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The Na,Zn Mn PO, powder was prepared by the solid state reaction method. The powder structure was stud-
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ied by X-ray diffraction (XRD) in the temperature range from room temperature (RT) to 520 K. The results of XRD

measurements show that the obtained Na,Zn Mn P O
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is a mixture of two phases: Na,MnP O, which crystallizes in

the triclinic space group P1, and Na,ZnP O, which crystallizes in the tetragonal space group P4 /mmm. The chemi-
cal compositions of the powder and ceramic samples were investigated by an energy dispersive X-ray spectrometer
(EDX) and X-ray fluorescence spectroscopy (XFES). The surface of ceramics was examined by X-ray photoelectron
spectroscopy (XPS). The electrical conductivity and dielectric permittivity of the ceramics were investigated from RT
to 700 K in the frequency range 10-10° Hz. The relaxational dispersion of electrical conductivity in the investigated

frequency and temperature range was found.

Keywords: sodium, pyrophosphate, crystal structure, conductivity, dielectric permittivity

PACS: 82.45.Xy, 84.37.+q, 79.60.-i

1. Introduction

Further progress in the development of second-
ary batteries for electrochemical energy storage
requires the development of new ion-conducting
materials. Li-ion batteries have dominated dur-
ing the last decades due to their high power and
energy density []. However, the high cost
and scarcity of lithium reserves have resulted in
the pursuit of alternative energy storage materi-
als []. Among various alternatives to the Li-ion
batteries, the sodium-ion batteries are promis-
ing due to the abundant resources and low cost
of sodium [H]. Some Na*-conducting compounds

of the pyrophosphate family are attractive cath-
ode materials for sodium ion batteries [#-14].
Sodium-based pyrophosphate compounds such
as Na,MP_ O, (M = Mn, Fe, Co, Zn) are presently
under intensive investigation. The f-Na MnP,O,
polymorph [E, E] and NaFeP O, [ ] crystal-
lize in the triclinic structure (space group P1),
Na,CoP,O, crystallizes in the orthorhombic
space group Pna2 [], and Na,ZnP O, crystal-
lizes in the tetragonal space group P4 /mmm [].
Charge/discharge capacity and redox potential
measurements of these compounds were per-

formed [E, E, , ]. The galvanostatic cycling
of f-Na, MnP,O_ at the rate C/20 showed its
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discharge capacity approaching 80 mAh/g along
with the highest ever Mn**/Mn** redox potential
of 3.6 V [E]. The Na,CoP,O, delivers a reversible
capacity close to 80 mAh/g involving the Co**/
Co*" redox activity with an average potential
of 3V [B]. The Na FeP O, cathode was found
to be electrochemically active, delivering a re-
versible capacity of 82 mAh/g with the Fe’*/Fe**
redox potential around 3 V (vs Na/Na*) [E]. At-
tempts to improve the electrochemical proper-
ties of materials involved various cationic sub-
stitutions in the pyrophosphates by synthesizing
new compounds, namely Na Fe Mn P O, [H],
Na, (Fe, Mn )P0, (0 <y < 1) [}, NaCsMnP,0,
and NaCsMn ,Cu P O, [E]. The charge/dis-
charge measurements indicate that the substi-
tuted Na Fe _Mn P O_ is chemically active with
a reversible capacity of ~80 mAh/g at the C/20
rate with an average redox potential of 3.2 V (vs
Na/Na*) [@]. The measurements of structure
and electrochemical properties of the abovemen-
tioned pyrophosphates were performed at room
temperature (RT). The investigation of the crystal
structure and electrical properties, and the dif-
ferential thermal analysis of Na,MnP,O, [] and
NaCsZn, Mn P O, [é] ceramics showed structur-
al phase transitions taking place at elevated tempera-
ture. At 660 K the phase transition in the Na, MnP,O,
compound leads to the anomalies of dielectric per-
mittivity, electric conductivity and the change of acti-
vation energy from 0.78 eV at T< 660 K to 0.68 eV at
T > 660 K. The authors of Ref. [@] show that relaxa-
tion processes in the polycrystalline Na,ZnP O, are
caused by the Na*-ion motion and their activation
energy of 0.94 eV is almost the same as the activation
energy for the conductivity. At 600 K the values of
the conductivity were 3.7-10~ S/m and 4.98-10° S/m
for Na,MnP,O, [] and Na ZnP O, [], respec-
tively.

