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The heat capacity of Fe&Zr#, with the composition x = 0.6,0.8, and 1.0 was measured from 200 to 
850 K. A A-type. heat capacity anomaly due to the ferri-paramagnetic transition was observed for all 
compositions. The transition temperatures were 652,563, and 451 K for the compositions x = 0.6,0.8, 
and 1.0, respectively. The variation of transition temperature with composition is discussed in terms of 
cation distribution.The magnetic contribution to the observed heat capacity was obtained by assuming 
that the heat capacity is expressed by the sum of the lattice heat capacity C,(l), the dilation contribu- 
tion d(d), and the magnetic contribution C(m).Entropy changes due to the transition were calculated 
from C(m) as 52.6,49.7, and 46.3 J K-r mole-l for the compositions x = 0.6, 0.8, and 1.0, respectively, 
which are from 7 to 12 J K-r mole-l higher than the calculated values based on the assumption of 
randomization of unpaired spins on each ion. The difference between the observed and the calculated 
values is roughly explained by taking into account the orbital contribution of Fe2+ ions on octahedral 
and tetrahedral sites. 

1. Introduction Kopp-Neumann law predicts, as long as 
the classical lattice vibration is the predom- 

Iron-chromium spinels, Fe,&Jr,04 (0 5 inant contribution to the heat capacity 
x 5 2), have the spine1 structure, in which (7, 8). However, when a phase transition 
the metal ions partially occupy the tetrahe- occurs, as in the case of TiO, (9), Ni,,Se, 
dral (A site) and octahedral (B site) inter- (IO), U,O,-, (11), and Fe,,Co,S, (22), the 
stices of the close-packed oxygen lattice. heat capacity and resulting enthalpy and 
Magnetite, Fe3+[Fe2+Fe3+]04 (x = 0 in entropy changes due to the phase transition 
Fe3--ICrX04), is an inverse spinel; FeCr,O, depend on composition, which should pro- 
(x = 2 in Fe3&rz04) is a normal spinel; vide useful information on the mechanism 
and Fe+J&O4 with intermediate x have of the phase transition. 
various cation distributions with different In the previous study, heat capacities of 
degrees of inversion. Various physical Mn,Fe,-,O, (13) with various x values 
properties such as lattice constant (1-Q were measured and the entropy change due 
magnetic moment (2, 3, 5) and Mossbauer to the transition as a function of x was inter- 
spectra (5, 6) have been measured as a preted as the sum of the contribution due to 
function of composition x, and discussed in the randomization of unpaired electron 
terms of the cation distribution among spins and that due to the cation exchange 
these sites. reaction between the tetrahedral and the 

In the mixed oxides such as Fe3-&rZ04, octahedral sites in the spine1 structure. 
the change in heat capacity due to the com- Since Fe3-,Cr,O, exhibits a ferri-para- 
positional change is usually small, as the magnetic transition, it is expected that the 
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heat capacity anomaly due to the transition 
should depend strongly on the composition 
x. 

The heat capacities of Fe,,Cr,O, have 
been measured for the end members; Fe,O, 
(x = 0) by Gronvold and Sveen (14), and 
FeCrZOl by Naylor (15). Each study, how- 
ever, was restricted to one composition, 
and no discussion on the composition de- 
pendence of the heat capacity has been re- 
ported. 

2. Experimental 

2.1. Sample Preparation 

Samples of Fes&rZO, with the compo- 
sition x = 0.6, 0.8, and 1.0 were prepared 
as follows: FezOS and Cr203 of 99.99% 
purity were mixed in an appropriate metal 
composition and prefired for 4 hr at 800°C 
and then sintered for 12 hr at 1000°C in air. 
After that, the samples in a platinum basket 
were kept in an argon gas stream for about 
5 hr at 1250°C using a high-frequency fur- 
nace, and then they were quenched to room 
temperature. The oxygen partial pressure 
due to the impurity oxygen included in the 
argon gas stream was kept to be around 
10” atm, which was monitored by measur- 
ing the electrical conductivity of a nonstoi- 
chiometric cobalt oxide sensor (16) placed 
in the rear stream of the high-frequency 
furnace. The X-ray dift?action patterns of 
the sample powders showed cubic spine1 
phase. The observed lattice constants were 
8.386 4 0.003 A for x = 0.6, 8.388 + 0.003 
A for x = 0.8, and 8.399 f 0.003 A for x = 
1.0. 

