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Crystal Chemistry of Cadmium-Zinc Ferrites
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CdFe,0,, ZnFe,0,, and several mixed ferrites Cd,Zn, ,Fe,O, were prepared, in polycrystalline form,
by solid-state reaction of mixtures of CdO, Zn0O, and Fe,0; at 1223 K. The resulting materials were
found to have the spinel-type structure. X-ray powder diffractometry was used to determine the unit-
cell length, the oxygen parameter, and the distributions of Cd**, Zn?*, and Fe?- in tetrahedral and
octahedral coordination. CdFe¢,0Q, and ZnFe,0, arc 14 and 21% inversc, respectively. Up to x = 0.75,
Cd?- was found to replace Zn?~ exclusively at tetrahedral sites. The results are discussed in terms of
the tetrahedral preference of the cations involved alongside the lattice distortion caused by steric

effects. € 1988 Academic Press. Inc.

Introduction

Ferrites are extensively used as magnetic
materials by virtue of their high electrical
resistivity and consequently low eddy cur-
rents and dielectric loss. They aiso find
wide application in microwave devices,
computer memories, and magnetic record-
ing (/-3). A key factor in all of these appli-
cations is that the properties of ferrites can
be controlled in broad measure by the de-
sign engineer to suit the purposes of a par-
ticular device. The extent to which such
control can be exerted depends, however,
on a deep understanding of the factors
which determine the crystal chemistry and
consequent physical properties of these
materials.

Many ferrites have the spinel-type struc-
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ture (2, 4) which can be described in terms
of a nearly cubic close-packed arrangement
of anions with one-haif of the octahedral
interstices (B sites) and one-eighth of the
tetrahedral interstices (A sites) filled with
caiions, the space group being Fd3m. The
general formula of compounds with the
spinel structure is AB,O, and there are eight
of these units in a unit cell. The ions are
located in the following positions:

8 A ions at 0,0,0; §,3.1;
16 B ions at §,3.%; 3.8.8; §.3.8; §.8.%;

32 anions at w,u,u; 8 —u, } — u, 3 — u;
wuu, b — u, 3+ u, t + u;
uu; § + u, 3 — u, § + u;
wuu, b+ u, b+ u, b — u,
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with the face-centered translations, equiva-
lent positions (0,0,0; 0,3,%; 3,0,3; 3,3,0). In
the nonideal structure the anions are dis-
placed from their ideal positions along [111]
directions away from the nearest tetrahe-
dral hole. This deviation is quantified by the
oxygen parameter, 4, which is 0.375 in the
ideal structure, but very often takes signifi-
cantly higher values (2, 5, 6).

Cadmium-zinc ferrites, Cd,Zn,_,Fe;0;,,
may be regarded as solid solutions between
CdFe;0,4 and ZnFe,0,4. Both of these end
members are known to have the spinel-type
structure with an approximately normal
cation distribution (6); i.e., the divalent
ions (Cd*" and Zn?*) occupy mainly tetra-
hedral sites. Cation site preferences in bi-
nary spinels are well documented (6-10),
but spinels with three kinds of cations
present a more complex situation where
cation distribution is generally a function of
chemical composition (11). The present pa-
per reports a structural investigation of the
mixed spinel ferrites Cd,Zn;_,Fe,0,. X-ray
powder diffraction was used to determine
the unit-cell length gy, the oxygen parame-
ter u, and the cation distribution as a func-
tion of composition. The system presents
the additional interest of having three cat-
ions which, individually considered, all
show tetrahedral preference in oxide
spinels. Thus, Fe** is known to occupy tet-
rahedral interstices in most spinel ferrites
(2, 4, 6); among the exceptions are Cd
Fe,0,4 and ZnFe,04 where the tetrahedral
preference of the divalent ions outweighs
that of Fe3*. Cd?* and Zn?* also occupy
tetrahedral sites in gallate (/2) and alumi-
nate (/3) spinels.

