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ABSTRACT

An oxvgen deficient perovskite (Cala)(MgMn)Os.;, with the cubic unit cell parameter of 3.826 ﬁ. was prepared
at 11507 [or 10 hrs under the ambient oxygen gas pressure. The average oxidation state of manganese was
determined to be 3.86 by the iodmetric titration, so that the perovskite could be formulated as (CaLa)
(MgMn"Mn"Mn{* , )0ss (2x+y=0.14). From X-ray photoelectron spectroscopy, the manganese ions in the
lattice are mostly tetravalent, but two paramagnetic configurations were observed in the EPR specirum: One
sharp isolropic signal with hyperfines (AH=50 G, g=1997= 0.002 and | A |=82(4)x 107" cm”!) and a broad
isatropic one (AH=1600 G and g=1.994+ 0.002), those which correspond respectively to Mn(Il) and Mn(IV)
jons. According to the magnetic susceptibility measurement, it follows the Curie-Weiss law from 20 K up to
room ilemperature with us=5.23 us which is relatively larger than spin-only value (E=4.04 ug) due to
the effect of weak ferromagentic coupling. Such a result is in accord with a theory of semicovalence exchange.
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HA A 3826 AL e ubRIAe] 4baEdl perovskite (Cala){MegMn)Qso.(x=057)7} 4k4 1719ksl, 1150,
102 7ke] whgol feled stesElgde). gon wmwd] eshd, wrlelee] WEAE Aus 38652A THE
e oJuba (Cala) (MgMn!Mn'™Mol , )Osn @x+y=014) 02 vield 5 glok XAl @xda) 23844 4
ahel A o] el £o] R +avke AE o 5 9ldler) EPR 25 = el e F A8 Al ThE paramag-
netic configuratione] 144 oF 4 AUtk F @ A zuld F2F 2w sharpd FHA A-2(AH=50G,
g=1597+ 0002, A=82(4) X 10 cm™ "¢} T} broadqt T F-Z(AH=1600 G, g=1954+0.002)7} &
25500 o] F& 27 Ma(D sk Ma(IV) ol 219 AFoleh A5 22| 5hd o] sahee 20 KA
spes)] o277 Curie-Weiss W32 w2, ou) #5% $E717] Rulet 623224, 290 g g
(404 ) 2o} oh 20hE 2 o gk olelt Bk ALY AE At 2% 712 24 semicovalence
exchange o|Z.oas A% + ek

t*This paper is dedicated to my teacher, Prof. Hee Sco Lee, who made a great contribution to the development
of ceramics and salid state science, in commemeration of his retirement at the department of Ceramic Enginee-
ring, Yonser University.
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1. Introduction

The manganese(IV) is frequently found in the octa-
hedral (Oy) site in a perovskite structure due to its
preferential crystal field stabilization energy”, In some
ternary or quarternary oxides with perovskite struc-
ture such as AMnOs?(A=alkaline earth metal ion),
Ca.La;-.MnO4®, or ATi,_Mnu,05, etc, the manganese
is stabilized in the site with a tetravalent state, where
the strong magnetic dipole-dipole interaction has often
been observed.

Recently we have tried to stabilize the manganese(V)
in a perovskite lattice with an ideal formula of (Cala)
(MgMn)Os using high, oxygen pressure (—60 Kbar)®,
but the oxygen deficient perovskite (CaLa)(Mg!'_ Mn.")
Oss4, has been reproducibly prepared due to the dis-
proportionation reaction of Mn*=Mnf;+Mn}. In ad-
dition, an effort has been made to prepare the perovs-
kite having only Mn(IV) under 1 Kbar oxygen gas pre-
ssure, but the mixed valence state of Mn{IIl} and Mn
(IV) were observed®. Thus it could be concluded that
the valence states of manganese jons in the perovskite
lattices are quite dependent upon the synthetic condi-
tion such as the partial oxygen pressure. In the present
study, our attention was made to characterize the mag-
netic property and the valence state of the manganese
ions in (Cala)MgMn)}Os—. prepared under an ambient
oxygen gas pressure, using powder X-ray diffraction,
chemical redox titration, electron paramagnetic spect-
roscopy and magnetic susceptibility measurement.

