons on  tron from the Nf* ion to the M ™ ion on the opposite side,
high-spin Mrt*:t3el. Electron jumps between like atoms on step 2 of Fig. &). Transfer of thee electron at a MA* ion
next-near-neighbor octahedral sites within an atomically orto the NF* occurs as the oxygen atoms move back to the
dered matrix can only occur by transfer across an unlikeequilibrium position for a Ni* ion, step 3 of Fig. ). A
nearest neighbor. As is illustrated in Fig. 8, these transferg,>u, means that the motional enthalpyH, for transfer
cost less energy where they are enabled by orbital fluctuasf an electron from Ni* to Mn**, step 2 of Figs. &) and
tions at Jahn-Teller ions that are coordinated by breathingg(b), is reduced by a Mt ion on the opposite side orienting
mode shortening and stretching of thé{O) bond lengths its e orbital along the reaction axis as illustrated in step 2 of
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Mn#

— (@0
N i3+ Mn4+ Ni2+

\\.‘\ \ N
Ni2+ Niz*
Donor level, O, Acceptor level, (l:l,‘,On)x
2. (a) (b)
FIG. 9. Schematic energies for the polaronic Mmn®* and

Ni®*/Ni?* redox couples in the presence @) oxygen-vacancy
donor and(b) lanthanum-vacancy acceptor clusters.

Ni+ Mn3* Ni3*
the locally cooperative Jahn-Teller distortions that aid the

transfer of an electron from a i to a Mrf* near neighbor;
the energy of this process is further reduced to 0.1 eV in a
3. cm—l— . e mixed-valent system where there is an additional electron
involved in the electron-transfer process.
The observation that sample LINM-O1 remaimgype

clearly signals that the donat level of an oxygen vacancy

@) Niz+ Mn** Ni3+ lies below the acceptor level at &1( ,0;5)* cluster, which is
an unusual situation. An oxygen vacancy is a two-electron
trap, and the electrons occupy Mn sites as’Mions, which
are stable in fivefold oxygen coordinatiéhlf the oxygen
vacancy lies between a Ni and a Mn atom, one electron is
deeply trapped at the neighboring Mn atom and the second
electron is more loosely bound at a next-near-neighbot'™Mn
ion. If the vacancy lies between two Mn atoms, the3¥in
ions on the two Mn sites would be oriented toward the va-
Mn3* Niz* Mn** cancy where they would form a conventional two-electron

trap at the vacancy. In either case, there will be a shallow

donor level for the two-electron traply, separated by an
energyU, from a deeper one-electron trap,, Fig. 9a).

2. — The character of the acceptor level associated with a lan-
thanum vacancy], , is not so obvious. It is useful to begin
with the final question, why do we have {NdiMnOg, s and

La,CoMnQ;_; after firing in air given a Ni*/Ni2* level
Mn3* Ni3+ Mn3* lower than a C&"/Cc?" level? To address this question, we
note that NiO has been classified as having a charge-transfer

gap whereas CoO as havinglagap?* This classification
means that the Ni/Ni?* redox energy lies below the

3. . e O?7:2p® energy in a point-charge model whereas the
Ca®/Co?" level lies above it. As a result, the Ni/Ni?*
redox energy becomes pinned as a band of antibonding states

at the top of the & :2p® bands with strong Ni:8-0:2p
b) Mn* Ni2+ Mn3* hybridiza.tion; it i_s this_ hybridization that giyes thefﬁzi ion
a low-spin configuration and makes LaNi®@netallic®® A
FIG. 8. Coordinated Jahn-Teller distortions that lower the mo-[1, , would trap three holes to establish @,(;0;,)* cluster
tional enthalpyA H , for (a) hole transfer across a Mn ion and(b) having local charge neutrality. In the presence ofla,,
electron transfer across a®Niion. lowering of the local Madelung energy transfers the holes to
O:2p, orbitals where they form molecular-orbital
Fig. 8(b). This orientation shortens the Ni-O bond length, O,,-cluster states that are antibonding with respect to the
which favors transfer of an electron from the?Niion to the ~ O-O interactions. Relatively strong O-O interactions would
Mn“" ion on the opposite side. Reduction of the intrinsic gapraise the empty Q-cluster states high enough to create a
from 0.85 eV toEy~0.3 eV also follows from Fig. 8. It is deep acceptor state with an odd number of holes in the O

N
*
5
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cluster; the trap should have an oxygen sfin1/2. This  the trapping of holes in Q clusters about &],,; the lowest
localized spin would remain paramagnetic, but at loweskcceptor level must lie above the donor level of the two-

temperatures it would contribute in an applied fitl  electron traplX, so we place it at an energy above the
=2500 Oe to the upturn iM(T) that is observed in all the pottom of the MA*/Mn3* couple, Fig. 9b).

single-phasdé”2, /n samples, each of which has lanthanum
vacancies. In LeCoMnQ;, the low-spin Cdll) ion, on the

other hanql, has ne electro_ns, and hybridization with th_e ACKNOWLEDGMENTS
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