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Using ion-cxchange chemistry the divalent cations Ba®*, Sr2*, Cal*, Mg?*, Cd?*, pb?*, Co?*, Znl*,
Mn?*. Fe?*, and $n’* have been substituted for K* in polycrystalline CdO-stabilized K-g"-ferrite
samples. Ba, Sr, Ca, Mg, Pb, and Cd ion exchange led to the synthesis ol new materials, the divalent
Mt -g"ferrites (M = Ba, Sr, Ca. Mg) and M**-g-ferrites (M = Cd, Pb), respectively. Co**-diffusion
resulted in the fermation of a spinel-type Co-ferrite. In the case of Zn, Mn, Fe, and Sn the samples
decomposcd to @-Fe,0,. The thermal stability of the new divalent 8- and 3-lerrites was studied either
by high-temperature exchange reactions or by air annealing of the exchanged products. Ba- and Sr-g"-
fersites and Ph-g-ferrite converted to M-type hexagonal ferrites with the magnetoplumbite structure.
Me-g"-lerrite decomposed to a spinel-lype Mg-ferrite, and Ca-g"-lerrite and Cd-g-ferrite decomposed
to a-FeyO,. Composition, lattice parameters, SEM photographs. and magnetic properties of the ferrites
formed are given, The magnetic susceptibilities ol the divalent 8"- or 3-ferrites have values between

0.63 and 1.14 x 107" emu/g- Oe at room lemperature.

1. Introduction

It is well known that the entire sodium ion
content of the solid clectrolyte 8"-alumina
can be replaced by o variety of mono-, di-,
and trivatent cations (/. 2). 8"-Alumina has
aunit cell which crystallizes into the trigonal
systcm. Due to its unusual structure consist-
ing of three alkali layers and an =1 1-A-thick
slab of close-packed oxygen tayers, in which
aluminum jons occupy octahedral and tctra-
hedral interstitial sites, the so-calted **spinel
blocks,”” S"-alumina presents ¢xceptional
ion-transport properties. In particular, com-
plete or partial rapid ion exchange occurs
for at least 12 divalent cations (Ca’*, Sr2+,
Bult, Zn ., Cdt, POIY, Mn*, ButY, Ni**,
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Co’*, Sn**, and Hg?") (2), leading to the
synthesis of various divalent §"-aluminas.
The divalent 8"-aluminas have been exten-
sively studied for their jonic conductivity
and other properties (3~/3).

In the K,0-Fe,0, system there is an ana-
log of §”-alumina, the g’-alumina-type, K*-
B"-ferrite. Because of its instability, i.e., the
difficulty of preparation (/4), the properties
of @"-ferrite have been studied only in the
last few years (/4-19). For preparation of
the Na*-g"-alumina, usvally Na, Al
M3+0;,, it is well known that the 8" phase
decomposes at >1500°C (20), but it is stabi-
lized by doping with a divalent cation
(Mg?*, Nit*, Zn**, etc.) (21). Pure single
crystals of K-B"-ferrite stabilized by CdO
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were obtained using K;0-KF-B,0, as a
flux (22) and those of mixed {Na, K)-8"-
ferrite stabilized by ZnO, Co0, or NiQ were
obtained from a NaFeO, flux (/6-/8}. How-
ever, polycrystalline g"-ferrite 1s generally
formed with the 8 phase depending on the
kind and amount of stabilizing agent (/4).
The unit cell of the more stable 8 phase,
K, Fe 0, x = 0to | (23), consists of
two spinel blocks and two alkali layers that
crystallize into the hexagonal system.

K *-3"-ferrite is known to be a mixed ionic
and electronic conductor (I4). An attempt
to extend ion-exchange chemistry in the 8"-
alumina-like 8"-ferrites started a few years
ago. It was found that monovalent ions such
as Na®, K*,Rb*,Cs*, TI*, NHj, H*, and
H,O* diffuse rapidly to form various M *-
B'-ferrites (15, 24-27). On the contrary,
ionic exchange reactions with the divalent
Ba’* or Sr’* led to a phase transformation
to  nonstoichiometric  M-type  ferrites
{25-27, 28). In this work a detailed study
using an ionic exchange procedure with 11
divalent cations (Ba’*, Sr**, Ca’*, Mg’*,
Cd?*, Pb**, Colt, Zn’*, Mn*t, Fe?*, and
Sn®*) on K*-g"-ferrite is presented. Since
the previous experiments with Ba and Sr
were performed at high temperatures,
700-800°C, low exchange reaction tempera-
tures were used, between 200 and 500°C, to
prevent phase transitions, i.e., to obtain the
corresponding M?~-g"-ferrites. In fact, Ba,
Sr, Ca, Mg and Pb, (d ionic exchange re-
sulted in the synthesis of new materials, the
divalent 8"- and B-ferrites respectively. As
far as we know, this is the first report on the
synthesis of such materials. The study of
the thermal stability of the divalent ion-
exchange derivatives by means of ionic ex-
change reactions at high temperatures,
500-800°C, or by annealing of the resulting
divalent 8" or 8 phases, is presented. It is
shown that M**-3"- or B-ferrites are meta-
stable compounds, which either convert 1o
the thermodynamically more stable M-type
or spinel-type ferrites or decompose to a-
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Fe,O, at various temperatures. The ex-
change reactions with monovalent ions or
with Ba’*, Sr’* at high temperatures, re-
ported in the earlier studies, were performed
on S"-ferrite single crystals. In this work all
ionic exchange reactions were performed on
single-phase polycrystalline 8"ferrites, i.e.,
K *-pB"-ferrite stabilized by Cd** . Since ionic
exchange with several divalent ions on K-
B-ferrite has resulted also in phase transition
phenomena (23), the low-temperature ionic
exchange procedure could provide an un-
derstanding of the conditions appropriate to
the preparation of divalent derivatives of
K™*-g-ferrite as well.