2. Experimental

The perovskite (Cala)MgMn)Os—x was prepared
from high purity CaCQs; Lay0; MgNO;)6HO and
Mn0Q,. Equimolar mixture was homogenecously ground
in an agate mortar, pelleted and calcined at 700 in
order to decompose the carbonate and nitrate. Ths sa-
mple was reground and repelleted and sintered at 850
C for 12 hours and finally sintered at 1150 for 10
hrs under oxygen flowing atmosphere of 1 bar. After
the reaction was completed, the resultant phase was
identified by powder X-ray diffraction method with a
FPhilips-Norelco diffractometer using Ni filtered Cu-Ko
radiation (A=15418 A). The oxidation state of manga-
nese was determined by indirect iodometric method.
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After dissolulion of lhe sample in a KI solution. the
evalved free icdine was titrated by sodium thiosulfate.
These procedures are summarized as follows:

Mn"" -+ (n-2)CI- — (n-2)/2 Clo+Mn?-
Cl+21" — 2C1I +1
L+2%504" — §,08"+2I°
(nz?2: average ouidabon state of the manganese jom)

X-ray photoelectron spectra were recorded on a 550

XPS/AES Perkin-Elmer spectromeler, where unmono-
chromatized Mg-Ka and Al-Ke radiation were used.
The magnetic susceptibibly has been measured by Fa-
raday-type magnetobalance 1 the temperature range
of 42 K and 300 K and the EPR spectrum could be
obtained at 4.2 K and room temperature using Bruker-
ER 200tt ¥-band spectrometer.

3. Results and Discussion

3.1. Crystallographic analysis

The powder X-ray diffraction pattern indicates that
the perovskite (CaLla)Mghn)Jz—, has a simple cubic
unit cell with a=3823 A In Table 1 the observed
lattice spacings and intensities of diffraction lines are
compared with those calculated. The mtensity calcula-
tion is based upon the assumptions that caleium and
lanthanium are randomly distributed al cuboctahedral
site, and alsc magnesium and manganese at oclahedral
site in the perovskite lattice. Reliability factor m this
calculation is close to 12%. It should be noted that
no superlattice lines are observed in the XRD pailern
indicating the disordered arrangement of Mg and Mn

Table 1. The Powder X-ray Diffraction Data for
{CaLa)MgMn)Ds,; Prepared Under Ambient
Oxygen Pressure

bkl dasldy | duA) L. La
100 3,854 3.847 13 10
11¢ 2.720 2.720 100 100
111 2.219 2221 20 25
200 1.923 1.924 31 4
210 1.722 1.720 3 5
211 1.569 1.571 37 39
220 1.260 1.360 13 22
221

300 1.281 1.282 2 5
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cations. According to Galassa et @l?, the differences
in the valence and the size between B and B’ cations
are the important factors for controlling the ordering
in perovskite-type compounds like A{BB"0; and (AA")
(BB, Considering that the differences in charges
and radii of Mg and Mn ions are not so small (a large
part of Mn 10ns are quartet and the ionic radii of Mg?*+
and Mn'~ is 0.720 and 0.530 A, respectively®), the di-
sordering might be atributed to the mixed valence
stale of manganese ion and formation of oxygen vaca-
necy, which might reduce the additional Madelung ene-
Igy.

3.2, Chemical analysis

In order to form an ideal stoichinmetric perovskite
(CaLa)MgMn)(J;, all the manganese ion in the lattice
must be penlavalent Mn(V) by the charge neutrality
condition. However, the average valence state of ma-
nganese was estimated to be 3.86 according to the io-
dometric titration, indicating the existence of oxygen
deficiency and also mmplying that a large part of ma-
nganese 1ons are stabilized as Mn{lV), and a few of
them as Mn(Il) or Mo (IT}. For this reason such a
perovskite can be formulated as (Cala)MgMn)Os ..

