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Abstract

A procedure to determine the vacancy concentration [V] in magnetite from TG curves when heating a-Fe,O3 in a reducing
atmosphere is presented, together with some experimental results. The procedure correlates vacancy and cation concentration
with the weight change due to oxygen evolution through the charge and mass balance in the sample. The results are presented
together with a generalized summary of previous findings on mixed spinel ferrites and yttrium iron garnet. It is shown that in
all cases the procedure leads to the same general expression

o=rts (1 _ ﬁ)
Ho, mj

where m; and m; are the final and initial mass of the sample, ug the formula mass of the initial oxide reagents, pg, the oxygen

molar mass and 0 a parameter associated with the oxygen evolution. The parameter I, together with the explicit dependence
[V1(0) (or interstitial concentration (0) in the case of YIG) must be determined in every case from the specific chemical
equations. The I" values derived for different ferrite materials are tabulated together with the corresponding [V](0) or [I](0). The
procedure allows the calculation of the Fe**—Fe®" enthalpy from the equilibrium In(K) versus 1/7 curves deduced from the TG
data and the Van’t Hoff equation. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction characteristic properties of perminvar [1-3]. Vacancies

can also be important in the control of disaccommoda-

Vacancy concentration may become a very impor-
tant parameter for the study of after-effects in magnetic
ceramics. Diffusion processes, which could severely
affect specific magnetic properties, may be speeded up
or delayed depending on the amount of vacancies in the
sample. For instance, in iron-excess perminvar-type
ferrites the presence of vacancies, together with the
presence of Co*" ions, is essential to obtain the
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tion processes, associated with the time stability of the
magnetic properties at room temperature [4]. Most
ferrite materials are able to include in the lattice some
Fe in excess over the stoichiometry without segregat-
ing additional phases. Depending on the oxygen partial
pressure (po,) and the temperature, the interchange

3[V]+Fe’t +10* =Fe? +10,(g) (L.1)

may take place in either direction [5]. Here 1/2 O*~
means the oxygen linked to the lattice and [V] a cation
vacancy. From (1.1) it follows that, as a general rule,
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iron excess single-phased ferrite samples sintered at
high temperature are apt to contain a certain amount of
both Fe>* and vacancies. However, earlier attempts to
make use of thermogravimetry (TG) procedures as an
analytical tool were usually referred to the oxygen or
the Fe?" contents, without stressing the point of the
vacancy concentration. Further, these attempts are
frequently based on estimations or approximations
not always entirely justified [6—10].

The aim of this report is to summarize a general
procedure that allows the estimation of the vacancy (or
interstitial) concentration from TG curves of ferrites
synthesized by conventional ceramic methods. In the
following, the expressions to compute the vacancy
content in magnetite when heating o-Fe,O; in a
reducing atmosphere are derived and presented
together with a generalized summary of previously
reported results for mixed spinel and garnet ferrites.

2. Results
2.1. Magnetite

As it is well known, cubic magnetite Fe;04 can be
obtained by heating trigonal hematite o-Fe,O; at high
temperature in a suitable reducing atmosphere [11].
However, the interchange described in (1.1) implies
that, depending on the particular treatment applied,
some vacancy content could be present after cooling
the sample. To evaluate the vacancy content by TG
procedures let us assume that not all the hematite has
transformed to magnetite, but that some of it trans-
formed to maghemite y-Fe,Os3, with the same cubic
crystalline structure but also with one of every nine Fe
cation sites vacant. If we write the hematite-magnetite
transformation as

Fel'0;3(0) = 2Fe? Fe3 04 +105(g)  (2.1.1)

the assumed hematite-maghemite transition can be
represented as follows:

Fe;"03(x) = 3Fe} 5[V], 304 (2.1.2)

Let us suppose that on heating the o-Fe,O3 a single-
phased solid solution of magnetite and maghemite is
formed; that is, only a molar fraction 0 of the hematite
transforms to magnetite and the remainder (1—0) trans-
forms to y-Fe,03. Adding and adjusting coefficients in

(2.1.1) and (2.1.2), grouping like terms and multi-
plying formula and coefficients by the appropriate
factor to keep four oxygen atoms by formula leads to

©-90)

2 3
Fe,03(a) = B Fegg0-0Fes(3_0)/0-0)