We continue our previous investigation [,
@] and search for new Na-based pyrophos-
phate materials for application in the secondary
sodium ion batteries. In the present work the
Na,Zn Mn P O, powder was synthesized by
the solid state reaction and ceramics were sintered.
The structure studies of the powder were conduct-
ed by X-ray diffraction (XRD) in the temperature
range from room temperature (RT) to 520 K.
The chemical composition of the powder and ce-
ramic samples were investigated by a scanning

electron microscope (SEM), an energy dispersive
X-ray spectrometer (EDX) and X-ray fluorescence
spectroscopy (XFS). The surface of the ceramics
was examined by X-ray photoelectron spectrosco-
py (XPS). The measurements of complex electri-
cal conductivity ¢ = ¢ + ic¢", complex impedance
p =p - ip" and complex dielectric permittivity
€ = ¢ - ie" of the ceramics were carried out in air
in the temperature interval from RT to 700 K and

in the frequency range from 10 Hz to 1 GHz.

2. Experiment

The Na,Zn Mn P, O, powder was synthesized
by the solid-state reaction method from the stoi-
chiometric amounts of Na,CO,, ZnO and MnO
(all chemically pure). The precursor was mixed
and then a stoichiometric amount of 85% H,PO,
(diluted with distilled water 1:1) was added very
slowly while mixing. The obtained mixture was
heated in silica-carbon crucible at 393 K for 5 h
and milled. After milling, the obtained powder
was pressed into pellets at 50 MPa. The pellets were
heated at 673 K for 4 h and subsequently at 923 K
for 6 h. The tubular furnace with steady Ar/H,
flow was used in all heating steps. After the an-
nealing, the pellet was cooled down to RT in Ar/H,
atmosphere. The obtained product was milled into
ceramic powder.

A Bruker D8 X-ray diffractometer equipped with
a MRI Physikalische Gerdte GmbH TC-BASIC heat-
ing chamber was used to measure the XRD patterns
of the synthesized powder between room tempera-
ture and 520 K. During heating and cooling the XRD
patterns were recorded with a 20 K temperature
step. While changing between two temperature lev-
els the heating and cooling rate was 10 degrees per
minute. In order to achieve the thermal equilibrium
and completeness of the processes after reaching
each temperature, the sample was kept at a selected
temperature for 60 or 20 minutes during the heat-
ing and cooling processes, respectively. The scan rate
for the pattern recording during heating was roughly
0.175 degree per minute, during cooling it was 0.25
degree per minute, at RT and 600 K temperature it
was 0.1 degree per minute. The XRD patterns were
investigated using CuKea, radiation in the 2q re-
gion of 10-60 degrees with a step size of 0.01 de-
gree. Analysis of the measured data was done by
the TOPAS v.4.1 software.
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The ceramic samples for SEM/EDX and XPS
analysis and measurements of electrical properties
were sintered. The powder was uniaxially pressed
into pellets at 250 MPa. The Na,Zn Mn, P O, pel-
lets were sintered at 953 K for 2 h in air. The density
of the ceramics was calculated from geometrical and
weight measurements and it was found to be 2.73 g/
cm?®. The SEM/EDX (Hitachi TM3000) was used for
the analysis of the chemical composition of investi-
gated ceramic samples and powder. X-ray fluores-
cence analysis was performed using a WDXREF spec-
trometer S4 Pioneer (Bruker AXS), equipped with
an Rh target X-ray tube (60 kV, 60 mA). The LiF crys-
tal and gas flow (mixture of Ar* 10% CH,) were used.
The spectral data were processed with the Spectra
Plus software of the S4 device. The element concen-
trations after the calibration of S4 equipment were
calculated automatically.