2.2 Heat Capacity Measurement 

Heat capacity of Fe,,Cr,O, was mea- 
sured by an adiabatic scanning calorimeter 
(17), where the power supplied to the sam- 
ple was measured continuously, and the 
heating rate was maintained constant re- 
gardless of the kind and amount of sample. 

The heating rate chosen was 2 K mm’, and 
the measurement was carried out between 
200 and 850 K under nitrogen gas at about 2 
Torr. The variations in the heating rate and 
in the adiabatic condition were maintained 
within 20.01 K min-’ and kO.02 K, respec- 
tively. The Fes-,Cr,Ol sample powder was 
sealed in a quartz glass vessel filled with 
helium gas at about 200 Tot-r. The sample 
amount used for the measurement was 
7.3168 g for Fe.&r,,.,O,, 6.4071 g for 
Fe2.2Cr0.804, and 7.1321 g for Fe2CrG4. 

3. Results and Discussion 

3.1. Heat Capacity and Curie 
Temperature 

The results of the heat capacity measure- 
ment on Fe3-+CrZOI for the compositions x 
= 0.6, 0.8, and 1.0 are listed in Table I and 
are shown in Fig. 1. The imprecision of the 
heat capacity measurement of the present 
study was within & 1%. As seen in Fig. 1, 
the h-type heat capacity anomaly due to the 
ferri-paramagnetic transition becomes 
small and broad as x in Fes-,Cr,O, in- 
creases. The difference in heat capacities 
due to different composition is small except 
for the temperature range of the transition, 
as the Kopp-Neumann law predicts. 

In the dynamic calorimeter, a tempera- 
ture difference is produced in the sample 
and a so-called scanning error is produced, 
as discussed in previous papers (II, 17). 
The scanning error was corrected by shift- 
ing the sample temperature by about 3 K in 
this study according to the method de- 
scribed earlier (11, 2 7). In order to deter- 
mine the exact peak temperature of the heat 
capacity anomaly, the heat capacity around 
the peak temperature was measured at var- 
ious heating rates, and excess heat capaci- 
ties for various heating rates were calcu- 
lated by subtracting the contributions due 
to the lattice vibration and the dilation us- 
ing the method described later. Then the 
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TABLE I 

HEAT CAPACITY OF Fe,-,Cr,O, 

Cg K-l mole-l) 

(x = 0.6) (x = 0.8) (x = 1.0) 
Fez..CroaO. 

(;, (MW = 229.23) 
Fe,.Do..O, Fe,CrO, 

(MW = 228.46) (MW = 227.69) 

200 116.6 116.9 115.2 
220 125.1 126.7 126.5 
240 135.1 135.1 135.3 
260 142.3 144.6 144.4 
280 149.9 152.3 152.3 
300 157.2 160.7 160.9 
320 162.1 166.0 165.8 
340 166.9 171.7 171.7 
360 171.8 176.2 177.4 
380 176.6 181.0 182.8 
400 181.7 185.1 188.3 
420 186.6 189.4 192.2 
440 191.8 194.4 1%.4 
460 198.0 200.5 198.5 
480 203.5 205.1 199.2 
500 209.3 209.8 200.2 
520 215.0 214.0 200.4 
540 219.4 217.7 199.9 
560 225.5 220.1 199.6 
580 229.5 219.2 198.6 
600 233.8 213.3 198.0 
620 239.3 210.8 197.6 
640 242.8 207.7 197.0 
660 244.5 204.5 196.0 
680 225.9 202.0 196.5 
700 218.2 200.4 195.9 
720 213.0 199.6 195.3 
740 208.9 198.5 194.6 
760 204.9 197.5 194.7 
780 203.9 197.4 195.1 
800 201.9 197.4 195.2 
820 200.9 - - 
840 198.7 - - 

peak temperatures were obtained at various 
heating rates, from which the transition 
temperature was determined by extrapolat- 
ing the heating rate to zero. The Curie tem- 
perature thus determined is plotted against 
composition in Fig. 2, where the previous 
results by Francombe (2) and Robbins et al. 
(5) determined by magnetic measurement 
are also shown for comparison. The results 
by Francombe and Robbins et al. differ 
from each other by up to 40 K between the 
compositions x = 0 and 1.0, probably due 
to systematic error of the measurements or 
different methods of sample preparation; 
the results of the present work lie between 
the two previous works. As seen in Fig. 2, 

the plot of Curie temperature against com- 
position deviates significantly from a linear 
dependence; it slowly decreases in the re- 
gion 0 5 x I 0.7 and 1.3 5 x I 2.0, whereas 
it sharply decreases in the region 0.7 I x I 
1.3. This dependence is quite different from 
the case of Fe3-“Mn,O,, where the Curie 
temperature decreases linearly with the 
manganese content x in the region 1.0 5 x 
5 2.0 (13). These different behaviors may 
be understood in terms of cation distribu- 
tion as follows (5). 