0
X [V]31-0)/(9-0)04 + goz(g)
2.1.3)

Note that (2.1.1) and (2.1.2) may be arranged and
simplified to obtain (1.1). From (2.1.3) it is seen that
for every ¢ transformed formulas of o-Fe,O3, g6/
6 moles of O, must appear. Therefore, the evolved
mass of oxygen would be

q0
mi — my = gllo2
where m; and my are the initial and final mass of the
sample and ug, is the oxygen molar mass. Besides,
mi=qug, Ug being the o-Fe,O; formula mass. The
substitution of ¢ in (2.1.4) leads to

9:6M_B(1 _E>
Ho, m;

and from (2.1.5) it follows that, on measuring m; and
myg, the vacancy and remaining coefficients in the
chemical formula can be computed from (2.1.3):
[V1=3(1—0)/(9—0), [Fe>"1=80/(9—0) and [Fe*']=
8(3—0)/(9-06).

Fig. 1 shows the TG curve of an a-Fe,O3; sample
heated to Tp,,x=1400°C in a CO, atmosphere. From

(2.1.4)

(2.1.5)

T/°C DTG/ %min-t TG/ mg

L1500  [+0.1 DTG

I 1000

-03

r 500

-05

L b i 1 {

I !
0 5x108 10x108 15x108 20x108

TIME/ s

Fig. 1. TG curve of a-Fe,0; (44.2 mg) heated in a TGDTA-92
SETARAM thermobalance, CO, atmosphere, Tp,.x=1400°C, heat-
ing and cooling rates 10°C/min.
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the TG curve in the range 1000°C to room temperature
with m;=44.2 mg it was computed that Am=1.02 mg.
Substitution in (2.1.5) leads to 6=0.691. Since o-
Fe,Ojsegregation was not observed in the cooling
stage, the chemical formula of the resulting spinel
material at room temperature could be written as
Feg ssFe3 503 V]p. 11204

2.2. Mixed spinel ferrites

2.2.1. MnZn ferrite

Let us consider an initial composition MnO:ZnO:-
Fe,05=1000:1005:100(1—7) mol%, where y=a+p
<0.5, synthesized by a conventional ceramic proce-
dure from the oxides or carbonates [12]. If there were
not Fe** or Mn®" ions present in the final single-
phased product, the chemical formula of the formed
ferrite could be written as

Mn, ZngFey; ;03 2, (2.2.1)

However, as usually happens in practice, let us assume
that while the synthesis at high temperature is taking
place some amount 26 of Fe*" cations transforms to
Fe’" and, for the sake of generality, that also some
fraction 2¢ of Mn?" changes to Mn>" at the same
time. For the pure oxides the reactions can be written
as follows,

0
0Fe3"0; = 20Fe’t0 + 5 0s(g) (2.2.2)

20Mn**0 + goz(g) = oMn3t0;  (22.3)

Combining these equations and letting p=0— ¢, leads to
MHZZn/erz(l_T)O3,2~/

= Mnith)ZH/}Fegg—Mng;—Fega7;779)03*21’*4’
+ %Oz(g) (2.2.4)

Multiplying coefficients and formula of the right term
in (2.2.4) by the fraction 6=4/(3—2y—¢) and its inverse
respectively, and applying a similar procedure to the
left term with ¢»=0 (in this case ¢’=4/(3—27)) leads to

1
g Mno-/azno-/ﬁFe2o_, ( 1-7) 04
! M2t 24 M3t Rl
=- Mng 5, ZnggFes ,Mn;; gDFeZ:(H_ 0>o 4

¢

+502(g) (2.2.5)

Since in this expression the characteristic spinel quo-
tient [cat]/[ox]:% does not hold (the addition of the
cation coefficients is less than 3), we must consider a
vacancy concentration =3—2X (cat. coeff.). For the
formula at the right, 0=(a/4)(1—2y—3¢). For the one
at the left a similar procedure follows and ¢'=(c¢"/
4)(1—-2y). This leads to

2 3
Mz ZngFes ) Vi a0 -2, O

/
— Z Mn2+

2+ 3+ |a3+
G a(a—2¢) ZnUﬁFGZJQMn Fe

200" V20(1—y—0)

o
X [V]g/a)(1-29-3¢) 04 + N

Eq. (2.2.6) tells us that the vacancy content ¢ is a
function of the oxygen evolution associated with the
ferrite formation through the parameter ¢, and also
that it does not depend on the Fe*" or Mn®" content
separately. This allows the estimation of ¢ from the
experimental weight change without the need to know
either the Fe>™ or Mn>" concentration beforehand.