XPS measurements for the Na Zn Mn P O,
ceramic sample were performed on an upgrad-
ed Vacuum Generator (VG) ESCALAB MKII
spectrometer fitted with a new XR4 twin anode.
The non-monochromatised AlKa X-ray source
was operated at hv = 1486.6 eV with 300 W power
(20 mA/15 kV) and the pressure in the analysis
chamber was lower than 5-1077 Pa during the spec-
tral acquisition. The spectra were acquired with
the electron analyzer pass energy of 20 eV for nar-
row scans and the resolution of 0.05 eV and with
pass energy of 100 eV for survey spectra. All spec-
tra were recorded at the 90° take-off angle and cali-
brated from the hydrocarbon contamination using
the C 1s peak at 284.6 eV. Before the XPS measure-
ments the surface was etched by argon in order
to observe the surface state of the sample. Ar* ion
beam sputtering was performed in the preparation
chamber using 2 keV Ar* ions bombardment with
abeam current density of 20 A cm™ for a duration
of 30, 90 and 390 s. Spectra calibration, processing
and fitting routines were done using the AVAN-
TAGE software (5.962) provided by Thermo VG
Scientific. Core level peaks were analysed using
a nonlinear Shirley-type background, and the cal-

culation of the elemental composition was per-
formed on the basis of Scofield’s relative sensitivity
factors.

Measurements of the electrical properties of
Na,Zn Mn P O, ceramic samples in a low fre-
quency range (10 Hz — 2 MHz) were carried out by
the two probe method []. The electrodes were fired
at 920 K on the sintered cylindrical samples by apply-
ing conductive Pt paste (Gwent Electronics Materials
Ltd.). The measurements in the microwave range
(3-10°-3-10° Hz) were performed by an Agilent Net-
work Analyzer E5062A connected to the coaxial line,
and part of the inner conductor of the coaxial line was
replaced by the sample. The impedance of the sample
was calculated from scattering parameters of such
network as in []. The temperature was changed
in the range 300-700 K during the impedance spec-
troscopy experiments in the low and high frequency
ranges and measured using a digital thermometer
TMDO90A. The temperature was controlled by a com-
puter connected to a DC power supply.

3. Results and discussion

The analysis of the XRD patterns show that the
Na,Zn Mn P O powder prepared by the solid state
reaction at RT consists of two phases: Na MnP,O,
crystallizes in the triclinic space group P1 (XRD
card 074-2586) as it was summarized in [E], and
Na,ZnP,O, crystallizes in the tetragonal space group
P4 /mmm (XRD card 01-070-5836) and it is identi-
cal to the one obtained in []. The lattice parameters,
unit cell volume V, angles «, f, y, formula units in
the unit cell Z and the theoretical density p,, of both
phases at RT are presented in Table 1. The quantita-
tive crystallographic analysis shows that the obtained
composite consists of 38.64 wt.% Na MnP O, phase
and 61.36 wt.% Na ZnP,O, phase. This composi-
tion differs from the one expected from the com-
pound stoichiometry and indicates that a fraction of
Na,MnP,0, compound could be present in an amor-
phous phase and/or that Mn partially replaces Zn
in tetragonal Na,ZnP O, crystallites.

Table 1. Summary of the X-ray diffraction analysis of Na,Zn,;Mn, ,P,O, powder at room temperature.

o o

Phase a, A b, A G A a,deg | f3,deg y, deg Vv, A3 Z | p,glcm’
Na,MnP O, 9.89(4) 11.08(5) 12.46(3) 148.48 121.98 68.35  595.18(15) 4 3.07
NaZnPO,  7.72(5)  10.27(4) - - - - 612.13(15) 4 3.10
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The XRD patterns recorded during the heating
and cooling processes do not reveal any appearance
or disappearance of the peaks (Fig. EI). As the only
certain difference between the patterns at different
temperatures is a continuous shift of the peaks to-
wards lower 20 values during heating and towards
higher 20 values during cooling, it is presumed
that there are no changes in the phase composi-
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Fig. 1. Pseudo 3D montage of the XRD patterns
of Na,Zn Mn P O, powder during heating and
cooling in 300-520 K temperature range.

