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Hexagonal four-layered (4L.) and perovskite-like SrMnO;_, were
prepared from equilibrium states at 1200 ~ 1600°C by quenching
in water. Reoxidized specimens were also made by heating hexago-
nal 4L SrMnQ,__ in air at 900°C for 24 hr and perovskite-like ones
at 300°C for 0.5 hr. Dielectric properties and dc conductivities of
quenched and reoxidized specimens were measured as a function of
temperature. There is a distinct difference in conductivity between
hexagonal 4L and perovskite-like SrMnO;_, . The conductivity of
hexagonal 41. 5rMn0;_, does not change very much even if it is
reoxidized, while the conductivity of cubic perovskite SrMnQ,
transformed from perovskite-like SrMn0O,_, by rcoxidation in-
creases remarkably from conductivity before reoxidation. Dielec-
tric relaxation peaks appear in the loss tangent in quenched speci-
mens, but disappear in reoxidized specimens. The dielectric
constants are greatly increased by reoxidation. These results are
discussed based on crystal structures of StMnO;_,.  © 1995 Academic

Press, Inc.

INTRODUCTION

The ABO, compounds (A, alkaline earth; B, transition
metal) are of particular interest because of their poten-
tially useful magnetic and electronic properties. In the
case of B = Ma or Cu, furthermore, these compounds
kindle strong interest in connection with high T, supercon-
ductivity. Though the characterization of equilibrium
phases in these materials by X-ray diffraction studies was
difficult because of the mixed-valence states of B ions
in a given phase, Negas and Roth have succeeded in
investigating details of crystal structures of StMnQ;__ (1).
Their result shows that the basic hexagonal structure of
this material in air becomes increasingly anion-deficient
with increasing temperature above 1035°C, reaching the
limiting composition StMnO, g near H00PC. Unit cell di-
mensions increase and distortion to orthorhombic symme-
try occurs as oxygen content decreases. Further reduction
occurs above 1400°C, and a perovskite-like homogeneity
range exists from SrMn0Q,,, to SrMnO,,. The anion-
deficient perovskite-like phases can be rapidly oxidized
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at low temperatures (near 300°C) to yield a metastable
cubic perovskite SrMnQy,.

Although the magnetic properties of solid solutions of
SrMnO;-LaMnO; and SrMn0O;—CaMnO; have been stud-
ied extensively (2, 3), very little is known about isolated
SrMnQ,. Other physical properties of isolated SrMnO,_,,
such as conduction kinetics, dielectric properties, and so
of, have not been investigated yet. This must be because
phase equilibria in this material have not been character-
ized. The resuits reported by Negas and Roth (I) now
enable us to investigate the correlation between physical
properties and phase equilibria in SrMnQO,_,. From this
point of view, this report presents the electronic conduc-
tivity and dielectric properties of SrMnO,_, as functions
of temperature and discusses these results in relation to
the crystal structures obtained by Negas and Roth (1).

EXPERIMENTAL PROCEDURE

The SrMnO;_, ceramic specimens were prepared by a
solid-state synthesis technique (1). Powders of SrCO, and
Mn0, (Johnson Matthey, 4N grade) were used. Several
pellets were equilibrated in air at each desired temperature
(1200, 1300, 1400, L500, or 1600°C) and then quenched
in water. A phase with an orthorhombic distortion of
hexagonal four-layered StMnfMnit, O,_, is in equilib-
rium at 1200 and 1300°C, while that of the perovskite-like
structure of StMnd!Mni*,,0;_, is stabilized at 1500 and
1600°C (1). At 1400°C, a phase transition is expected to
oceur. One of the pellets equilibrated at each temperature
was crushed into a powder and reoxidized at 900°C for
24 hr (equilibrium temperature 1200, 1300, or 1400°C)
and at 300°C for (1.5 hr (equilibrivm temperature 1500 or
1600°C). The gravimetric measurements determine magni-
tudes for x in SrMnO,_, by reoxidation. Powder X-ray
diffraction patterns correspond welt to the data reported
by Negas and Roth (I). The reoxidized pellets were also
prepared under the heating conditions described above.