Although the exact reaction mechanism of the
ferrite formation is unknown, if we know that the
final product is single phased, due to mass conserva-
tion it is possible to assume for the calculations that
the reaction (2.2.6) actually takes place. Calling ug the
formula mass of the ferrite when ¢=0 it follows from
(2.2.6) that pug=0'[otpinn+Buza+2(1—) el +210,
where U, Uzn and pg. are the atomic masses of
Mn, Zn and Fe. Therefore, since for every g=m;/ug
moles of initial ferrite transformed go’ /2 moles of O,
must appear, a similar reasoning as the one carried out
in Section 2.1 leads to

¢(1-5"/)”B<1mf>

Ho, i

Ox(g) (2.2.6)

(2.2.7)

Once ¢ is known from the experiment, the vacancy
content () is given by the corresponding coefficient in
the right side of (2.2.6) with =4/(3—2y—¢). Using
this procedure it was possible to verify the attainment
of vacancy-free single phased MnZn ferrite samples
after sintering in air at a maximum temperature of
1250°C and cooling afterwards in pure N, [12].

2.2.2. NiZnCo ferrite

In the case of an iron excess NiZnCo ferrite [13]
with nominal molar composition Fe,O3:NiO:ZnO:
Co0=59:19.5:20.5:1, the procedure described before
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leads to the equation

3
Me;,, (3*7)Fe4:2ﬂ*)/ (3-) [V] (1-)/G-) O4
m 0
- M )(F 2+F 3+ AV4 O —O
23-7) e.Fe; " Fe. " [V]; 4+(3—v) 2(2)

where Me means NiZnCo, x=4y/m, y==80/m,

7=8QR—y—0)Im, 0=2-2y-30)m, m=6—2y—0,
y=2{1-0.01(Fe,O3 mol%)} and
0=(3—7y) LB {1 - @} (2.2.8)
Ho, mi
being
2y 42—-7)
= Me +7 Fe +4 O

It is worth noting that the approximations involved in
[13] associated to the removal of 0 in the former
expressions can be discarded. When doing so, we
arrive at the more exact expressions

s (A=) Loy 42-)
[Fe’"] = G- [Fe”"] 4+ G5-7) (2.2.92)
4 =7 o, (=7

V] =—-——=F 2.2.9

B LA e Mt
and to the equilibrium constant
_ 247, 1/4

23 - 1)[FeIpe, 0210

T 8(2—7) - (4 )[R

The evaluation of the experimental data in [13] using
the exact expression (2.2.10) and the Van’t Hoff
equation leads to AH=0.47+0.01eV for the
Fe*t—Fe®" transition (see Fig. 2). This is a slightly
larger value than the one reported in [13] and suggests
that the relative size of the octahedral and tetrahedral
sites in different mixed ferrite compounds may have a
minor but detectable influence on the corresponding
bond energy, larger than the experimental error.

2.2.3. LiZnTiMn ferrite
When applying the procedure to a LiZnTiMn spinel
with nominal composition
Lij %

Zn; Ti} Fe

3+
2.570.5(x+3y)7zan 04

(2.2.11)

(I=x+y)

if some amount o of Fe,O5 is in excess over stoichio-

In(K

Ay = +
26] H=047=0.01eV

-3.24

-3.4]

-3.6

35 (K =-5426T+1.27

7xio* 8x10% 9xi0*
TK
Fig. 2. Van’t Hoff plot for the Fe’*—Fe®" transformation in a

NiZnCo ferrite sample. The experimental points fits to the straight
line In(K)=—A/T+B where A=5426+70 K~ ! and B=1.2740.05.

metry, the chemical formula may be written as

Lil+

Dbt T 24 Bl
0.5(1—x4y) 20 Tiy " Fejg Fe

2.5-0.5(x+3y)—z+2u—20

0
X Mn§+04+3a_g + 502

Multiplying coefficients and formula by the factors
4/m and m/4 respectively, where m=4-+30—0 leads to

g 2 -4 2
(Z) LlZ?i 7x+y)/mzn4;r/mTl4y+/mF685r/m
0
3 3
X Fe2?§7x73y72z+4<x740)/mMn42_/m04 + 502 (g)
(2.2.13)