The magnetic behavior of B"-ferrite is
somewhat unusual. The study of the thermal
variation of the reciprocal susceptibility (/6)
shows that, since a Néel hyperbola, charac-
teristic of an antiferromagnet with more
than two equivalent sublattices, is observed
at high temperatures, 800-1000 K, the
lower-temperature part of the curve shows
no minimum as a typical X7 1{T), nor stabili-
zation as in the case for ¥ ' (T}, indicating
a magnetic order point. The same behavior
has been reported for y 7' (T) in K*-3-ferrite
(29) and has been explained as resulting
from a planar antiferromagnetic arrange-
ment consisting of ferrimagnetic spinel
blocks negatively coupled between them
{Gorters’ ‘‘antiferrimagnetism’). On the
other hand, neutron diffraction study pro-
vided evidence of the existence of two su-
perimposed magnetic modes, an antiferro-
magnetic and a weak ferromagnetic (/8).
The presence of the latter has been ex-
plained as due to the incorporation of hydro-
nium cations in the conduction planes which
modifies the exchange integrals of the Fe’*
cations in the Fe(3) sublattice, thus affecting
the complete antiferromagnetic coupling be-
tween the neighboring ferrimagnetic sublat-
tices. In this work some magnetic measure-
ments on the exchange derivatives are
reported, not by means of the magnetic
characterization of the materials but as an
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indirect method to contro} the retainment
of the 8"-type structural arrangement or to
understand some aspects of the process of
the phase transitions observed.

2. Experimental Procedure

Polycrystalline K*-g"-ferrite is usually
formed together with the 8 phase, the frac-
tion f{3") of B8" phase produced depending
on the kind and amount of stabilizing agent
(14). Therefore a series of samples were pre-
pared to obtain single phases of 8"-ferrite to
be used as starting material. K,CO;, Fe,04,
and MO were mixed in a molar ratio 1 : (6 —
x):x, M = Cd**, Ca’*, Cu*", Ni**, Zn*",
Mg?* and x = 0.25/0.50/0.75/1.0. Since the
B and g phases can exist in a large composi-
tion range (30), the proportion proposed in
Ref. (30) was chosen. Alkali vaporization
is unavoidable during the heating process.
Therefore, an excess of K,CO; was used in
the starting mixture. After homogenization
in a ball mill using ethanol as a dispersing
agent and drying at 150°C for 24 hr, every
mixture was heated at 950°C for 1 hrin a
porcelain crucible.

X-Ray powder diffraction was used to
check whether the products were single-
phase 8"-ferrite. The relative amount of 8"
phase was estimated by the formula

L,(1011)
I, (L0 11) + 1,(107)

A1) = (H

where I is the intensity of the characteristic
peaks of the g8” and 8 phases, respectively
(31). To more accurately calculate the inte-
grated intensities these peaks were mea-
sured with a slow scanning rate, 1°/8 min.

The composition of the products was de-
termined by electron microprobe (EDAX).
The magnetic measurements were made by
means of a vibrating sample magnetometer
and a Faraday balance at room temperature.

The M’* ions investigated for ion ex-
change were Ba’*, Sr2*, Ca?*, Mg+, Cd**,
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Pb?*, Colt, Zn?*, Mn?*, Fe’", and Sn’*,
The exchanges were carried out in a plati-
num crucible and were contained within a
box furnace having an air atmosphere. In
some cases the ion-exchange reaction was
performed in vacuo or in an argon atmo-
sphere to maintain the oxidation state of the
ion introduced into the sample. Powder of
K*-g"-ferrite (0.2-1 g) was soaked into the
appropriate salts, nitrates or chlorides or
their eutectic mixtures (5—10 g), for various
durations between 15 min and 4 hr. The salts
or eutectic mixtures were chosen (32), in the
first place, so that they melt at temperatures
as low as possible, 200-500°C, to avoid
structure transformation during ion ex-
change. In some cases the exchange treat-
ment was carried out at higher tempera-
tures, S00-800°C, to study the stability of
the phases formed. For the same purpose a
series of samples were annealed at 1000°C
for 24 hr in an air atmosphere. After the
exchange treatment the samples were al-
lowed to air cool and the salt coating was
dissolved in deionized water. The exchange
products were filtered through a 0.2-um pa-
per filter using a water jet filter pump. After
filtration the samples were rinsed in acetone
and allowed to dry at 120°C for 2 hr. Table
I summarizes the exchange procedures.
The exchange products were identified by
the X-ray powder diffraction method using
CuKe radiation and Si as an internal stan-
dard. The lattice constants were calculated
by least-squares refinement. The composi-
tion of the products was determined by
means of electron microprobe (EDAX).
Since this is a semiquantitative method, and
was the only one available, the composi-
tions of the exchanged products, given in
Table 111, are indicative and used to estimate
the extent of K™ substitution. Scanning
electron microscopy was used to study the
quality of the particles after ion exchange.
For the samples exchanged with Ba®",
Srit, Pb?*, Mg?*, Ca?*, and Cd**, in which
the 8" phase was retained, the magnetic sus-