Specimens are numbered using terminology such as
S — 12Q or S — I2R, where the number 12 denotes the
equilibrium temperature before quenching, i.e., 1200°C,
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and *‘Q”" or ““R” represents the sample “*as quenched”’
or “‘as reoxidized.” Flat surfaces of the pellets were
coated with a 7: 3 In-Ga alloy by a rubbing technique for
the electrode. HP4274A and 4284A LL.CR meters were
used {0 measure capacitance and impedance. These elec-
trodes were also used for dc conductivity measurements;
that is, a two-probe method was employed because some
heating processes (100 ~ 200°C) are required for prepara-
tions of four-probes, and c¢rystal structures (1) and elec-
tronic properties are very sensitive to sample treatments
even at such low temperatures, which will be described

later. A Keithley 619 Resistance Bridge and an Advantest |

TR6871 digital multimeter with a high-ohm unit TR68704
were used for dc conductivity measurements. A cop-
per-constantan thermocouple precalibrated at 4.2, 77,
and 273 K was employed for temperature measurements.
The measurements were taken at 1-K increments.

EXPERIMENTAL RESULTS

Gravimetric  measurements  yield  SrMnO,,,,,
StMnQ; 4y, STMnO, 49, StMnO, 117, and SrMaQ, ¢;, for
S—12Q,5 - 13Q, S — 14Q, § — 15Q, and 8§ — 16Q,
respectively. The magnitudes for *“x** in SrMnO;_, deter-
mined in this way agree well with the results obtained by
Negas and Roth (1).

Figure 1 demonstrates the dielectric behavior of § —
16QQ. The dielectric constant (¢") increases with increasing
temperature (broken lings), but appears to have a maxi-
mum at about 280 K. Concerning the magnetic properties
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FIG. 1. Frequency dependence of the dielectric constants, &' (bro-
ken lines), and the relaxation peaks in the loss tangent (solid lines) as
a function of temperature. Solid circles represent the results at the
applied frequency of 20 kHz; open circles, 40 kHz; solid squares, 100
kHz; and open squares, 200 kHz.
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of cubic perovskite SrtMnO,, which transforms from an
antiferromagnetic state to a paramagnetic state at 260 K
(the Néel temperature) (4), it is very interesting to note
that the temperature at which the dielectric constant has
a maximum is close to the Néel temperature. A relaxation
peak in the dielectric loss tangent is apparent in the tem-
perature range 150-270 K. Debye’s formula for tan & is
given by

wT

tand  ma == iy

(1]

where w is the angular frequency, i.e., 27 f, and 7 is the
relaxation time, which has the form r, exp(Q/kzT), O and
kg being the activation energy for the relaxation process
and Boltzmann’s constant, respectively. Then the reso-
nant condition is

amexp (EBQT) 1 21

where T, is the temperature at which tan & has a maximum
value, which is represented by (tan 8),,,,. As suggested
by Debye’s formula, Eq. [1], (tan &),,, decreases with
increasing T, as shown in Fig. 1. Specimen S — 15Q
shows quite similar dielectric behavior, but (tan §),,,, is
somewhat smaller in value than for § — 16Q (the ratio of
(tan 8),,,,in 8 — 16Q tothatin 8 — 15Q = 1.4). Asexpected
from Eq. [2], we have straight lines in the Arrhenius plots
between applied frequencies (f) and 1/T,, with an activa-
tion energy of O = 0.194 = 0.004 e V. After the reoxidation
of § — 15Q and § — 16Q), the temperature dependence
of the dielectric properties changes remarkably. The di-
electric behavior of S — I5R at f = 400 kHz is illustrated
as a function of temperature in Fig. 2. The magnitude of
&' increases after reoxidation. As temperature increases,
the diclectric constant increases but one can recognize
two obvious decreasing points, a smali decrease at ~240
K and a considerably larger one at ~260 K. These temper-
atures are Independent of the applied frequencies. The
latter temperature is very close to the Néel temperature
of cubic SrMnQ,, as well as of the specimens of § — 15Q
and § — 16Q. Concerning the small decrease in &' at
~260 K, we have no information. The diclectric relaxation
observed in the loss tangents of quenched specimens dis-
appears completely after reoxidation.