Experimental

Specimen Preparation

CdFe;0,, ZnFe,0,, and four mixed fer-
rites Cd,Zn;_,Fe,0, (x = 0.25, 0.50, 0.75,
and 0.85) were prepared in polycrystalline
form by solid-state reaction at 1223 = 20 K
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of the parent oxides. CdO and ZnO were,
respectively, Merck 99.9% and Koch-Light
99.99%; Fe,O; was obtained by thermal de-
composition (at 1273 K) of Fe{NO,); -
9H,0 (Merck 99.5%), the final product be-
ing checked by X-ray diffraction. To
compensate for loss of CdO, which is ap-
preciably volatile at 1223 K, an excess of
this component was added to the initial ox-
ide mixtures; the excess which persists at
the end of the reaction was eliminated with
dilute acetic acid.

To facilitate reaction the samples were
periodically removed from the furnace and
reground. This also allowed the progress of
the reaction to be followed by X-ray diffrac-
tion. When no traces of ZnO or Fe,0; were
apparent (typically after 300 hr), the sam-
ples were reheated to 1223 K for a further
30 hr to ensure total conversion into the
final product. They were then rapidly im-
mersed in liquid nitrogen to quench the cat-
ion distribution equilibrium. The oxide
products were analyzed chemically for cad-
mium content by standard polarographic
methods. This showed the cadmium con-
tent of CdFe,0, and Cd,Zn,_.Fe,04 mixed
oxides to be within 0.5% of the expected
stoichiometric values.

X-Ray Diffraction Analysis

Lattice parameters and diffraction inten-
sitiecs were obtained with an X-ray powder
diffractometer equipped with a graphiie—
crystal monochromator (for the diffracted
beam) and scintillation counter; Cu K« radi-
ation was used throughout. Prolonged
grinding of samples and back loading of the
sample holder were performed in order to
minimize (possible) preferred orientation
effects (14).

The cubic lattice parameter, aqy, for each
sample was determined from the corre-
sponding diffractogram obtained at room
temperature (293 + 3 K) using NaCl (ay =
564.02 pm) as an internal standard. The cat-
ion distribution and oxygen parameter were
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FiG. 1. Unit-cell length (a,) as a function of composi-
tion (x) in Cd,Zn,_,Fe,0,.

determined from the intensities of the (220),
(311), (222), (400), (422), (333, S11), (440),
(620), (533), (622), (642), (553, 731), (800),
(555, 751), (662), (931), and (844) diffraction
lines, which were scanned at a speed of
0.125° min~! (26). Calculations were per-
formed following the method proposed by
Furuhashi et al. (15), which selects the best
simulated structure by examining the de-
gree of linearity of the relation (16).

In(SS/T5) = In K — 2Beg sin? Ouu/ A2
¢}

Details of the experimental procedure, cal-
culation method, and corresponding com-
puter program were recently given else-
where (17).

Results

Lattice Parameter and Oxygen Positional
Parameter

The cubic unit-cell length, aq, calculated
from six high-angle diffraction lines (20 >
50°) for each sample, is plotted against the
compositional parameter, x, in Fig. 1. The
values of the oxygen positional parameter
are presented in Fig. 2. Standard deviations
(error bars) were calculated using a Monte
Carlo method, described elsewhere (17,
18), which takes into account uncertainties
due to stochastic fluctuations of the experi-
mentally determined X-ray diffraction in-
tensities.
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Cation Distribution

Table I presents the cation distribution of
each sample. Numbers in parentheses show
the corresponding standard deviations, as
determined by following the above-men-
tioned Monte Carlo method. Also shown in
Table 1 is the thermal parameter, Beg, and
(in the last column) the square of the linear
regression coefficient, r, for Eq. (1).

Interionic Distances

Knowledge of gy and u enables calcula-
tion of interionic distances. Cation-anion
distances together with the distance of clos-
est anion—-anion approach are of major im-
portance for a full discussion of cation dis-
tribution. Consideration of the geometry of
the spinel-type structure leads to the fol-
lowing equations:

dax = agV3(u — %) tet bond Q)

dpx = ag(3u? — Hu + )12
oct bond 3)

dxx = aoV2Qu — 1/2) tet edge 4
dix = aoV2(1 — 2u)

d%x = a4u? — 3u + 12

unshared oct edge. (6)

shared oct edge (5)

Using the experimental values of a¢ and u
shown in Figs. 1 and 2, Egs. (2) to (6) lead
to the values of interionic distances given in
Table II. Also shown in this table are the
radii, r,, and r,, of the spheres which fit
the tetrahedral and octahedral interstices.