PROPERTIES OF NEW g"- AND g-FERRITES

321

TABLE 1

EXCHANGE PROCEDURES

Melt
composition® Temperature K* replaced
lon (mole %) (°C) Time (%) Atmosphere
Ba™* Ba(NO;),: KNO; (20: 80) 360 2 hr 88 Air
Ba(NO;), : KNO, 350 4 hr 95 Alr
BaCl,; KC1 {40 : 60) 800 30 min 100 Air
BaCl,: KCl 800 2 hr 98 Air
Sy Sr{NQ;),: KNGO, (22:78) 350 i hr 92 Air
Sr(NO;),: KNO; 350 4 hr 89 Air
SrCly: KCl1 (70: 30) 700 45 min 100 Alr
SrCl,: KCl 700 2 hr 100 Alr
Phit Pb(NO;),: KNO; (50:50) 280 I hr 97 Air
Pb(NO,),: KNO, 290 2hr 97 Air
PbCl,: KCI {80: 20) 500 45 min 84 Alr
PhCl, 650 1br — Air
Cal” Ca{NO,),: NaNO, (40: 60} 310 30 min 90 Air
Ca(NQO,),: NaNO, 310 2hr 92 Air
Ca(NOy), : NaNO, 330 4 hr 100 A
CaCly: KCl 700 30 min 100 Alr
Cd** Cd(NOy), : NaNO; (65 35) 200 i br 96 Air
Cd(NG,},: NaNO, 200 2 he 100 Air
CdCl, 600 | hr 100 Air
Mgt Mg(NO,), : NaNO, 200 1 hr 88 Air
Mg{NO;), : NaNO, (50: 50) 200 4 hr 98 Air
MeCl: KCI (40 : 60) 480 I hr 90 Alir
Co’" CoCl,: KCI {44 : 56) 400 1 hr 86 Argon
Co(l,: KCI 450 1 hr 93 Vacuum
Mn** MnCl,: KCl (36: 64) 500 1 hr 100 Vacuum
Zn** ZnCl.: KCl (54 46) 280 45 min 90 Air
Sn’* SnCl,: KCl (63:37) 300 15 min 100 Air
Fet FeCl,: NaCl (44: 56) 430 1 hr — Argon

¢ From Ref. (32).

ceptibility was measured with the Faraday
balance at room temperature, When the
samples revealed high magnetization caused
by a phasc transformation, magnetic mea-
surements, by means of a SQUID magne-
tometer at 3 K applying 50 kOe of magnetic
field, were performed.

3. Results and Discussion

3.1. Starting Material

Table II shows the relation between the
B"-phase fraction and the MO additive. The

results for the Cd**- and Ca®*-stabilized
samples are in agreement with Ref, (/4),
The other results present some discrepancy
compared with those reported in Ref, (/4),
with respect to the Mg**-, Zn**-, and Cu?"-
stabilized samples. In the work presented
here it was found that f{8") is almost inde-
pendent of the concentration of ZnQ and
MgO additive and is between 40 and 60%,
with the exception of Mg0/0.25 for which

(8" was 10%. In contrast, Nariki et al. re-

ported that the additive ctfect of MgO and
Zn0 gave decreased values with x, and f{3")
was between 10 and 20%. In the case of
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Cu?* in Ref. (I4), f(8") was found to in-
crease with x but the 8 phase disappeared
only when x = 2.0 and the by-product Cu
Fe,0, was formed when x > [.0. In this
work a CuO-stabilized sample with x = 0.75
was found to be single 8" phase without any
traces of by-products.

Our results are in better agreement with
those in Ref. (33) where the formation of
==50% A" phase is reported for samples stabi-
lized by Cd®*, Ni?*, Zn?*, Mg**t, and Co?",
but no other MO concentration is reported
apart from x = 0,25.

Nevertheless, as shownin Table II at least

four samples were found to form single-

phase K*-g'-ferrite. The CdO-stabilized
sample with x = (.75 was chosen as a start-
ing material for all ionic exchange reactions
in this work. The magnetic susceptibility of
this sample was 0.66 x 107% emu/g - Oe at
room temperature, in very good agreement
with other literature values for Co?*-, Ni?*-,
and Zn’*-stabilized, mixed (Na, K)-8"-fer-
rite single crystals (16, 25): 0.60, 0.40, and
0.66 x 107* emu/g - Oe, respectively.

The chemical composition determined
was K, ;3Fe Cdy,0,;. This formula was
deduced considering that the total Fe + Cd
atoms p.f.u. must be equal to 11, as condi-
tioned by the number of availabte crystallo-

TABLE 11

EFFECT OF THE MO ADDITIVE, K,O:(6 — x)
Fe,0;:xMO.% ON THE FORMATION OF K*-8"-FERRITE
(950°C)

Yield f(8") (%)

x Cd Mg Zn Ni Ca Cu
0.25 40 10 60 65
0.50 60 50 60 60 100
0.75 100 40 60 65 100% 100
1.00 80°¢ 40 55 60 100

¢ Composition of the starting mixture.
¢ CaFe,0, as a by-product.
¢ CdFe,Q, as a by-product.