Specimens § — 12Q, § — 13Q, S — 14Q, S — 12R,
S — 13R, and S — 4R exhibit behavior of the dielectric
constant, &', similar to that of S — 15Q and S — 16Q. In
Fig. 3, we have plotted &' of § — 12Q (the solid line) and
S — 12R (the broken line) at f = 10 kHz. The magnitudes
of &’ in the reoxidized specimens are large compared with
those in the quenched ones, but the temperature depen-
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FIG. 2. The temperature dependence of the dielectric constant, &
(the broken line), and the dielectric loss tangent, tan & (the solid line),
at the applied frequency of 400 kHz for specimen § — 13R.

dences are similar. Two dielectric relaxation peaks appear
in the loss tangent in ¢ach of the quenched specimens
S - 12Q, S — 13Q, and S — 14QQ. Figure 4 demonstrates
the realistic dielectric loss tangent of S — 12Q after sub-
traction of the background at f = 10 kHz. The peak height
of these relaxations, (tan 8),,,, decreases as fincreases.
After reoxidation, they disappear completely, and the loss
tangents increase smoothly with increasing temperature.

Arrhenius plots of ¢ and 1/7T are given in Fig. 5. The
conduction behavior of § ~ [5Q and S — 16Q is quite
different from that of S — 12Q, § — 13Q, and S — 14Q,
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FIG. 3. The temperature dependences of the dielectric constant (¢”)
for specimens 3 — 12Q} (solid circles} and S — 12R {open circles).
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FIG, 4, The experimental values for realistic {oss tangent (tan 8)
versus temperature at f = 10 kHz after subtraction of background for
specimen S — 12Q (solid circles and broken line). The solid lines are
the theoretical curve calculated using Debye’s equation with activation
energy 0.18 eV for the low-temperature peak and 0.50 eV for the high-
temperature peak.

as shown in Fig. 5a. The conductivity of § — 16Q is
somewhat larger than that of S — 15Q (the ratio = 1.4),
but both specimens contain the same thermally activated
processes of conduction in the entire temperature range
measured. Below about 130 K, there are linear parts with
an activation energy of 0.051 eV in the Arrhenius plots.
Above 140 K, the conductivities seem to increase rather
rapidly, but not in a linear form. After reoxidation, con-
ductivities increase remarkably (S — 15R and 8 — 16R in
Fig. 5b), and both these specimens have nearly the same
conductivity. One can see the linear parts with an activa-
tion energy of 0.018 eV below about 140 K.

Asfor 8 — 12Q, S —~ 13, and § — 14Q) (see Fig. Sa),
conductivities are nearly independent of temperatures be-
low ~140 K and they start to increase as temperature
rises. It is likely that there are linear parts between log(c)
and 1/T with an activation energy of 0.525 + 0.005 eV
above ~230 K., These conductivities do not change drasti-
cally like those of S — 1SR and S — 16R even if S — 12Q),
S — 13Q, and 8§ —14Q are heated at 900°C for 24 hr (see
Fig. 5b). The conductivities of S ~ 12R and S — 13R
increase slightly from those of S — 12Q and S — 13(Q.
The increment of conductivity in § — 14R from that of
S — 14Q) is larger if compared with those for § — 12R
and S — 13R, but not by much.