(a)

tion of the sample and all changes are related to
the lattice parameter variation due to the thermal
expansion. The temperature dependences of the lat-
tice parameters and the theoretical densities of
the NaMnP O, and Na ZnP,O, compounds in
the heating and cooling cycles are presented in
Fig. E(a, b), respectively.

Thelattice parameters of the Na,ZnP O, phases in
the investigated temperature range increase linearly
in the heating stage and decrease linearly in the cool-
ing stage. The temperature hysteresis of a and ¢ lat-
tice parameters during heating and cooling was ob-
served for the Na_ MnP,O, phase. The available XRD
data does not provide any evidence of the formation
of new phases and can be attributed to the evapora-
tion of adsorbed water. Water adsorption at the sur-
face of other similar pyrophosphate ceramics, such
as Na MnP,O, [] and NaCsZn Mn P O, [@],
has also been observed.

TheSEMimageofthesurfaceofNa Zn, Mn P O,
ceramics is presented in Fig. E The grain sizes of
the ceramics vary in the range from approximately
3to 21 pym.

(b)

Fig. 2. Temperature dependences of the lattice parameters and theoretical densities of Na,MnP O, (a)
and Na,ZnP_O, (b) compounds during heating and cooling.
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Fig. 3. SEM image of Na,Zn ,Mn_ P O. ceramics.

057277

The experimental density of the composite
was measured by direct methods and found to
be 2.73 g/cm’ while the ratio between the densi-
ty obtained experimentally and calculated theo-
retically is 88%.

Figure @ shows the EDX spectra of the
Na,Zn,,Mn P O, powder and ceramic sam-
ples. The calculated theoretical elemental com-
position and the results of XFS, EDX and XPS

Fig. 4. EDX spectra of Na,Zn Mn P

2

spectra analysis of the Na,Zn Mn .P,O. pow-
der and ceramic samples are presented in Ta-
ble 2.

The comparison of the experimental and theo-
retical elemental composition of Na Zn Mn PO,
indicates P and Mn deficiency in the ceramic
samples and Na excess in the powder. However,
the analysis of XPS spectra detected the excess
of Zn and Mn after the etching of the ceramic
surface. The characteristic Mn 2p and O 1s core
level XPS spectra for the 390 s etched surface of
Na Zn Mn P O_ ceramics are shown in Fig. E
(a, b), respectively.

The Mn 2p, , core level XPS spectra were de-
convoluted in three multiple peaks with differ-
ent binding energy. The peak located at the bind-
ing energy 640.05 eV is associated with the Mn?**
valence state as in MnO [@]. The multipeak
at the binding energy 641.40 eV is related with
the Mn’* valence state as in Mn O, previously
reported in [@] The Mn 2p,, core level peak at
641.90 eV is associated with the Mn* valence
state ion as in MnO, [@] and correlated well with
the results already pubhshed in [] In the range
644-648 eV the diffuse MnO shake-up peak is de-
tected. The amounts of the Mn*", Mn’" and Mn**

O, powder and ceramics.

Table 2. Theoretical and experimental elemental composition of Na,Zn,;Mn,;P,O, powder and ceramic samples.