3.3, Paramagnetic resonance spectroscopic study

EPR and magnetic susceptibility measurements have
been carried out to confirm the oxidation state of the
manganese ions. The EPR spectra at room temperature
mdicate the existence of two kinds of paramagnetic
species in the perovskite lattice (Fig. 1). The Fig. 1(a)
shows that the observed signal is a superposition of
two 1solropic components; one sharp signal {AH=50
G, g=1.597+ 0.002) and a broad isotropic signal (AH=
1600 G, g= 1994+ 0.002). They might correspond res-
pectively to Mn(II) and Mn{IV) ions. As shown in Ta-
hle 2 the observed gvalues are very close to those
of Mn(II} and Mn{IV} ions in various oxides, Any sig-
nal corresponding to Mn{IIT} was not observed at 300
K and even at 42 K due to its very short spin-latiice
relaxation time. Fig. Lib) is an enlarged spectrum of
the sharp signal appeared in a resonance range of
2700~4100 cm™! of Fig. 1(a). Here we could observe
the hyperfine structure clearly, which corresponds to
the Mn{II). The hyperfine coupling constant is estima-
ted as |A| =82(d)x 107" em™!, which is well consis-

A 28 4 A 8 &(1991)

Mn{IV) : g=1.894(2}
Mn{ll) : gu1.987(2)
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Fig. I. EPR spectrum for (Cala)MgMn)QOsq4 at room
temperature.
(a) It is shown that the observed signal can
be separated into two Lorentzian isotropic sig-
nals. (b) The enlarged spectrum of (a), showing
the hyperfine structure, which could not clearly
be abserved in total spectrum.

tent with those for Mn({II) ions stabilized in various
oxides (Tzble 2). Though any signal corresponding to
Mn(III) could not he detectable m EPR spectrum, an
existence of a small Mn(III) fraction in the lattice
should be taken into account, which will be discussed
in magnetic section i1 detail along with the experimen-
tal confirmation®. Therefore we can formulate the pe-
rovskite as (Calz2)MgMn MnI'Mni )05, @xt+y=
0.14).

3.4. X-ray photoelectron spectroscopic analysis

In order to obtain the useful information concerning
the distribution of valence state of manganese ions,
XPE spectra are obtamed (Fig. 2). From the XP.E.
spectrum of Mn 2p, and 2pae electrons, it has been
found that the peak shape and the hinding energies
{corrected by carbon 1s electron, 284.6 eV} are almost
the same as those for Mn(.'® [t thus appears that
the content of Mn(lII) and Mn{ll} in the sample is
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Table 2. g-values and Hyperfine Coupling Constant of Mn(IV) and Mn(II) Stabilized in Various Oxide Latti-

ces
Compound g(room temp) | A |x10' cm™! Ref.

{CaLa}MeMn)(s4; 1.997(2} 82(4) This work

r 1.994(2) —

Mn(IV) in (CalLa)MgMn)Q; 1.994 - b, B
MnVY in ScTi0s 1.994(1) 69(1) g
Mn(IV) in CaZrO, 1.994 73 10
Mn(IV) in a-AlO, 1.994 70{0.5) 11
Mn{IV) in SrLazLiMnQ; 1.995(1) — 12
Mn(IV) in (BaLa)}MgMn)Oss 1.995 - 13
Mn(II) in LiNbO, 1.998(1) 78 14
Mn(II) in ZnMoQ, 1.95%1) 82 15

T T 1
668 6§64 660

T T T ¥

856 652 645 644 | 640

BINDING ENERGY (V)

Fig. 2. X-ray photoelectron spectrum for (CaLla)MgMn)Os
i the kinetic energy region corresponding to
the excitation of Mn2P» and Mn2Pss orbital
electrons.

T
836 532

small enough for the correspondmg spectra to be su-
perimposed in the Mn(IV) spectra. This fact is consis-
tent with the result of the redox titration.