0.392
0.390
30.388
0386
0~334T

0 025 0.50 075 1
X
F1G. 2. Oxygen parameter («) as a function of com-
position (x) in Cd,Zn;_,Fe,O,.
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TABLE I
CaTION DisTrIBUTION IN CdFe,0,, ZnFe,0, AND Cd,Zn,_,Fe,O, Ferrites

Cation distribution

Mole Tetrahedral sites Octahedral sites Thermal

fraction - parameter

of Cd?*, x Cd** Zn?* Fe’- Cd** Zn* Fe3* B r?

0 — 0.79(1) 0.21(8) — 0.21(1) L.79%(1) 0.53(1) 0.94
0.25 0.24(2) 0.55(9) 0.21(8) 0.01(2) 0.20(9) 1.79(8) 0.59(2) 0.90
0.50 0.50(1) 0.22(3) 0.28(3) 0.00(1) 0.283) 1.72(3) 0.49(1) 0.84
0.75 0.74(3) 0.04(6) 0.22(6) 0.01(3) 0.21(6) 1.78(6) 0.75(4) 0.84
0.85 0.78(1) 0.04(6) 0.18(4) 0.07¢(1) 0.11(6) 1.82(4) 0.53(2) 0.78
1 0.86(1) — 0.14(1) 0.14(1) — 1.86(1) 0.84(2) 0.94

These have been obtained from dax and
dex , taking 138 pm as the radius of the 0%~
ion (19).

Discussion

The X-ray diffraction pattern of each
sample could be indexed completely on the
basis of a single spinel-type cubic phase.
No additional lines were found. Figure 1
shows that there is a continuous {(approxi-
mately linear) variation of ap with the com-
positional parameter, x, in Cd,Zn,_,Fe,0,.
These results testify to the formation of a
continuous series of solid solutions (at 1223

TABLE I1

SELECTED INTERIONIC DISTANCES AND RADIUS OF
THE TETRAHEDRAL. AND OCTAHEDRAL INTERSTICES
IN Cd,Zn,_.Fe,O,

Oct edge
Mole fraction Tet edge Shared Unshared Ttet Toct
of Cd?*, x (pm) (pm) (pm) (pm)  (pm)
0 324 272 299 60 65
0.25 330 272 302 64 65
0.50 337 269 304 68 65
0.75 342 269 306 7 66
0.85 343 270 308 i 67
1 347 269 309 75 67

@ For Cdy 75Zng 25Fe204 calculations were done taking « = 0.3896,
which corresponds to the linear plot in Fig. 2.

K) between CdFe,0, and ZnFe,0,. The ob-
served increase of ay as the cadmium con-
tent of the samples is raised is a direct con-
sequence of the larger volume of the Cd?**
ion, compared with Zn?*. According to
Shannon (19) the ionic radii of Cd?* and
Zn?* in fourfold (tet) and sixfold (oct) coor-
dination are Cdi:, 78 pm; Cd%}, 95 pm;
ZnZ;, 60 pm; Zn2; 74 pm. The a, value
found for CdFe,0,4 (ay = 871.0 pm) agrees,
within experimental error, with ao = 869.96
pm given by the NBS (20). For ZnFe,O, the
present result (ap = 844.7 pm) is also con-
sistent with the NBS (21]) value: a, = 844.1
pm.

The experimental value of the oxygen pa-
rameter found for CdFe,O4 was u = 0.3910
(Fig. 2); no value for this parameter was
found in the literature. For ZnFe,O4 we ar-
rived at « = 0.3855 (Fig. 2) in good agree-
ment with ¥« = 0.385 * 0.002 reported by
Hastings and Corliss (22). Figure 2 shows
that there is an approximately linear varia-
tion of & with the compositional parameter,
x, along the series Cd,Zn,_,Fe;0,. The de-
viation found at x = 0.75 is not considered
to be significant, on account of its large
standard deviation. The increasing value of
u, as the cadmium content of the samples is
raised, reflects the need for the structure to
allow progressive expansion of the tetrahe-
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F1G. 3. Detail along a body diagonal of the spinel
unit cell. The arrow indicates the direction in which
the oxygen ion moves when u > 0.375. The black cir-
cle corresponds to a tetrahedrally coordinated cation.
Small open circles denote octahedral cations and large
open circles anions.