Element Theoreti- From XFS, From EDX, Error, From EDX, | Error, From XPS,.
cal, wt.% | wt.% powder | wt.% ceramics | wt.% | wt.% powder | wt.% | wt.% ** ceramics
Na 16.42 18.90 16.90 0.42 18.04 0.37 16.52
Zn 11.67 11.84 11.16 0.72 11.27 0.63 15.79
Mn 9.81 9.72 8.00 0.29 6.21 0.21 13.27
P 22.12 20.60 20.69 0.32 17.82 0.25 22.79
0] 39.98 38.94* 43.25 0.56 46.66 0.50 31.63

* calculated value, ** after Ar* ion beam sputtering for 390 s.
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(a)

Fig. 5. Mn 2p, , (a) and O 1s (b) core level XPS spectra for the surface of Na,Zn ,Mn

valence state in the investigated ceramics were
3.6, 5.2 and 4.3 wt.%, respectively. The O 1s
spectrum for the Na,Zn Mn PO, ceramics is
of an asymmetric shape, Wthh could be fitted
with an intense component and three lower in-
tensity peaks. The highest intensity peak is cen-
tered at the binding energy 531.4 eV (amount
16.45 wt.%) and other lower intensity peaks are
located at the binding energies 530.65 eV (amount
9.47 wt.%), 532.54 eV (amount 3.53 wt.%) and
529.64 eV (amount 1.03 wt.%). The peak with
the highest intensity can be attributed to the lat-
tice oxygen O*" in the Na,MnP,O, and Na,ZnP,O,
phases. The peak at the binding energy 530.6 eV
represents a structural amount of the OH~ group
as in the family of manganite compounds [].

(b)

o 5P207 ceramic.

The peak at the binding energy 532.54 eV can be
attributed to the P-O-Na bindings as in [@, @].

The frequency dependences of the real part of
Na,Zn, Mn P,O, ceramics complex conductiv-
ity (0) which were measured at different tem-
peratures, are shown in Fig. E A dispersion re-
gion was found in the conductivity spectra of
Na Zn Mn P O, ceramics.

The process is thermally activated and the dis-
persion region shifts towards higher frequen-
cies as temperature increases in the temperature
range 350-700 K. This phenomenon is typical
of relaxation type dispersions. The conductivity
dispersion above 350 K can be attributed to Na*
ion migration in the grains of ceramic samples as

in [p6-24]. The temperature dependences of bulk

Fig. 6. Frequency dependences of ¢’
for NaZn Mn PO, ceramics at
dlfferent temperatures Inset shows

the Nyquist impedance plot at 500 K.
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electrical conductivity (0,) of the ceramics were
derived from Nyquist impedance plots (see inset
of Fig. H). The temperature dependences of o, of
Na,Zn Mn P, O, ceramics during heating and
cooling cycles are presented in Fig. [1.

The non-Arrhenius behaviour of o, (1000/T)
was observed in the temperature range from 300
to 360 K. The decrease of the Na,Zn Mn P O,
ceramics conductivity in the abovementioned
temperature range in the heating stage can be as-
sociated with water loss. The conductivity starts to
increase rapidly in the cooling stage from 330 K
down to 300 K because of adsorbed water. This phe-
nomenon was also observed in Na,MnP,O, [],
NaCsZn, . Mn, P.O_ g], A, In, PO (A = Sn,
Ti) [@] and CeP,O, [BQ]. A big influence of water
on the conductivity at temperatures up to ~350 K is
also observed for Na,MnP O, [] and Na,ZnP O,
ceramics, their conductivity temperature depend-
ences are presented in Fig. [] for comparison.

Further conductivity increase with temperature
inthe temperature interval 350-700 K was described
by the Arrhenius law. The data in the graphical rep-
resentation of conductivity in the logarithmic scale
vs reciprocal temperature can be fitted by a straight
line, the slope of which is proportional to the activa-
tion energy of g,. A change of the activation energy
AE, of Na,Zn, Mn P O, bulk conductivity is ob-
served in the temperature range from 600 to 630 K.
AE, = 0.66 eV in the temperature range from 350
to 600 K, while at temperatures higher than 630 K
AE, = 0.83 eV. Knowing that Na,Zn _Mn P O is