3.5. Effect of covalency and distribution of oxygen
vacancy

The structural distortion, local symmetry preference
of transition metal ions and abnormal magnetic proper-
ties in various oxides with spinel'” and perovskite¥-
type structures were explained exceliently by the
theory of semicovalence proposed by Goodenough'®,
As will be shown later, the semicavalent model is quite
appropriate for predicting the distribution of oxygen
vacancy as well as explaining the magnetic property
of CaLaMgMnO: s Because the concept is not a fami-
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liar one, a brief review for the semicovalence will he
helpful for understanding the following discussion in
this article.

Generally it is believed that the cation d-orbitals are
perturbed by internal electric fields in solids, but there
has bheen no serious consideration of the perturbation
of the empty cation orbitals. In semicovalence model,
it is pointed out that because of the strong perturba-
tions of neighboring atoms on one another, the emply
energy levels correspond to lattice orbitals, not atomic
orbitals, and these lattice orbitals may have energies
which are nearly degenerated with the atomic d orbi-
tals. The most stable hybrid lattice orbitals are listed
for various valence state of manganese ions in Table
3. If the most stable of the empty cation orbitals siro-
ngly overlap the full orbitals of neighboring anions,
the anion p electrons may spend some of their time
in the cation orbitals. The full anion p orbital contains
two elecirons of opposile spin. If the cation has an
ariented net moment, these electrons will not have
an egual probability of being shared by the cation. Be-
cause of the presence of exchange forces, that anion
electron whose spin is parallel to the net cation spin
will spend more Lime on the cation than that with anti-
parallel spin. Because a single electron predominates
in this bond, it is called semicovalent. Anather postu-
late for semicovalence 1s that it occurs only below Cu-
rie or Neel temperature where the net cation magnetic
moment 18 oriented. Ahove T; or Tw there is normal
caordinate cavalence,

Now let us consider the distribution of oxygen vaca-
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Table 3. The Most Hybrid Lattice Orbitals for Various Valence States of Manganese Tons in CaLaMgMnQys.s,
and the Types of Chemical Bonding Belween the Cariens and Oxygen lon

Quter electron Empty stable Possible Mn-O Orbitals participating
lons configuration hybrid orbital bonding types m covalent bond
Mn(IV) & d*sp® covalent or semicovalent | Mn™(dsp)-O(2p)
(octahedral) metalhc-like Mn'¥(d2sp®)-O{(2p)
MndIID dt dsp? cavalent or semicovalent | Mn''(dsp?)-O(2p}
{square planar) metallic-like -
MndII} d* spi(teirahedral) ipnic -

neies. Because the total conlent of Mn(II) and Mn(III)
is so small (about 14%), it can be reasonably assumed
that they must be diluted in the lattice. In addifion
Mn and Mg ions are distributed randomly in the octa-
hedral sile of the perovskite. Therefore, there are four
possible Mn-O bonding types in this peravskite which
are also listed in Table 3.

Based upon the postulate of formation of stable hyb-
rid orbitals, it is easily deduced that Mn{IV) ions prefer
the 6-coordinated oclahedral site and Mn(III) ions fa-
vor {he oxygen vacant sie having square planar sym-
metry. On the other hand, Mn(II) ions have no sym-
melry prelerence hecause they might form less cova-
lenl bond m this perovskite. Of course, the sp® orbitals
of Mn(I[) may form covalent honds with its four neigh-
hormng oxygen ions. As we have shown in the Fgure®,
an oclahedral site with oxygen cis-vacancies can be
trapsformed into a leirahedral one through a slight
displacement of manganese 1on. However, in this case.
the formation of Mn"(sp®)-O(p) covalent bond on one
side of an oxygen ion may weaken the orbital overlap
between the Mn'¥{d’sp®)-O{p) covalent bond on the
opposite side of the aman, [or the Mn(D-O-Mn(IV)
hond 18 no longer linear. Therefore it is concluded
that Mn(ID-O bond may be less covalent in this perov-
skite, and the Mn(Il) ion would have varicus local sy-
mmetries caused by oxygen vacancies. The relative
energies far various symmertries around the Mn(il)
ion would not greatly differ in magnitude due to the
depression of covalency.