dral interstices in order to accommodate
the more voluminous Cd?* jons which re-
place Zn** precisely at these interstices, as
shown in Table I. The detailed mechanism
by which the tetrahedral interstices are en-
larged when u increases above 0.375 is
shown in Fig. 3. The anions move away
from the nearest tetrahedral cation in a
[111] direction, thus increasing the size of
the tetrahedron relative to the ideal close-
packed anion arrangement but without
changing its 43m (T3) symmetry. This ex-
pansion is reflected in the increasing length
of both the tetrahedron edge and the mean
radius (r) of the tetrahedral interstices, as
seen in Table II. It should be noted that
only mean values can be obtained from the
X-ray diffraction method used. This ex-
plains why in Table II r,, is always smaller
than 78 pm which would correspond to the
radius of the tetracoordinated Cd?* ion. Ta-
ble I shows that, in addition to Cd?*, the
tetrahedral interstices also contain smaller
Fe3* jons (Fell = 49 pm) (19), and also
Zn** jons up to x = 0.75.

No recent data were found regarding cat-
ion distribution in the single ferrites Cd-
Fe,04 and ZnFe,04. Investigations carried
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out long ago (23-26) suggest that both are
normal spinels. The present results (Table
I) show that at 1223 K (temperature from
which the samples were quenched) Cd
Fe,04 and ZnFe,O, are, respectively, 14
and 21% inverted.

The experimental results on cation distri-
bution presented in Table I show that in the
mixed ferrites Cd,Zn,_.Fe,04 coordination
of the Fe’* ion is very little affected by
changes in chemical composition. Between
the divalent ions, Cd** shows a stronger
tetrahedral preference than Zn?*. Thus, it is
seen that up to x = 0.75 Zn?* is replaced by
Cd?* exclusively at the tetrahedral inter-
stices, the fraction of octahedrally coordi-
nated Zn?>* ions remaining virtually un-
changed. Cd?* was also found to occupy
tetrahedral sites in the mixed spinels Cd,
Col_xGa204 (27), CdxCll1~xA1204 (28), and
Cd,Cu,.,Gay0O, (12). The d'° ions are ex-
pected to show tetrahedral preference in
spinels because of the strong covalent con-
tribution which can be developed between
the anion and metal ions with closed shell
electronic configuration (6). However, this
argument applies equally well to Cd?* and
Zn?*. The observed fact that Cd?* only re-
places Zn?* at the tetrahedral interstices
calls for a different explanation. We believe
that steric effects are at operation.

The size of the tetrahedral interstices in
the spinel structure is very sensitive to
small displacements of the anions. Equa-
tion (2) shows that a small increase of the u
parameter leads to a relatively large in-
crease of the dax bond length and r,, as
observed in Table II. However, ry is less
sensitive to small changes of «. This is why
the voluminous Cd?* jon finds an easier ac-
commodation at tetrahedral sites.

Now focusing our attention on the octa-
hedral interstices, we must bear in mind
that the displacement of the anions which
enlarges u from its ideal value of 0.375 also
causes a distortion of the octahedron from
m3m (Op) to 3m (D1y) symmetry. For any
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fixed value of aq, this distortion tends to
shorten the shared edge of the octahedra
bringing the anions into close contact along
those edges. Table II shows that in all the
samples investigated the shared octahedral
edge is about 270 pm long. This is not far
from 276 pm which corresponds to twice
the tetrahedral O? radius (/9). Small dif-
ferences are not considered to be signifi-
cant, first because in the spinel structure
(Fig. 3) polarization of the anion toward the
tetrahedrally coordinated cation would fa-
cilitate closer anion approach along the
shared octahedral edges. Second, and most
important, because the tetrahedral sites are
occupied by cations of different sizes (Ta-
ble I) which produce local variations of the
u parameter. X-ray diffraction (as used in
the present work) only allows a mean value
of u to be determined, thus precluding dis-
cussion in terms of very precise interionic
distances. However, the fact remains that
expansion of the tetrahedral interstices
meets with the limitation imposed by con-
comitant shortening of the shared octahe-
dral edge. This limitation could be over-
come by increasing ay (Eq. (5)) but only at
the expense of losing electrostatic energy.
These considerations could provide the
main argument to explain why in CdFe,O,,
and CdygsZng sFe, 04, Cd** partially occu-
pies octahedral sites (Table I) despite the
strong tetrahedral preference shown by this
ion.
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