O. KALOGIROU

graphic sites for this structure. Such a
formula is close to the composition
K Feg17Cdy 710657, determined by Nar-
iki ef al. by means of X-ray single-crystal
structure analysis (22), at least with respect
to K* content. Regarding the Cd content,
this result is not consistent with the stoichi-
ometry of the starting mixture which, how-
ever, gives asum Fe + Cd = 11.25. Never-
theless, the calculation of the chemical
formula, according to the stoichiometry of
the starting mixture, gives K, ,,Feqs
Cdg 5504644, 1.¢., the same K™ content,
Chemical analysis showed that the Cd con-
tent was 3-3.5 at.%, both in the parent com-
pound and in all ion-exchange derivatives,
for more than 30 different measurements.
Since the initial amount of Cd atoms was
6% in the starting mixture, this difference
¢annot be attributed to the measurement it-
self. CdO decomposes at 900°C, which is
the melting point of the oxide. Since the
solid-state reaction was carried out at 930°C,
the alternative assumption of a loss of Cd
during the firing cannot be excluded. On the
basis of these results, the following compo-
sitions are described assuming that Fe +
Cd = 11.

The calculated lattice parameters were
a = 5.974(2) and ¢ = 35.74(3) A.

3.2. Ionic Exchange

Table I1I shows the results of the ion ex-
change of potassium ions in the K*-g"-fer-
rite powder with divalent cations. The sub-
stitution of the K* ions is very fast in all
cases and reaches 90-100% completion in
very short times. These results indicate that
the exchange products must be divided into
three groups:

i. Ion exchange of potassium with Ba®*,
Srit, PH*, Mg!*, Ca*", and Cd** at low
temperatures, 200-350°C, led to the synthe-
sis of various M** -ferrites with 8"~ or 8-type
structure.

it. Ion exchange with the same cations but
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Temperature  Time Phase M,° M M Phase
fon °C) {hr) (a.c.)® Compaosition (emu/g) (emu/g) {emu/g) (a.a.)
K K, .Fe LOdy 07 a.f.
8al 360 2 g Bag Ko 1Fe15,,Cd {017 af. 76.3 98 M+
Ba2 350 4 B By 6 Ko grFes06Cd0 10,7 af,
Ba3 800 05 M Bag, ssFerg 104041, 8.6 85.4 o8 M
Bad 800 2 M BogoKymFep CdeO:  63.4 88.9 98 M
Srl 350 1 A §t5.5Ka12F€10 €0 10 m s af.
5r2 350 4 & Srq 16K 11F€ 10400 40 5 af.
513 700 0.75 M SrogiFe s Cig 4Chiaa 65.1 90.9 04 M
Srd 700 2 M StymFe Cdg 4O1ra 79.4 91.0 4 M
Pbi 280 1 2 Ph K guFe 10 g O a af.
Ph2 290 2 A Pby 5Ky gaFe1nCdg 40,5 a.f.
Pb3 300 075 B8 Pb, 1 Kg1aFenCdy O s 224 73.6 88 M + Fe,(
Pbd 650 1 Fe,0,
Cal 310 0.5 g Cog Ko 1 Fei0Cdo 0100 af.
Ca2 310 2 Jig Cay oKy 1 Fe 060003000 af.
Ca3 330 4 el Cay seFe  ,Cdy 105 a.f.
Cad 700 05  Fe0, + §+ 2
Cd1 200 ! 8 Cdy 1Kq 05F¢ 10 6Cn 4O 157 af.
cdz 200 2 8 Cdy saFey (CdoOos af
Cd3 600 I Fe.0; + §
Mgl 200 ! B Mg Ky 17 Fe i Cdy 0y af.
Mg 200 4 B Mg 57K 0:F 8104080 0060 af
Mg? 4R0 I 5+ g Mgy osKog Fer :Ce a0y, 34.2 49.4 62 S + Fe.0
Col 400 i S CoyKquFerClngDer, 384 65.4 94 S + Fe0,
Co2 450 1 S + Fe,0, Cop KpoF s sCdy 0y, 427 52.5 94 S + Fe,0,
Mn! 500 1 Fe,0; + §
Znl 230 075 Fe O, + 3+ 8
Snl 300 025 7
Fel 438 1 Fe 0,

“ a.e., after exchange; a.a., after annealing; u.f., antiferromagnetic; M, magnetaplumbite: S, spinet; ", 8"-ferrite; 8,8-terrire;

?, unidentified phasc.
& Magnetization a1 50 kQe/3 K before annealing.
< Magnetization at 50 kOe/3 K afier annealing.
“ From literature reference, saturation magnetization at 0 K.