The broad E.P.R. signal tor Mn(IV) ion supports the
existence of strong covalency n Mn(IV}-OQ bond, and
the sharp signal for Mn{Il}) ion may result from ihe
onic characler of Mn{I)-( bond. And the doublet-like

signals of hyperfine structure for Mn{II) 1on might be

28 9 A 8 F(1591)

160

X1 (mole { amu}

1 50 100 150 20 250 300
Temperature (K]

Fig. 3. Temperature dependence of inverse molar sus-
ceptibility for (CaLa)MgMn)Os ;.

caused by the presence of different local symmetries
of the 1ons.

3.6. Magnetic property

In Fig. 3, the temperature dependence of inverse
molar magnetic susceptibility is shown. Diamagnetic
contribution of energy jon is corrected according te Sel-
wood'™®, {Cala){MgMn)Os.; follows the Curie-Weiss law
between 20 K to 300 K., with Curie constant of C=
342, Weiss constant of 0=—34 K and the effeclive
magnelic moment of p=2828,/C=523 g The C
and 4 were obtained from the least square fit of ¥;'=
(T—8)/C

Generally the orbital motions of 3d electrons in cry-
stal lattice are quite quenched hy ligand ions®™. Thus,
in the absence of magnehic interaction between 3d me-
tal ions, the observed moments are well consistent
with the spin-only values. Therefore, the spin-only va-
lue of the effective magnelic moment for (Cala)
MgMn'Mn"Mn! . 3054 (2x+y=0.14) can be calcu-
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lated as 4.04+ 001 pp.; Consider iwo extreme cases,
where x=Q and y=0.

(1) x=0 or y=0.14

ps 1= 014X 2 (Mo™)+ 0,86 X Wi (Mn™)=16.3, or
Uer=4.03 pp.

2y y=0 or x=0.07

12 2 =007 X 1E(Mn™) +0.93 X pg(Mn™) = 164, or
=405 ps.

Then it should be noted that the observed mement
of 523 ug is quite larger than the spin-only value, imp-
lying the existence of magnetic couplmg between ma-
nganese ions through the shared oxygen ioms in the
perovskite lattice. The solid curves in Fig. 3 are the
theoretical spin-only ‘values of inverse magnetic susce-
ptibility when p.e=4.04 py is used. Note that the theo-
retical line intercepts the observed line at 47 K (T)).
Above T, the observed magnetic susceptibilities are
larger than those of spin-only values. On the other
hand below T the situation is reversed. The fact, that
the Weiss constant calculated from the data set above
20 K is negative, implies an antiferromagnetic interac-
fion at low temperature domain. However, the large
magnetic moment 5.23 yg and relatively large magnetic
susceptibilities above T, could nol be undersiood by
consiudering pure antiferromagnetism only. Thus i has
been proposed that the anomalous magnetism may he
due to small ferromagnetic domain in the lattice, and
the semicovalent maodel can be used to explain the
simultaneous occurrence of anfiferro- and ferromagne-
tism. Here 1t is necessary to point out that above T¢
or Ty, most of magnetic materials show paramagnetism
obeying the Curie-Weiss law. However, the ferro- or

antiferromagnetic praperties below Te or Ty are still
reflected even in this paramagnetic temperature re-
gion.; ie. the ferro- and the antiferromagnetic materials
still have relatively large and small magnelic suscepti-
bilities above Tc and Tw, respectively, compared to the
coupling [ree susceptibilities.

There might be three kinds of manganese pairs
which may produce magnetic interaclions in the lattice
of the perovskite: Mn{IV)-QO-Mn(IV}), Mn(IV)-O-Mn(III},
and Mn{IV)-O-Mn{II) (see Table 4). Because of the
small content of Mn(ID) and Mndlll) (ahowt 14%), it
can be assumed reasonably that the interactions bet-
ween Mn(Il) and Mn{IIl} can be neglected. Then major
magnetic interactiens in this latlice should be origina-
ted from Mn{IV}-O-Mn(IV) inferaction.