DISCUSSION

A. Perovskite-Like StMn0O,__ (S — I5Q and § — 160Q)

In many oxides such as impurity-doped BaTiO,,
LiNi;_, O, Li-doped a-Mn;0,, and WO,, polarons are
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The Arrhenius relations between o and 1/T (a) for quenched specimens: solid circles, § — 12Q; solid triangles, 8 — 13Q; open circles,

§ — 14Q; open squares, S — 15Q; and solid squares, S — 16Q; (b) for reoxidized specimens: solid circles, § — 12R; solid triangles, S — 13R;
open circles, S — 14R; open squares, S — 15R; and solid squares, § — 16R.

majority carriers and polaronic conductions take place
(5-10). These oxides exhibit, in common, strong cosrela-
tion between dielectric behavior and temperature depen-
dence of conductivity; thermally activated process in the
realistic loss tangent at the maximum, (tan 8),,, ; and good
agreement of the activation energy required for dielectric
relaxation with that obtained in the Arrhenius plots be-
tween ¢ - T (or ¢ - T%%) and 1/T. Though dielectric relax-
ation is observed in quenched perovskite-like StMnO,_,
(8 — 15Q and 8§ - 16Q)), it never shows thermally activated
behaviors; that is, (tan &), decreases with increasing
applied frequency, as indicated in Fig. 1. In addition, the
activation energy for dielectric relaxation (0.194 eV) is
quite different from that obtained from conductivity (0.051
eV). These results indicate no correlation between the
relaxation observed in Fig. | and a polaron hopping pro-
cess. An alternative possibility for this dielectric relax-
ation process is due to motions of Mn ions adjacent to
oxygen vacancies. This is supported by the following ex-
perimental results. The ratioof x of S — 16Q tox of S —
15Q in StMnO,__ is ~1.3, while the ratio of (tan 8},,,, of
S - 16Q to that of S — 15Q and also the ratio of the
conductivities of § — {6Q to those of § — 15Q is ~1{.4.
According to Negas and Roth (1), quenched specimens
are represented by the formula SrMn3fMni’, 0, . and
Mn®* jons are located at Mn sites adjacent to oxygen
vacancies. Then, it is likely that the lattice distortions
introduced by oxygen vacancies are sufficient to produce
more than one potential minimum for Mn** ions, and the
observed relaxation is associated with thermally activated
motions between these minima under the action of alter-
nating electric fields. Since the magnitude of (tan 8}, is

proportional to the concentration of active dipole mo-
ments (i.e., Mn*") (11), the good agreement between the
ratio of (tan 8),,,, and that of “‘x”* in SrMnQO,_, supports
this conjecture.

The present results do not contain any experimental
evidences supporting preferentially a polaronic conduc-
tion, as described before. Considering this fact, it seems
that two alternative mechanisms are conceivable, instead
of a polaronic conduction. First, we argue the band con-
duction of electrons. In such a case, the activation energy
obtained in conductivities (i.e., ~0.051 ¢V) corresponds
to the depth of the donor level from the bottom of the
conduction band and the ratio of the conductivities in
§ —~ 16Q to those in S — 15Q (i.e., ~1.4) is theoretically
equal to the ratio of the concentrations of conduction
electrons which are thermally activated from donors. The
ratio of the amount of Mn** in § — 16Q to that in S —
15Q (~1.3) leads to the conclusion that Mn*" ions play
an important role in conduction; i.¢., the donor centers
in quenched perovskite-like SrtMnO,_, must be Mn** ions.
The second possibility is as follows. For antiferromag-
netic oxides, in general, there are electrons in the d band
which interact with 0%~ ions and they would be semicon-
ductors if the crystal structures split the d band (12). The
quenched perovskite-like SrMnQ,_, involves electrons in
the d band (i.e., Mn**) and the low point symmetry intro-
duced by the oxygen deficiency has a high possibility to
split the d band. However, such a conduction mechanism
requires some overlap between Mn 3d wavefunctions and
O 2p functions. Though the ratios for x in StMaO,_,,
magnitude of (tan 8).,,, and conductivity between S —
15Q and S — 16Q can be explained seif-consistently by
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this mechanism, the rather large number of oxygen vacan-
cies in quenched specimens prevent this mechanism from
occurring in SrMnQO,_, in practice. At the moment, then,
band conduction looks more plausible but, unfortunately,
there is no direct experimental evidence to show which
mechanism is correct.