(2.2.12)

This equation keeps the charge neutrality, but the
characteristic quotient [cat]/[ox]=3/4 does not hold
anymore due to the presence of cation vacancies.
Since the addition of the cation coefficients leads to
4(3+20)/m, 6 may be expressed as 0=3—{4(3+2a)/
(4+30—0)}=(a—360)/m. If during a first stage the
experimental sintering conditions were such that no
Fe?* formation was allowed, then 0=0, m=m'=4+3u
and 0=o/m’. In this case the equation may be written
as

m' 4 2+ 4t
(Z) LIZ( 1—x+y)/m' Zn4):/ m' Tl4)‘/ '
3 3
X Fezg—x—By—Zz+4a)/ m Mn4z+/ m' [V]%/ m O4

(2.2.14)
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The normalized reaction describing the reaction pro-

cess is obtained by combining (2.2.13) and (2.2.14)
and multiplying by 4/m’.

e

L12(]—x+y)/m

x Mgt [V]

2+ A+ 3+
Zn Ti Fe
R Ax m! T Ay /m' T Y 2(5—x—3y—2z+40) /m’
/04

o/m

LTI 24 medt mo2+
- (%) L12(1 —x+y)/mZn4x/mT14y/mFeSH/m

3 3
X Fez(+5 —x—3y—2z+4a—40) /mMn4z+/mO4 [V];04

20
_4_%02(‘%) (2.2.15)
Following a similar reasoning to that leading to
(2.2.6), it was found that 6 depends on the evolved
mass of oxygen as

443 ‘
g2t Hs (1 - @) (2.2.16)
2 o, mi
where
2(1—x+y) .. 4 4y
g = TM(LI) + %#(Zn) + %ﬂ(Tl)

2(5 —x—3y —2z+ 4«
LA o )M(Fe)

4z
+ %M(Mn) +4u(0)

Here m=4+3a—0, m'=m—0 and d=(x—30)/m. These
equations were used to estimate J and [Fe’>"] in
samples synthesized by a conventional ceramic pro-
cess with x=0.25, y=0.83, z=0.05 and with different
amounts of iron defect in the nominal composition
[14]. The iron defect was introduced with the aim of
making up for the additional a-Fe,O3 included in the
slurry in the conminution stage due to mill contam-
ination. It was found that, for a given iron deficit, the
more oxidative the sintering atmosphere the higher the
vacancy content () and the less the Fe?" content. The
sensitivity of J to the atmosphere changes was much
higher than that of [Fe2+]; the increase in the iron
deficit (k) up to 0.06 practically did not affect [Fe* "]
when sintering in O,; however, in the same sintering
conditions this increase reduced drastically the
amount of vacancies. The vacancy reduction could
be correlated with the decrease of the microwave
ferromagnetic losses of the material at room tempera-
ture; i.e., with the narrowing of the ferromagnetic
resonance line width (AH) which, in these samples,

shows a sharp change around k=0.06 when measured
at 0.8 GHz [15].

2.3. Yttrium iron garnet

Oxygen loss observed in stoichiometric Y;FesOq,.
samples sintered in a low po, atmosphere had been
associated with the presence of oxygen vacancies in
the lattice [16]. However, an alternative explanation
more in accordance with the loose crystalline structure
of garnets, states that the oxygen loss, instead of
creating oxygen vacancies, requires that a small frac-
tion of the cations become interstitial; i.e., that they go
to free sites not normally occupied in the stoichio-
metric compound [17]. The presence of interstitials
provides an explanation for the unusual behavior of
the magnetic disaccommodation spectrum observed in
YIG, where accommodation instead of disaccommo-
dation, is detected below 130 K. The interstitial
approach together with the electric and mass balance
criteria leads to the equation

Y3 Felt0py
(12-10)

3 2
=T 12 Y3g/(1279)Fezze/(1279)

0
X Fellis a)(12-0012 + 50:(2)  23.0)

where the amount of interstitials is computed from the
coefficients in (2.3.1) by simple subtraction from
the stoichiometric formula: [1]yv=30/(12—0); [I]g.=
50/(12—6). We have not found reports in the literature
connecting interstitials in garnets with TG curves.
However, from (2.3.1) it readily follows that the
amount of interstitials might be estimated using the
method outlined in the former sections. The applica-
tion of the procedure leads to

Ho, mi

where ug is the formula mass of the stoichiometric
YIG [17].