¢ K*-B"-ferrite starting material as determined by chemicai analysis.

at relatively high temperatures, 500-800°C,
resulted in either a phase transition or de-
composition of the samples. Ba>*-, Sr**-,
and Pb**-exchanged products were trans-
formed to a modified M-type hexagonal fer-
rite. In the case of the Mg?* product the 8"
structure was rearranged to form a spinel-
type ferrite, and the Ca** and Cd?" samples
were decomposed to a-Fe,0,.

iii. The products from ion exchange with
Co*, Zn*", Mn**, Fe*, and Sn’* belong
to a third group. Although relatively low
temperatures were used, 280-500°C, the
formation of the corresponding M2 -8"-fer-
rites was not achieved. The Co’t-ex-
changed product showed a phase transition

to a spinel-type ferrite. lonic exchange with
Zn®", Mn?*, and Fe?" led to the decomposi-
tion of the samples 1o a-Fe,O; and ionic
exchange with Sn** led to an unidentified
phase.

3.2.1. M*"-"- and B-Ferrites

As shown in Fig. I, the appearance of
the exchanged products that retained the 8-
type structure was not affected by the ion
exchange treatment. The X-ray diffraction
patterns of these products were similar to
those of the K*-g8"-ferrite. Table IV shows
the lattice constants of the exchanged 8"
ferrite samples. It is known that the ¢, value,
which indicates the thickness of the alkali
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FiG. 1. SEM photographs of K™-g"-ferrite powder betore ion exchange (a) and after ion exchange
with Mg’*, sumple Mg2 (b).

layer, depends on the ionic radii of the ele- discussed in this work, preliminary TG-
ments in the alkali layers; i.e., the larger DTA measurements (34) showed weight
the ion the greater the ¢,. For the materials  losses, 1-4%, between 100 and 250°C, indi-
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TABLE IV

LATTICE PARAMETERS AND MAGNETIC SUSCEPTIBILITY AT RooM TEMPERATURE OF THE
DIvaLENT 8" anD 3-FERRITE EXCHANGE PRODUCTS

Ionic radius x (RT}

Product (A} ag (A) g (A) {x 107* emu/g-Ce)  Ref.
{Na, K)-g"ferrite® 5.959(1)  35.88(2) 0.60 (16)
K *-p"-ferrite” 5.968 35.78 (14
K *-B"-ferrite 1.33 5.974(2)  35.74(3) 0.66 ¢
Ba’*-g"ferrite 1.35 5970(2)  36.00(3) 0.63 ¢
Sr+-B-ferrite 1.12 5.979(1)  35.80(2) 1.04 ¢
Ca®*-g"-ferrite 0.99 5.964(1)  35.63(2) 0.98 ¢
Mg’*-B"-ferrite 0.65 6.029(2)  35.93(3) 1.08 ‘
K *-g-ferrite 5.933(2) 23.81(2) 0.46 29
Pb?*-B-ferrite 1.20 0.83 ¢
Co**-g-ferrite 0.97 1.14 ¢

& Co*-stabilized single crystal.
£ Cd?*-stabilized single crystal.
¢ This work.

cating the presence of H,O* cations on the
conduction plane. The incorporation of hy-
dronium tons into the conduction planes of
B- and B"-alumina exposed to moist air has
been proven by several authors (35). Carb-
arczyk et al. showed that the extent of hy-
dronium incorporation increases with de-
creasing jonic radius of the ion introduced
(36). Since the samples were kept in air, it
was deduced that the incorporation of H;O*
cations with a large ionic radius, 1.40 A,
resufted in increased ¢, values for the ex-
changed products, in particular for the Mg-
exchanged sample which is the smallest. 1t
is characteristic that the weight loss ob-
served for this sample had the largest value,
==4%. On the other hand, the distribution of
the divalent cations on the conducting plane
and the locations of the O(3) column oxy-
gens may influence the ¢-lattice spacing of
the crystals. Alden et al. predicted that the
Ba atoms occupy only the 6¢-(BR) sites in
Ba’*-B"-alumina, whereas Ca atoms occupy
both the 6¢- and the 9d-(mQ) sites in Ca’*-
B"-alumina (37).

In the case of Pb**- and Cd**-exchanged

products only low and rather broad peaks
were observed, indicating that the sampies
were largely amorphous. The peak at d =
2.75 A (10 11) characteristic of the 8" phase
almost disappeared and a new peak at d =
2.83 A was observed for the last two sam-
ples. As this peak is characteristic of the 3
phase (I 0 7) it was assumed that ion ex-
change with Pb?* and Cd** led to the forma-
tion of the corresponding M>*-B-phase.

Chemical analysis showed that substitu-
tion of the potassium ions by the divalent
Balt, Sr?t, Pb’*, Mg?*, Ca’*, and Cd**
calions was =2:1 in accordance with the
electrostatic neutrality condition. The num-
ber of Fe and Cd atoms p.f.u. as well as the
ratio Fe/Cd, before and after ion-exchange
reaction, remained constant.