Above ~140 K, the conductivities of both specimens
(8§ — 15Q and S — 16Q)) increase, not in a linear form,
as the reciprocal temperature decreases (Fig. 5a). Such
behavior is in common to that in p-type NiO above ~90
K, which is ascribed to the antiferromagnetic effect (6,
13, 14).

B. Perovskite SrMnO; (8 — I5R and § — 16R)

Quenched perovskite-like SrMnQ,_, specimens are re-
oxidized very easily to cubic perovskite StMnQ,. Even
at 200°C, the dielectric relaxations observed in quenched
specimens disappear. As the reoxidation progresses, the
conductivities increase, and the results in Fig. 5b indicate
that fully oxidized cubic perovskite specimens (S — 15R
and § ~ 16R) have nearly the same conductivities in the
entire temperature range measured, being independent of
the equilibrium temperatures before quenching. Based
upon analyses of XAS measurements on the La,_,Sr,
MnO; series, Abbate et al. (15) conclude that the ground
state of cubic perovskite SrMnQ; is a mixture of 3d” and
3d* L, where L denotes a ligand hole. This suggests that
some overlap between the Mn 34 wavefunctions occurs
through the oxygen ions in cubic SrMnO, as in other
antiferromagnetic oxides (12). Then, one can expect con-
duction of ¢lectrons, perhaps through 3d* L ligand holes,
in the band which has weak interaction with 0%~ ions and
is therefore narrow. Such an interaction is possible, once
most vacancies are occupied by O*” ions in reoxidation.
The activation energy required for the conduction in this
narrow band must be 0.018 ¢V as obtained experimen-
tally. As shown in Fig. 3b, carriers in cubic StMnO; are
very mobile and the polar effects of these mobile carriers
under the action of alternating electric fields vield remark-
able increases in dielectric constants of § — 15R and
S — I6R as illustrated in Fig. 2.

C. Hexagonal 4L SrMnO,_,

C.1. Surface layers in reoxidized specimens. As
shown in Fig. 5, temperature dependencies of conductivi-
ties in quenched specimens (S — 12Q, S — 13Q,and S —
14Q) and reoxidized ones (8 — 12R, § — 13R, and
S —14R) are quite different from those of perovskite-like
SrMnO,;_, and cubic perovskite SrMnO;. As demon-
strated in Fig. 5b, the conductivities of specimens reoxi-
dized at 900°C for 24 hr (§ — 12R and S — 13R) are nearly
equal to those of quenched ones, though slightly larger,
As for § — 14R, conductivity increases from that of § —
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14Q) more obviously than occurs with § — 12R and § —
13R, but the temperature dependence of conductivities is
similar to that of S — 14Q). These features do not change
even if the heating time at 900°C is prolonged to 30 hr.

Though both the X-ray diffraction studies and the gravi-
metric measurements indicate that powders are com-
pletely reoxidized by heating at 900°C, there are practi-
cally no distinguishable changes in the results between
quenched pellets and reoxidized pellets. Considering this
fact, one can conjecture that it must be difficult to oxidize
cores of pellets, perhaps because of low diffusion coeffi-
cients of oxygen in the hexagonal structure. Conse-
quently, only thin layers just inside surfaces must be reox-
idized. In order to confirm this, we have adopted two
methods. One is to determine the mean valence of Mn
ions in pellets by the chemical analysis employed by Na-
gashima et al. (16) and Mizutani et al. (17) and the other
ts to refer to the Maxwell-Wagner-type model, which is
the simplest model of interfacial polarization in a capacitor
with a double layer such as a material containing heteroge-
neous phases or absorption surface layers (18-20). Since
the papers of Nagashima ez al. (16) and Mizutani et al.
(17) are written in Japanese, a framework for this chemical
analysis is briefly introduced here. The powders crushed
from pellets are mixed with 0.1 N Na,C,0,. This is dis-
solved in 0.5N H,S0, to reduce all the nominal Mn**/
Mn*! to Mn**. During this dissolution, the following reac-
tion takes place:

Mn?* + %2 (COO~),— Mn?* + (z — 2)CO,.  [3]

The amount of the unreacted Na,C,0, determined by the
titration of KMnO, solution then yields the mean valences
of Mn ions in pellets and, consequently, 3 — xin SrMnO,_,
can be determined. We prepared several specimens of
S — 13Q and S — 13R with thickness 0.7 mm. Chemical
analysis yields StMnQO, 4, for S — 13Q, which is slightly
less than the result determined by the gravimetric mea-
surements, i.e., SrMn0O, g3, but still within the composi-
tion of the hexagonal structure (1). Next the surface layers
with the thickness less than 0.1 mm are shaved from
pellets of § — 13R and powders of the surface layers and
the remaining cores are analyzed, respectively. Then, the
average composition of the surface layers is SrMnO, 44,
while that of the cores is SrMnO, 4,, which is almost the
same as the composition of S — 13Q. This resuilt indicates
that the surface layers are formed in the pellets of the
hexagonal SrMn0O,_, after reoxidation.

The Maxwell-Wagner mode] is, as known well, based
upon a combination of two R—-C parallel circuits; one
represents the circuit of cores in pellets which have the
quenched structure (i.e,, not reoxidized) and the other
the oxidized surface layers. The resultant admittance, Y,
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is given by ¥ = G + jwC, where G and C denote the
resultant conductance and capacitance, and o is the ap-
plied angular frequency. In the Maxwell-Wagner model,
then, the imaginary part of the ac conductivity is propor-
tionaf to @ - C. Experimentally the imaginary part of ac
conductivity is obtained by 1/|Z|- sin 6, where Z is the
impedance and # denotes the loss angle. Since the capaci-
tance, C, is proportional to the dielectric constant, &7,
one can expect, in a pellet reoxidized at 900°C, a linear
relation between 1/|Z]- sin 8 obtained by impedance mea-
surements and o ¢ &’ obtained by capacitance measure-
ments, while such a linear relation cannot be expected in
quenched specimens. In Fig. 6, @ - ¢ of S — 13R and
S — 13Q are plotted versus 1/|Z|- sin §. We find a com-
pletely linear relation which is independent of both applied
frequencies and temperatures for S — 13R. The quenched
specimen, S — 130, has no linear relation. Nenlinear
relations of S — 13Q obtained at several temperatures are
also plotted in Fig. 6. Other specimens, S — 12Q, § —
140, S — 12R, and § - 14R, show quite similar behaviors.
The results obtained by the chemical analysis and the
dielectric behaviours based upon the Maxwell-Wagner-
type model provide direct evidences that the surface lay-
ers are formed in reoxidized pellets of hexagonal 4L
SrMn0O, ,.

As described before, a two-probe method was em-
ployed for dc conductivity measurements, Then, the resis-
tance in the surface layer and that in the nonoxidized