The cation distribution of Fe,,Cr,O, has 
been measured by means of Mossbauer 
spectrocopy (5) and X-ray diffraction (1.2) 
and is summarized by the formula (18): 

Fe~~I,Fe~+[Fe~~I,Fe~~=+,Cr~+]O,, (1) 

y = 0.3x, 0 5 x I 0.3, (la> 
y = o.qx - 0.2), 0.3 5 x I 0.7, (lb) 

y = x - 0.4, 0.7 5 x 5 1.3, (lc) 

Y = 3(x + 3, 1.4 5 x 5 2.0, (Id) 

where the symbols ahead of the brackets 
denote cations in tetrahedral (A) sites, and 
those inside the brackets denote cations in 
octahedral (B) sites; y denotes the degree of 
inversion. Similarly, the cation distribution 

TIK 

FIG. 1. Heat capacity of Fe,-,Cr,O,: (7) x = 0.6, 
(0) x = 0.8, (0) x = 1.0. Vertical axis is shifted to 
upper side by 10 and 20 J K-l mole-l for x = 0.8 and x 
= 0.6, respectively. (-) C,(l) + Cd, x = 1.0, ---- 
C”(l), x = 1.0. 
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FIG. 2. Curie temperature of Fe,,Cr,O, against 
chromium content: (0) this work, (A) Francombe, (A) 
Robbins et al. 

of Mn,FeS-zO1 is given by the formula (29): 

Mn~~UFe~+[Mn~+Mn~lFe&~JO 49 

l.0rx52.0. (2) 

In the case of Mn,Fe,,O,, the degree of 
inversion y increases linearly with x (20) to 
give a linear change of the cation distribu- 
tion with x, which is thought to result in the 
linear decrease of the Curie temperature 
with x. On the other hand, in the case of 
Fe,-xCrz04, the cation distribution given in 
Eq. (1) shows that the slopes of the four 
linear equations (la-d) representing the x- 
y relationship change, depending on the 
composition range x; it is 0.3 for 0 5 x 5 
0.3, 0.6 for 0.3 5 x I 0.7, 1.0 for 0.7 I x 5 
1.3 and 3 for 1.4 I x I 2.0. This tendency 
corresponds to the slope of the decreasing 
curve of Curie temperature with x in Fig. 2; 
it is low for 0.0 I x I 0.3, higher for 0.3 I x 
5 0.7, highest for 0.7 s x 5 1.3, and lowest 
for 1.4 zs x s 2.0. In the range 0.7 I x I 
1.3, for example, the increase of CI3+ con- 
tent results in the decrease of the same 
amount of Fe3+ in the A site according to 

Eq. (1~). This decreases the strength of the 
Fe3+-Fe” (A-B) interaction and decreases 
the Curie temperature sharply, because the 
Fe3+-Fe3+ (A-B) interaction is responsible 
for the high Curie temperature of inverse 
ferrite spinels such as NiFez04. 

3.2. Resolution of the Heat Capacity and 
the Entropy Change Due to the Transition 

The observed heat capacity of Fe,-, 
Cr,O, is considered to be a sum: 

C, = C,(l) + C(d) + C(m), (3) 

where C,(l) is the lattice heat capacity at 
constant volume, C(d) the dilation contri- 
bution, and C(m) the magnetic contribu- 
tion. 

