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Fluoride Ion Compensated Substitutions of Bivalent Cations
in BaFe,,O,, and Other Hexagonal Oxides

E. Banks, M. RosBiNs AND A. TAUBER
Polytechnic Institute of Brooklyn, U.S.A.

Samples of hexagonal, magnetoplumbite-type oxides were prepared, with bivalent
cations and fluoride substituted for tervalent cations and oxygen, having the general
formula BaMI'M i Oy9—,F,, where MIII=Al3+, Ga®+, and Fe3+, and, MI=Ni2+, Co+,
Cu?+ and Zn2+. Optical spectra show that the M2+ ions preferentially occupy tetrahedral
sites in the Al samples, and octahedral (Ni2+) or tetrahedral (Co%+) sites in the Ga
samples.

The powdered ferrites of the above series show an apparent increase in magnetization
with increasing (Ni?++F-) concentration.

Single crystals of the ferrites were grown from a NaFeO; flux, yielding the magneto-
plumbite phase for (Cu?++F~)-substituted ferrites. For all (Ni2++F~-) and high (Co?++F-)-
substituted phases, the structure is that of the known W phase. Magnetization data in
the easy direction show saturation moments in agreement with the assumption that
charge-compensated Ni2+ is in tetrahedral sites with moments antiparallel to the net
magnetization, while uncompensated Ni?+ is in octahedral positions with parallel mo-
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ments.

This paper describes an attempt to study
the site preferences of bivalent transition
metal ions in the magnetoplumbite structure.
This structure has five crystallographically
nonequivalent positions for the tervalent
ions. There are two cations in tetrahedrally
coordinated positions (4 f in Cs/mmm), nine
octahedrally coordinated (2a, 12k, 4f) and one
surrounded by a trigonal bipyramid of anions
(2b), per formula unit, A"BIOy,.

The unsubstituted magnetoplumbites stud-
ied were BaAl,;0:5, BaFe;;:0;, and BaGa;:0;s.
The site preferences of bivalent ions in the
Al*+ and Ga®* systems were determined by
the measurement of diffuse reflectance spec-
tra, using simple crystal field ideas and anal-
ogy with known systems for the interpreta-
tion of the spectra. In the case of BaFei;Oys,
the site preference was studied by the meas-
urement of the magnetic properties of the
substituted ferrites.

When a bivalent ion is substituted for a
tervalent ion, another substitution must be
effected to maintain electrical neutrality.
This was done by the substitution of F- for
0O*-. This type of charge compensation was
first reported by Frei, Schieber and Shtrik-
man?,

In the system BaAl;;0,, materials of the
general formula BaMYA1l,, ,0,-.F., where
Mn=Ni%*, Co** and x=0.1—2.5, were pre-

pared. These materials were prepared by
firing BaF,, BaCO;, A1,0;, M"O in a dried
N: atmosphere. The reflection spectra were
measured, using pellets pressed from the
powder, by means of Beckman and Cary
spectrophotometers.

For all materials where x=0.1-2.0 the
bivalent ion (M") showed a strong tetrahedral
site preference. Samples having the com-
position BaZn,MI,Aly;O.sF.5 were pre-
pared. Where M"=Ni%**, the spectra show
that the Ni?* was displaced almost entirely
by Zn** from the tetrahedral sites to the
octahedral sites. Where M"=Co** it was
found that Co?* had a stronger tetrahedral
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site preference than Zn2t. Fig. 1, curve 2,
shows the appearance of a strong absorption
band at 27000 cm~! which is indicative of
octahedral Ni*+, with a corresponding decrease
in the intensity of bands indicating Ni** in
tetrahedral sites (curve 1). As the intensity
of the absorption of tetrahedral nickel is
much larger than that of octahedral nickel,
curve 2 indicates that only a small amount
of Ni?* has remained in the tetrahedral sites.
Curve 3 shows the absorption spectrum of
the material BaCo.Al1,,0,;F; and indicates
the presence of tetrahedral cobalt exclusive-
ly. The absorption spectrum of BaZn,Co,.s-
Aly.5046.5F 5.5 (curve 4) is identical in form to
the spectrum shown in curve 3, indicating a
stronger tetrahedral site preference on the
part of Co?*t than Zn?t,