J J
107° 1078

1/1Zlsine

FIG. 6. The relation between w - €' and 1/|Z| sin & for specimens
8§ — 13Q) (epen symbols) and § — 13R (solid symbols). Circles represent
the plots obtained at 150 K under alternating electric fields with frequen-
cies of 1, 2, 4, 10, and 20 kHz; solid squares, similar points obtained
at 200 K; and soiid triangles, at 250 K. All of the plots are on one line
parallel to the broken line which represents the linear relation between
w + & and 1/|Z|- sin . Each particular temperature has its own relation
which is not paralle] to the broken line,
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core are connected in series in so-called “‘reoxidized”’
specimens. Slight increases in the conductivity of S —
12R and § — {3R after reoxidation, as shown in Fig. 5,
indicate the high conductivity of oxidized hexagonal 4L
SrMnO,, but very small volume fractions of surface layers
contained in these specimens result in only slight in-
creases in conductivities. According to Negas and Roth
(1), at the equilibrium temperature, 1400°C, before
quenching, the hexagonal 4I. and perovskite-like
SrMnO,_, coexist in equilibrium and their phase diagram
(1) and x in SrMnO, , yield 14% of perovskite-like
SrMnO,_, in S — 14Q. As described above, perovskite-
like StMnO,_, is completely oxidized very rapidly to per-
ovskite SrMnO; which has very high conductivity com-
pared with quenched specimens (see Fig. 5b). When
S — 14Q is heated at 900°C, perovskite-like SrMnQ,_,
is preferentially reoxidized. This leads to a rather large
increment of conductivity in 8 — 14R from S — 14Q in
comparison with § — 12R and § — 13R.

C.2. Conductivities in gquenched and reoxidized speci-
mens. Though oxidized surface layers with low resis-
tances result in increases in conductivities, nonoxidized
SrMnO;,_, cores with high resistances inside pellets rate-
determine conductions of carriers because the resistances
are connected in series. Consequently, thermally acti-
vated processes of conduction in so-called reoxidized
specimens are quite similar to those in quenched speci-
mens. In oxidized layers, carriers are more mobile than
nonoxidized SrMnO,_, layers and the polar effects of
these carriers yield increases in dielectric constants as
shown in Fig. 3 as well as cubic perovskite StMn0O,.

As shown in Fig. 4, § — 12Q, S — 13Q, and § — 14Q
include two absorption peaks. The solid lines in Fig. 4
are the theoretical curve calculated using Debye’s equa-
tion with activation energy 0.18 eV for the low-tempera-
ture peak and 0.50 eV for the high-temperature peak.
According to Negas and Roth (1), there are two types of
oxygen vacancy in quenched hexagonal StMnO,_,; one
of them results in a Mn**-Mn** pair and the other leads
to formation of a Mn**-Mn*" pair. Referring to a-Mn,0,
(21, 22), these pairs are expected to make covalent bonds.
Though the interpretation that two dielectric relaxations
observed in quenched specimens correspond to motions
of these pairs under the action of alternating fields looks
very attractive, the conductivity results discourage this
interpretation because these relaxation peaks disappear
in reoxidized pellets in which most quenched structures
of hexagonal SrMnQ;_, are not yet reoxidized even if
heated at 900°C for 24 hr. Thus we argue the following
two possibilities. One is based upon the interpretation
described above. In this case, the pairs Mn**-Mn** and
Mn*"-Mn®" exist even after heating at 900°C, but this
heating process removes the distortions introduced by
quenching. The covalently bonded pair, then, must be
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stabilized at a deep potential minimum and become unable
to move under the actions of alternating fields. The other
possibility is due to dielectric relaxations taking place in
surface layers. In this case, however, we cannot identify
relaxation mechanisms.

The activation energy required for conduction in § —
12Q, S — 13QQ, and S — 14Q, 0.53 eV, is quite large in
comparison with that of 8 — 15Q and § — 16Q. The 34
electrons which contribute to the formation of covalently
bonded Mn**-Mn** and Mn**—Mn’" pairs are also stabi-
lized; that is, the covalent bonds result in deep trapping
of 3d electrons in Mn ions. This leads to a wide energy gap
between the donor level and the bottom of the conduction
band in comparison with that in perovskite-like
SrMn0O; .. The activation energy obtained in conduction
(0.53 V) must correspond to this energy gap.
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