Four mechanisms, known as direct exchange, double

# and semucovalent excha-

exchange®, superexchange
nge”™ have been used to explain the interaction bet-
ween electron spins, The direct exchange tends to
align the net spm on neighboring lattice elements anti-
parallel to each other. Double exchange requires the
transfer of electrons between two kinds of ions, parti-
cularly twa of the same elemenis but with different
charges. It tends to align spms parallel 10 each other.
Superexchange predicts Lhat the two cations orlenti
their spin parallel 1f their d-shell are less than half
filled, antiparalle] il the d-shells are more than hall
filled. The semicovalent exchange madel is based upon
the postulaie for semicovalence discussed in the pre-
vious section. The five possible magnetic couplings be-
tween mangancse ions in CaLaMgMn(Qs,, are summa-
rized in Table 4. This exchange model predicts that
if an anion p arbital ferms semicovaleni bond with two

Tahle 4. Possible Magnetic Interactions Between Manganese Jons in CalaMgMnO; .

Mn—O—Mrn'
bonding type type

magnetic coupling

Mn{IV)— 0 — Mn(IV)
Mn{IV)— O —Mn(III}
Muo(IV) — Q- Mn(I T
Mn{IV)— O—Mn(I)

Mo(IV) — O—--Mn(IIT)
+ ferromagnetic

Mn(l)—0—Mn@v) |

antiferromagnetic
antiferromagnetic
weak ferromagnetic
weak ferromagnetic

o
covalency case
semicovalenl on hoth gides 1
semicovalent on both sides 2
semicovalent on one side only 3
semicovalent on one side only 4
metallic-iike )

I{ Mo and O ions form covalent bonding, they are jomed by a solid Yine, and if they form lonic bonding, they

are joined by a dotted line.
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neighboring cations on opposite side of the anion, an
antiferromagnetic coupling may result in {case 1 and
2 in Table 4), and if semicovalence occurs with one
cation only, the interaction hetween the anjon and
other cations is confined to direct exchange, and con-
sequently a weak ferromagnetic coupling may occur
(case 3 and 4 in Table 4). If both two neighboring
Mn(lV) and Mn(lII) ions are stabilized in octahedral
symmetry and covalence occurs only in Mn(IV)-O
bond, then the state Mn(IV)—Q---Mn(I1l} is degenera-
ted with the state Mn(II[)—O-—Mn({IV), so that below
T, double exchange takes place between the manga-
nese ions, namely, one electron being free to jump
through the anion between the two manganese ions
to form a metallic-like bond {case 5). As can be seen
in Table 4, the semicovalent exchange model predicts
that there musi be simultaneous occurrence of antifer-
romagnetism and ferromagnetisin in CaLlaMgMnOs .
Of course the antiferromagnetic coupling must be a
major interaction due to the large content of Mn{IV}-
O-Mn(V) interaction. In the superexchange model
there is no way for atoms io couple ferromagnetically
in one direction, antiferromagnetically i another as
it contains no anisotropy. From superexchange model,
CalaMgMnQsy; should be ferromagnetic. This is not
consistent with the observed magnetic data. Therefore,
based upon the semicovalent magnetic exchange mo-
del, the anomalous magnetic property of CalaMgMnOs 4
in its paramagnetic temperalure region might resull
from the simultaneous occurrence of antiferromagntism
and ferromagnetism below T¢ or T

4. Conclusion

An oxygen deficient perovskite (CaLa}MgMn}O;
was prepared at 1150C under ambient oxygen gas pre-
ssure. From iodometric titration, EPR and ESCA mea-
surements, the sample could he formulated as (Cala)
MeMn'Mn"Mnl , JOse (2x--y=0.14). The anoma-
lous magnetic property of the perovskite might result
from the simultaneous occurence of antiferromagne-
tism and ferromagnetism below Tc or Tn, which can
be explained by semicovalence magnetic exchange mo-
del.
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