The next system studied involved the re-
placement (fluoride-compensated) of Ni2*+ and
Co** for Ga?** in BaGa;;0;. Samples of com-
position BaGai;.sM{;0is.5F.s were prepared
by adding the starting materials (Ga.O; in-
stead of Al,0;) to a flux composed of equi-
molar quantities of Na,CO; and Ga,0;, heat-
ing to 1350°C, and cooling at the rate of
20°C/hr. On leaching the product with acid,
hexagonal platelets, up to 1 mm across, were
obtained. These crystals were green when
nickel was present and blue in the case of
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cobalt. X-ray diffractometer traces of these
materials showed only the magnetoplumbite
phase

The spectra of powdered samples of Ba-
Nio.sGau.sols.sFo_s (Flg 2, curve 1) showed
approximately equal reflectance at the main
peaks for octahedral and tetrahedral Ni**.
Because of the greater intrinsic intensity of
the absorption in the tetrahedral peak, it
was concluded that there is more nickel in
octahedral than in tetrahedral sites. In the
cobalt-substituted gallate, the spectrum is
nearly identical to that of Co®** in the alumi-
nate. This indicates a stronger tetrahedral
site preference on the part of Co?** than on
the part of Ga®*. This is almost the same
behavior shown by these ions in the zinc
substituted aluminates. The stronger tetra-
hedral site preference of Ga®** over Al*+ and
Co?* over Ni®** is consistent with their be-
havior in spinels; the behavior of Co** rela-
tive to Zn®** is not so.

The site preferences of the bivalent ions
in the ferrites can be found, although not
unequivocally, by the measurement of the
magnetization. If the bivalent ion (any bi-

valent ion except Mn?*) occupies the tetra-
hedral (4f) sites of the two (4f) octahedral
sites, there would be an overall increase in
the magnetic moment.

Occupation of any
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of the remaining sites (7 octahedral, 1 trigo-
nal bipyramid) would cause an overall de-
crease in the magnetic moment. If Ni%*
shows the same site preference that it shows
in the spinel ferrites there should occur a
decrease in the magnetic moment.

Materials having the composition BaNi,-
Fe;s—z0y--F, were prepared by firing mixtures
of BaF,, BaCO;, NiO, Fe;O; in a dry O,
atmosphere. The mixtures fired correspond
to materials having value of x=0.5, 1.0, 2.0.
X-ray diffraction indicated only the presence
of the magnetoplumbite phase. The unit
cell parameters of these samples were the
same as those of BaFe;;0,y, except for very
small increases in the ‘‘c”’ axis with increas-
ing values of x. Chemical analysis of these
samples indicated that the composition of
these materials was essentially unchanged on
firing. For example, in the Ni,.; sample, the
nickel analysis gave 2.77% Ni, compared to
2.60% added, and the fluorine analysis gave
0.89% compared to 0.85%.

Since it was not possible to saturate the
powders (magnetically) with the field strengths
which were available, measurements of mag-
netization were made (field strength ~ 6000
oersteds) and compared with values which
were obtained for BaFe;;0,y powder?. Fig.3
(curves 1, 2, 3 and 4) shows the results of
these measurements between room tempera-
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ture and the Curie point. All the samples
showed an increase in magnetization over
BaFe;;0;y in the order x=.5<1.0<2.0 (ex-
ample—at 160°C ogare,,0,,= 31 0 (w=1.0 = 35).
Fig. 3 also shows that the Curie temperature
decreases with increasing x.