05277

the mixed phase material, consisting of Na,ZnP,O,
and Na,MnP,O,, the latter should be responsible
for the change of conductivity activation energy.
The phase transition in Na,MnP O, was observed
at 660 K, which led to a step-like conductiv-
ity increase in the heating stage. In the Na,ZnP O,
material no phase transitions were found in
the whole temperature range of investigation. In
the temperature range of 350 to 600 K the con-
ductivity values of NaZn Mn P O, are close
to the ones of NaMnP O, while at tempera-
ture higher than the phase transition, the value of
the conductivity of Na Zn Mn P O, is mostly
determined by lower conductivity of Na,ZnP,O..
However, the change of activation energy in
the NaZn Mn P O, composite at 630 K is
caused by the phase transition taking place in
the Na MnP,O, phase.

The temperature dependences of the real part
of dielectric permittivity (¢') and dielectric loss
were investigated at a frequency of 1 GHz. This fre-
quency is higher than the Maxwell relaxation fre-
quency (f,, = 0'/2ne’s, where ¢, = 8.85 x 10> F/m
is the dielectric constant of the vacuum) at any mea-
surement temperature, as can be seen from Fig. E(a).
At 630 K the change of the activation energy of f, was
found. The relaxation frequency activation energy in
thetemperaturerange350-630Kis0.69eV,andattem-
peratures from 630 to 700 K it is 0.9 eV. The obtained
values are close to the activation energies found
from the temperature dependences of bulk con-

ductivity.

Fig. 7. Temperature dependences of the bulk
electrical conductivity of Na,Zn Mn P O,
ceramics during heating and cooling. Con-
ductivities of Na,ZnP,0, and Na MnP,O, [15]

phases are also presented for comparison.
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The temperature dependence of the ¢ of
Na,Zn, Mn P, O, ceramics measured at heating
and cooling is shown in Fig. E(b). No difference
in the ¢ values can be observed comparing heat-
ing and cooling data points. This observation sug-
gests that all polarization processes taking place in
the bulk of ceramics are reversible. Hence the di-
electric permittivity determined at 1 GHz is not
connected with the water release which we observe
from the conductivity temperature behaviour.

The increase of the value of dielectric permit-
tivity from 8.4 to 12.3 is observed over the whole
measured temperature range. The increase of &
with temperature is caused by contribution of
electronic polarization, vibration of the lattice,

(a)

()

migration polarization of Na* ions in the grains
of Na Zn Mn P O, ceramics. As the dielectric
losses represent conductivity (tand = 0'/0"), tand is
shown in the Arrhenius representation. A change
of the slope was found at about 630 K, which cor-
responds to the change of conductivity activation
energy, and it was related to the phase transition
taking place in the Na, MnP O, constituent of
Na,Zn Mn P O, ceramics. Besides, we can see
that at high frequency (1 GHz) water does not influ-
ence ionic transport properties at low temperatures
of 300-350 K. So the low temperature conductiv-
ity values are caused by surface water diffusion and
probably by the contribution of grain boundaries

and porosity.

(b)

Fig. 8. Temperature dependences of the Maxwell relaxation frequency (a), the real part of complex dielectric
permittivity (b) and the dielectric losses (c) of Na,Zn Mn P ,O, ceramics measured at 1 GHz in the heating

and cooling cycles.