Magnetic measurements strengthened the
assumption that substitution of K* ions by
the above-mentioned divalent cations leads
to synthesis of the corresponding M?*-8"-
or M**_g-type ferrites. In fact, M(H) curves
recorded by means of a VSM at room tem-
perature showed that the exchanged prod-
ucts presented similar magnetic behavior to
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the starting K™ -g3"-ferrite. Magnetic suscep-
tibilities measured with the Faraday balance
at room temperature are given in Table V.
These values are on the order of 1079 emu/
g Oe, the value of the starting material. The
fact that they are slightly higher may be due
to the presence of a superimposed weak fer-
romagnetic component which was observed
from the M(H) curves, except for the Ba>"-
exchanged samples. The saturation magne-
tization values were between 0.3 and 0.6
emu/g. Such a weak ferromagnetic compo-
nent has been observed in the cases of
NH;-, Ag™- and Cs*-ferrite {23) and Na*-
3"ferrite (16, 18). It has been shown that
Na*-g"-ferrite acquires a weak spontaneous
magnetization due to the incorporation of
hydronium cations into the conduction
plane (18). As already mentioned, TG-DTA
measurements indicated the presence of
such cations in the materials studied here.
Thus, the increase in the susceptibility could
be attributed to a hydration effect.

3.2.2. Thermal Stability of the M*>*-3"-
and M**-@- Products

a. Ba, Sr, and Pb. The ionic exchange
treatment with Ba’*, Sr?*, Pb’*", Mg’",
Ca’*, and Cd** ions at higher temperatures,
500-800°C, resulted in the transition of the
initial rhombohedral 8" structure of the
starting material. The Ba-, Sr- and Pb-ex-
changed products converted to a modified
M-type hexagonal ferrite. lonic exchange
reactions with Ba’* and Sr’* on Co-stabi-
lized single crystals of (Na, K)-g"-ferrite
(28) and with Sr** and Pb** on Cd-stabilized
single crystals of K-8-ferrite (23), at temper-
atures between 600 and 1000°C, have been
reported to result in the formation of M-
type ferrites. However, the presence of the
stabilizing divalent c¢ation, substituting a
Fe't cation, excludes the chemical formula
BaFe .0, of M-ferrite. The synthesis of a
Co?*-substituted Ba-M ferrite has been re-
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ported but only by means of the simultane-
ous substitution of two Fe’* cations by a
Co’*, Ti** pair (38). Based on X-ray crystal
structure analysis data a model which de-
scribes the unit cell as an intergrowth of M-
type and B-alumina-type unit cells in the
proportion 3:1 has been proposed for a
high-temperature Ba-exchanged Co-stabi-
lized (Na, K)-g8"-ferrite single crystal (40).

In fact, for the Ba and Sr products the
phase transition was completed during ion
exchange as found from the X-ray diffrac-
tion patterns where only peaks correspond-
ing to the M phase were observed. Substitu-
tion of the K* ions by Ba®* or S©°* was
1009%, contrary to the low-temperature ex-
changed Ba or Sr products, where the K*
substitution reached values between 88 and
95%. Another difference was that the in-
serted Ba’* or Sr’” ions exceeded the ratio
K*:M?* = 2:1 expected from the electro-
static neutrality condition. As the number
of Fe and Cd atoms and the ratio Fe/Cd
remained constant, before and after ex-
change, this ratio was calculated to be
=2:1.4.

No effect of the duration of the exchange
reaction was observed on the X-ray diffrac-
tion patterns or on the amount of inserted
ions, apart from a slight increase in the
amount of inserted Ba with reaction dura-
tion. On the contrary the magnetization val-
ues were found to increase with the duration
of the exchange reaction.

Magnetic measurements by means of
M(H) curves at 3 K at an applied field of
50 kOe confirmed the phase transformation.
The products revealed high magnetization
values but saturation was not reached even
at 50 kOe. As shown in Table Il the M
values increased with the duration of the
exchange reaction. That increase must not
be attributed to an increase in the amount
of inserted Ba or Sr itself. This fact was
more clear in the case of Sr-exchanged ma-
terial. In the sample Sr3 exchanged for 45
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min and the sample Sr4 exchanged for 2
hr the same content of Sr was found by
chemical analysis, i.e., 0.87 Sr atom p.f.u.,
but M, values were 65.1 and 79.4 emu/g,
respectively. In the casc of Ba, sample Ba3
exchanged for 30 min contained almost the
equivalent M2" amount as the Sr samples,
0.85 Ba atom p.fu., and M, was 58.6
emu/g. Sample Bad contained 0.93 Ba atom
p.f.u, but the increase in My, to 63.4 emu/g
is not proportional to that of the equivalent
Sr-exchanged material. It was assumed that
the increase in Mg, with exchange reaction
time must be attributed to the decrease in
defects present in short-time exchange
products due to an annealing effect caused
by long-time exchange reactions. The pres-
ence of such defects was also indicated from
the X-ray patterns of the short-time prod-
ucts, where only low and rather broad peaks
were observed, showing that the products
were largely amorphous.

This assumption was strengthened from
the annealing of each sample at 1000°C for
24 hr in air. First, the diffraction peaks of
the annealed samples became higher and
sharper. The samples were much closer to
saturation as M, differed only 1.53-2% from
My, , this difference being 5-7% for the sam-
ples before annealing. It is remarkable that
the samples Ba3, Sr3, and Sr4 having 0.87
Ba(Sr) atom p.f.u. reached such M, values,
which correspond to 87.5% of the saturation
values at 0 K of the pure Ba- and Sr-M-
ferrites, respectively. Sample Bad, with0.93
Ba atom p.f.u., reached an M, value 91%
that of Ba—M-ferrite. Though the difference
in Ba content between samples Ba3 and
Bad, as determined by chemical analysis,
was 9%, which is at the limits of experimen-
tal error in electron microprobe, it was logi-
cal to assume that the increased My, value
of the annealed Ba4 sample indicates that
the latter is richer in M phase than the an-
nealed Ba3 sample. On the other hand, Sr3
and Sr4, containing the same amount of Sr
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atoms, reached the same value of M after
annealing,.