In these powders it is impossible to distin-
guish how much of the apparent increase in
magnetization is due to a tetrahedral site
preference on the part of Ni** and how much
is due to a possible decrease in the aniso-
tropy. For this reason attempts were made
to grow crystals of these materials. Na,CO;
and BaF,; were both used as fluxes with poor
results. A flux composed of an equimolar
mixture of Na,CO; and Fe,O; was used?®.
The starting materials were fired with this
flux at 1350-1400°C and cooled at 20°C/hr.
The flux was leached out with hot 4 N HC1.
Large hexagonally shaped crystals were pro-
duced in this manner. Crystals containing
Ni%*, Co**, Cu?* were grown in this manner.
X-ray analysis gave the following results:
Niz+ crystals were not magnetoplumbite but
were of the Fe,W type? (BaM['Fe;s0;; @,=5.8,
¢,=32.8). This phase was formed for all
concentrations of Ni**.

Co**— for concentrations of Co0<0.5 the
magnetoplumbite phase was found, for Co
>0.5 the W-phase. This concentration also
seems to correspond with a change in the
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Table I. Composition from Chemical Analysis.
Sample 9% Ni % F Moles Ni Moles F Composition
II 2.23 0.7 .596 .583 BaFel _19137Ni ,olsFels _417Ni .563026. 417Fo. 588
III 4.95 1.6 1.34 1.33 BaFe,"},Ni.oiFess.6:Ni1.53025.67F 1.3
v 11.65 2.73 3.21 2.34 BaFe,'],Ni_ssFeis.67Niz.55024.67F2.33

anisotropy (¢ to a).

Cu**—magnetoplumbite for Cu concentra-
tions 0—2.

The saturation magnetization of the nickel
substituted W-phases was measured and com-
pared to BaFel'Fe;0,;,. These results are
summarized in Fig. 4 Tables I and II.

Fig. 4 shows the values of ¢w:. vs T of the
substituted ferrites as compared to BaFel-

Fell’0,:. The results indicate almost all of
Table II. Magnetization.
Sarnple a0 cale. G0 obs. HB cale. B obs.
I | Fef'w 98 28 28 28
I 104 101.8 29.73 29.17
111 111 108.5 32.0 31.12
v 115 113.0 38.27 32.78
Curie Temp (°C)
Fey W 455
NiFell 520

of the charge compensated Ni** preferential-
ly occupies the tetrahedral sites yielding
magnetizations which are in good agreement
with calculated values. (The error involved
in measuring ¢ is +5%).

It can also be seen from Fig. 4 that the
Curie temperature of the substituted ferrites
is not very different than the unsubstituted
W-phase. This is not consistent with the
observation that the W phase with one mole
nickel substituted for ferrous has a higher
Curie temperature than the unsubstituted W
phase.

The calculated values for the magnetiza-
tions were obtained by assuming that all the
Niz+ not charge-compensated by fluoride re-
places the Fe?* in octahedral sites (these sites
have spins parallel to the overall magnetic
moment) and all the Ni®** compensated by
F- occupies the tetrahedral sites (these sites
have spins antiparallel to the overall mag-
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netic moment).

In the Fe;W structure there are 11 octa-
hedral sites (9 of which contain Fe?*, 2 con-
tain Fe?*) and 1 trigonal site which adds to
the magnetization. There are 4 tetrahedral
and two octahedral sites (all containing Fe®*)
whose spins are aligned antiparallel. The
calculation of the predicted magnetic mo-
ment was made in the following way:

4(2—x)re2++5(10)red++2(x) —5(6—3) +2(y) =5
where x=quantity of uncompensated Ni?*,
y=quantity of fluoride-compensated Ni**+

The magnetic moments of the copper sub-
stituted magnetoplumbites are now being
measured and are expected to show increases
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in the magnetic moments as compared to
BaFe;;0,. The copper-substituted samples
are being measured now, as they are ex-
pected to give the greatest increase in mo-
ment of all the bivalent transition metal ions.
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DISCUSSION

G. HeIMKE:

E. Banks: No.

Did you measure the coercivity of your materials or their anisotropy ?
We expect to get an estimate of the anisotropy from the field

dependence of the magnetization in the hard direction, as soon as those measurements

are completed.