05" 2
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Conclusions

The X-ray diftfraction analysis has revealed that the
Na,Zn Mn P, O, powder synthesized by the sol-
id state reaction is a mixed phase compound,
which consists of Na,MnP O, (38.64 wt.%) and
Na,ZnP O, (61.36 wt.%) phases. In the tempera-
ture interval from 360 to 700 K the total electrical
conductivity of Na,Zn Mn P O._ increases with
temperature according to the Arrhenius law, but
the activation energy change was found at about
630 K. This change was associated with the phase
transition taking place in the Na_ MnP_ O, phase.
The temperature hysteresis of the total electrical
conductivity value was found in the heating and
cooling stages of Na,Zn Mn P O, ceramics in
the temperature range 300-360 K. Non-Arrhe-
nius behaviours of the temperature dependence
of conductivity can be associated with dehydra-
tion of the samples. The increase of the ¢' value
with temperature can be caused by contribution
of electronic polarization, vibration of the lat-
tices of the mixed phase compound and migra-
tion polarization of Na* ions in the grains of
Na,Zn Mn P, O. ceramics. The investigation of
tand at a frequency of 1 GHz leads to the conclu-
sion that water influences conductivity due to its
diffusion on the ceramic surface.
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Mn, P,0, KERAMIKOS GAMYBA BEI STRUKTUROS, PAVIRSIAUS IR

IMPEDANSO SPEKTROSKOPIJOS TYRIMAI
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Santrauka

Darbe Na,Zn Mn P O, milteliai buvo sintezuoti
kietyjy faziy reakc:l]os metodu. XRD analizé parodé,
kad Na,Zn, 02,0, susideda i dviejy faziy: trikli-
ninés NaZMnP O (erdvme grupé P1) ir tetragoninés
Na ZnP O, (erdvme grupé P4 /mmm). Skaiciuojant
pagal mase gautos koncentracijos atitinkamai 38,64 ir
61,36 %. Cheminé milteliy ir iSkeptos keramikos sudé-
tis tyrinéta EDX bei XFS spektroskopijos btidais. Pa-
vir$ius tyrinétas XPS spektrometru. Kaip parodé SEM
nuotrauka, Na,Zn  Mn, P,O, keramikos kristality dy-
dziai varijuoja uo 3 iki 21 pm.

Bandinéliai matuoti impedansa gauti kerami-
kos miltelius suspaudziant j tabletes 200 MPa slégiu.
Na,Zn, .P,O. keramikos kepinimo temperatiira
953K trukme %h. Gautoskeramikostankis - 2,73g/cm’.
Impedanso spektroskopijai matuoti ant cilindro for-
mos bandinéliy uzdéta platinos pasta ir atkaitinta
920 K temperatiiroje.

Atliekant impedanso matavimus, realiosios laidumo
dalies priklausomybé nuo daznio Na,Zn Mn, P O ke-
ramikoje rodo dispersijos sritj, kuri pasislenka j aukstes-

niy dazniy puse kylant temperatiirai nuo 350 iki 700 K.

Tai yra tipiska relaksacinio tipo dispersija. Laidumo
dispersija per 350 K siejama su Na* jony pernasa kera-
mikos granulése. Intervale nuo 300 iki 360 K fiksuotas
nukrypimas nuo Arenijaus désnio. Kaitinimo stadijos
metu kylant temperatirai nuo 300 iki 350 K mazéjo lai-
dumas. Tai susije su vandens pasi$alinimu i§ keramikos.
Panasi anomalija pasireiské ir vésinimo metu: interva-
le nuo 330 iki 300 K staigiai pradéjo didéti keramikos
laidumas dél vandens adsorbcijos. Panasios anomali-
jos 300-360 K intervale stebétos ir tiriant Na,MnP,O.,
NaCsZnP,O_ bei Na,ZnP O_ keramikas.

Temperatﬁrq intervale nuo 600 iki 630 K pastebétas
Na,Zn, Mn PO, kristality laidumo aktyvacijos ener-
gijos pasikeltlmas nuo 0,7 eV, kai temperatara 350-
600 K, iki 0,9 eV, kai temperatira didesné nei 630 K. Sis
pasikeitimas siejamas su faziniu virsmu Na,MnP O,
fazéje.

Visame tirtajame temperatiry intervale nuo 300
iki 700 K pastebétas dielektrinés skvarbos didéjimas
kaitinant keramika. ¢ didéjimas kylant temperati-
rai priklauso nuo elektroninés poliarizacijos, gar-
delés virpesiy ir Na* jony migracinés poliarizacijos
Na Zn, Mn, P O, kristalituose.
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