(2.3.2)

3. Conclusions

The vacancy concentration of synthesized spinels
and the amount of interstitials in garnets may be
expressed as a function of a certain parameter 6,
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Table 1
The T" values for the different materials

Sample r [V1(0) or [11(0)
Magnetite 6 3(1-0)/(9—0)

MnZn spinel 1.5—y (1-2y—-30)/(3—2y—0)
NiZnCo spinel 3—y 2—-2y-30)/(6—2y—0)
LiZnTi spinel (4+30)/2 (0—30)/(443a—0)
YIG 2 80/(12—0)

associated with the oxygen evolved in the high tem-
perature treatments. This parameter depends on the
mass change ratio mg/m; through an equation of the
general form

Ho, m;

where g is the formula mass of the oxide reagents and
Uo, the oxygen molar mass. The parameter I', up and
the dependence [V](0) or [I](f) must be derived in
each case from the chemical equations. The procedure
allows the calculation of the Fe*™—Fe*" enthalpy
from the Van’t Hoff equation and the equilibrium
In(K) versus 1/T curves derived from the TG experi-
mental data. The I" values for the different materials
analyzed here are summarized in Table 1, where ¢ has
been changed into 6 in (2.2.7) for the sake of uni-
formity.

References

[1] S. Krupicka, K. Zaveta, J. Appl. Phys. 39 (2) (1968) 930.

[2] PIL Slick, in: E.P. Wohlfarth (Ed.), Ferromagnetic Materials,
Vol. 2, North-Holland, Amsterdam, 1980, p. 225.

[3] R.S. Tebble, D.J. Craik, Magnetic Materials, Wiley/Inter-
science, Great Britain, 1969, p. 620.

[4] V.AM. Brabers, in: K.H.J. Buschow (Ed.), Handbook of
Magnetic Materials, Vol. 8, Elsevier, Amsterdam, 1995, p. 290.

[5] D.J. Craik, in: D.J. Craik (Ed.), Magnetic Oxides part 1,
Wiley, Great Britain, 1975, p. 75.

[6] L. Fu-Hsing, S. Tinkler, R. Dieckmann, Solid State Ionics 62
(1993) 39.

[7] R. Dieckmann, Ber. Bunsenges. Phys. Chem. 86 (1982) 112.

[8] L. Fu-Hsing, R. Dieckmann, Solid State Ionics 67 (1993) 145.

[9] L. Fu-Hsing, R. Dieckmann, Solid State Tonics 290 (1992) 53.

[10] A. Morita, A. Okamoto, Effect of Oxygen Content on the
Properties of Low Loss MnZn Ferrite, Proceedings Interna-
tional Conference Ferrites, Japan, Sept—Oct 1980, p. 313.

[11] PK. Gallagher, E.M. Gyorgy, H.E. Bair, J. Chem. Phys. 71 (2)
(1979) 830.

[12] O.E. Ayala, D. Lardizabal, A. Reyes, M.I. Rosales, J.A.
Matutes, A. Gonzalez Arias, J. Thermal Anal., submitted for
publication.

[13] A. Gonzilez Arias, A. del Cueto, J.M. Muifioz, C. de Francisco,
L. Torres, A.G. Flores, M. Zazo, J. Iiiguez, Appl. Phys. A 63
(1996) 453.

[14] A. Gonzédlez Arias, A. del Cueto, J.M. Muioz, C. de
Francisco, Mater. Lett. 37 (4-5) (1998) 187.

[15] A. Iglesias, I. Guerasimenko, S. Diaz, A. Gonzélez Arias,
Phys. Stat. Sol (a) 140 (1993) 221.

[16] R. Metselaar, M.H.A. Huyberts, J. Solid State Chem. 22
(1977) 309.

[17] A. Gonzalez Arias, J.M. Mufioz, C. de Francisco, Mater. Lett.
34 (1998) 154.