To understand whether the phenomenon
of phase transition was due to the ion-
exchange procedure a Ba-3"-product (short-
time exchanged sample Bal) was anncaled
at 1000°C for 24 hr. This annealed sample
was also converted to an M-type ferrite as
determined by the X-ray diffraction pattern
and the magnetic measurements. The g”
phase disappeared and the magnetic behav-
ior of the sample was dramatically altered.
The Ba-f"-type sample revealed a high
spontaneous magnetization and reached a
value of 76.3 emu/g at 50 kOe. The latter is
considerably lower than that of the high-
temperature exchange products after an-
nealing. However, sample Bal of the 8" type
contained fewer Ba atoms p.f.u., 0.65 atom
p.f.u., compared with the M-type high-tem-
perature exchanged products. The fact that
the same sample contained a small amount
of residual K* ions and its diffraction pat-
tern included a small number of peaks,
which could not be indexed in the M-type
system, shows that a second phase contain-
ing potassium was also formed. Though this
phase was not identified, it was deduced
from the magnetization of the sample that it
has affected the compositional extent of the
M-type phase. It was assumed that the ex-
tent of the formation of the M phase depends
on the Ba content of the sample which is
obvious. Anyway, the phenomenon of the
phase transition must be attributed to the
metastability of the divalent 8"-ferrites and
not to the procedure of ion exchange itself,

The behavior of the high-temperature Pb-
exchange products presented some differ-
ences compared with that of Ba or Sr prod-
ucts. An attempt to substitute K* with Pb?*
at 650°C resulted in the decomposition of
the sample to a-Fe,0O,. When the exchange
reaction was performed at a medium tem-
perature, 300°C, the X-ray diffraction pat-
tern was similar to those of the low-tempera-
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ture exchanged samples (Pbl, Pb2}, which
represented 8 phase, but the magnetic be-
havior was altered. The M(H) curve was of
the type M = M, + xH, though no traces
of the M-type or another magnetic phase
were detected in the X-ray diffraction pat-
tern. The My, value was found to be 22.4
emu/g, which is much iess than that of the
Ba’* and Sr** “*as exchanged’’ samples and
only 25% that of Pb-M-ferrite. The situa-
tion became rather different after annealing
of the sample at 1000°C for 24 hr. The 8
phase disappeared and the X-ray peaks cor-
responded clearly to those of Pb-M hexago-
nal ferrite. Traces of a-Fe,0, were also de-
tected. Asthe K* substitution was not 100%
(see Table 1II) it was deduced that regions
of K*-8" phase, present due to the residual
K atoms, decomposed to a-Fe,O, during an-
nealing.

As shown in Table II1, the extent of K*
substitution in Pb3 was less than that of the
low-temperature exchanged Pbl and Pb2
samples, despite the higher temperature
used. It was assumed that the use of higher
temperature led to an equilibrium between
the sample and the binary PbClL/KCI melt,
Such behavior has been also reported by
Nariki et af. (40) who used binary nitrate
melts in ion-¢xchange reactions on K-g3-fer-
rite single crystals with several monovalent
ions.

The M, value increased to 72 emu/g, i.e.,
to =84% of Ph-M-ferrite, and the slope of
the magnetization curve became consider-
ably lower, as M, differed only 1.5% from
M., . The fact that the *‘as exchanged”’ sam-
ple revealed relative high magnetization
compared with the starting K-#"-ferrite ma-
terial (though the X-ray pattern was similar
to that of the low-temperature exchanged
Pbi and Pb2 samples having the 8 phase)
may be due to the formation of ferrimagnetic
grains or regions within a grain with the M-
type structural arrangement that are too
small to be detected by the conventional
X-ray powder diffraction method. The su-
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perimposed antiferromagnetic component
may be due to the domination of the 8 phase.
However, it was clear that the final product,
i.e., after annealing, forms an M-type Pb-
ferrite as in the cases of Ba and Sr.

b. The case of Mg. In the case of Mg?™,
ion exchange at a relatively high tempera-
ture, 480°C, resulted in the formation of a
spinel-type ferrite (Table III). K*-ion sub-
stitution reached 909 within 1 hr but the
inserted Mg atoms exceeded the ratio
K*:Mg?* = 2:1,reachingavalueof =2 :3.
Regarding the chemical formula of Mg-
spinel ferrite this behavior is expected.
X-Ray identification showed that besides
the dominating spinel-type structural ar-
rangement, traces of the initial 8" phase
were also present. This may be due eitherto
the residual K atoms or to an uncompleted
phase transition of the intermediate phase
of Mg’*-g8"-ferrite.

Magnetization at 50 kOe of the “‘as ex-
changed’ sample had a value of 34.2 emu/
g. After annealing at 1000°C for 24 hr, mag-
netization increased and M,, became 49.4
emu/g. The sample was closer to saturation
as M, differed less than 1% from My, this
difference being =7% before annealing. The
sample reached saturation after annealing
above 40 kOe not by means of magnetization
stabilization but as a linear increase, indicat-
ing the presence of an antiferromagnetic
second phase. In fact, traces of the antifero-
magnetic a-Fe,(; were detected in the
X-ray pattern after annealing. Considering
that the diffraction peaks became generally
sharper and higher the increase in magneti-
zation could be attributed to the better crys-
tallization of the sample due (o the annealing
effect.

¢. The case of Ca and Cd. lon exchange
with Ca’* and Cd** at high temperatures,
700 and 600° respectively, led to decomposi-
tion of the samples to almost amorphous a-
Fe,0,. Chemical analysis showed that the
entire K content was substituted and the
inserted Ca®* or Cd*" ions exceeded slightly
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the 2: I ratio. In the X-ray patterns, besides
a-Fe,O,, traces of the 8” phase and of spinel
ferrite were observed in the case of Ca
and traces of spinel ferrite were observed in
the case of Cd. SEM photographs indicated
that the microcrystallites were damaged.

3.2.3. fonic exchange with Co**, Mn**,
Zn't, Fer*, and Sn*t

The attempt to prepare Co?t-, Mn**-,
Zn**., Fe?*-, and Sn**-g8"-ferrites was not
successful. In the case of Co’* the structure
of the initial K*-B"-ferrite was rearranged
to form a spinel-type Co-ferrite. The X-ray
pattern of sample Co2 exchanged in vacuo
at 450°C for 1 hr showed the presence of a
small amount of a-Fe,0,, which was not the
case for the Col sample exchanged in argon
at 400°C for the same time. The magnetic
behavior of both samples was similar to that
of sample Mg3. After annealing at 1000°C
for 24 hr the X-ray peaks became sharper
and more intense and the presence of a-
Fe,0; as a secondary phase was clearly ob-
served. The annealed samples were closer
to saturation, as M., differed =10% from
M, before annealing but only =~4% after-
ward. The My, values were 38.4, 65.4 and
42.7, 52.5 before and after annealing for
samples Col and Co2, respectively. Com-
paring the sharpness of the diffraction peaks
before and after annealing the increase in
M, may be due to the better crystallization
of the samples during the annealing,

Mn?" and Zn** exchange products de-
composed to a-Fe,0; and the Sn** product
decomposed to an unidentified phase. Po-
tassium substitution reached values be-
tween 90 and 100% but the divalent ions’
insertion exceeded the 2 : 1 ratio. In the case
of Zn?* the inserted Zn*" ions were found
to be in the ratio 1:2 to the initial K* con-
tent, as expected from the electrostatic neu-
trality condition. It is characteristic that in
the X-ray pattern of the Zn-exchange prod-
uct, besides a-Fe,0;, traces of spinel-type
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Zn-ferrite and of the initial 8" phase were
detected. It seems that at least Zn’* could
be a candidate ion for the corresponding
Zn**-g"ferrite, but at temperatures lower
than that investigated in this work, 280°C.

In the case of Fe?" the powder of K*-3'"-
ferrite was chemically attached and, thus,
was not able to filtrate the sample. In the
X-ray diagram of the frozen melt only peaks
corresponding to «-Fe,O, were found. It
seems that Fe?* was oxidated to Fe**, form-
ing a-Fe,0,, although the reaction was car-
ried outin an argon atmosphere. Since FeCl,
is very sensitive in such behavior, ionic ex-
change reactions using FeCl, must be car-
ried out with great caution.

4. Conclusions

We believe that the experimental results
reported in this paper clearly demonstrate
that divalent cations diffuse rapidly in g"-
ferrite and that ionic exchange with at least
six divalent ions on K*-8"-ferrite lead to the
formation of M2*-3"- or M**-g-ferrites. The
main result of this work is that to obtain and
retain the 8” structural arrangement, tem-
peratures <S00°C must be used. Divalent
derivatives of the 8" or 8 phase seem to
be strongly metastable, as they convert to
various phases at higher temperatures de-
pending on the inserted cation. We suspect
that besides Ba, Sr, Ca, Mg, Cd, and Pb, it
will be possible to prepare M**-g"ferrites
with the other divalent cations investigated
in this work (Co**, Mn°*, Fe?*, Zn®*, and
Sn?*), as in the case of the analogous M>*-
B -aluminas, using optimum exchange con-
ditions. Moreover, low-temperature ion-
exchange chemistry of divalent cations
could be extended to the related K-g8-ferrite.

Many questions concerning the proper-
ties and applications of the compounds ob-
tained from this work are unexplored. A
study of ionic conductivity by means of
complex impedance analysis and of thermal
stability by means of DTA-TG measure-
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menis is in progress and will be published
soon (34). We also believe that the high-
temperature exchange products are of great
interest as they lead to modified M- or spi-
nel-type ferrites with interesting magnetic
properties. It is not clarified whether they
consist of single-phase ‘‘nonstoichiomet-
ric’” M-type ferrites, as described in (39),
and spinel-type ferrites or mixtures of differ-
ent phases. A Mossbhauer study of the high-
temperature Ba’*- and Sr’ " -exchange prod-
ucts is in progress and will be published scon
(41).
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