(1) Lattice heat capacity at constant vol- 
ume. We have no available data to calculate 
this main contribution of the compound 
Fe+,Cr,04 with intermediate x. However, 
it would be reasonable to assume that 
Fe,-,Cr,O, is a solid solution between the 
two end members x = 0 and x = 2: Fe,04 
and FeCr,O,; in such a case, the Debye 
temperature of Fe,-,Cr,O, can be obtained 
by interpolation between x = 0 and x = 2. 
The Debye temperature of Fe304 has been 
determined as 605 K (10) from the heat 
capacity data at low temperatures by aver- 
aging the value of Debye temperature over 
the region 180 to 200 K after subtracting the 
spin-wave contribution (21). No value for 
the Debye temperature of FeCrz04 has 
been reported, but the lattice heat capacity 
of FeCrz04 can be estimated by using the 
same method applied to MgA1204 (22), 
CoFe,O, (23), and NiFez04 (23) by Grimes 
and to Mn,Fe~,04 (13) by the present au- 
thors as shown below. 

The lattice heat capacity is expressed as 
a linear combination of Debye and Einstein 
functions and each characteristic phonon 
frequency is determined from the four fun- 
damental intkared absorption bands Y*, v~, 
vS, and v,, as follows (24), 
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8, = he/k Y, = 1.438 v,, (5) 

where E and D are Einstein and Debye 
functions, respectively, en the characteris- 
tic temperature, h Planck’s constant, k 
Boltzmann’s constant, c the light velocity, 
and u, the infrared absorption frequency in 
inverse centimeters. The infrared spectrum 
of FeCr,O, has been reported; I+ and v2 are 
617 and 523 cm-l, respectively, as cited by 
Vatolin et al. (25), and q and v, are 377 and 
177 cm-‘, respectively, as cited by Shiratori 
(26). Using these data and Eqs. (4) and (5), 
C,(l) for FeCr,O, may be determined. In 
order to obtain a single Debye characteris- 
tic temperature for FeCr,O,, C,(l) thus ob- 
tained is fitted to a single Debye function at 
200 K and the resulting single Debye tem- 
perature is determined to be 785 K. By 
using the Debye temperatures of Fe,O, and 
FeCr,O,, the individual Debye tempera- 
tures of Fe,-,Cr,O, at 200 K can be inter- 
polated to be 659 K for Fe2.4Cr0.604, 677 K 
for Fez.zCro.eOl, and 695 K for Fe,CrO,, 
C,(l) for each sample is obtained by using a 
single Debye function. For Fe,CrO, it is 
shown in Fig. 1 as a broken line, for exam- 
ple . 

(2) The dilation contribution. The dila- 
tion contribution at constant pressure, 
C(d), is evaluated as follows: 

C(d) = Cp - C, = CY~VT/K (6) 

= aTC,T, (7) 

where a is the expansivity, V the molar 
volume, K the compressibility, and I’ is the 
Griineisen constant which is expressed as r 
= CXV/KC, and does not strongly depend on 
temperature. However, since neither the 
expansivity nor the compressibility of 
Fe3-ZCr,0, with composition x = 0.6, 0.8, 
and 1.0 has been reported (in the tempera- 
ture range of the present study), the Grii- 
neisen constant r and the expansivity (Y of 

Fe,,Cr,O, with x = 0.6, 0.8, and 1.0 are 
assumed to be equal to those of Fe301, in 
order to calculate C(d) of Eq. (7). The ex- 
pansivity of Fe30, was reported by Gorton 
et al. (26) and the Griineisen constant for 
Fe,O, was determined as 1.75 by Granvold 
and Sveen (20). Thus C(d) for Fe&Zrs04 
is calculated and C,(l) + C(d) for Fe,CrO, is 
shown in Fig. 1 in a solid line. 

(3) The magnetic contribution. The mag- 
netic contribution C(m) is obtained by sub- 
tracting C,(l) and C(d) from the observed 
heat capacity C, according to Eq. (3). C(m) 
obtained for Fe,-,Cr,O, is shown in Fig. 3, 
showing usual A-type curves. In Fig. 3, 
solid lines below 200 K represent the mag- 
netic heat capacity calculated by using 
Grimes (23) equation. The Grimes equation 
for magnetic heat capacity is based on the 
spin-wave theory for the ferrites discussed 
by Kaplan (28), and Glasser and Milford 
(29), and expressed as follows, 

C(m) = FI + F2 + E(12 JABSA/kT) 
+ ~(24 JddkT), (8) 

where FI and F2 are the contributions of 
heat capacity due to an acoustic and an 
optical branch of the spin wave, respec- 
tively. The last two terms represent the 

FIG. 3. Magnetic heat capacity of Fe,-,Cr,O, (A) x 
= 0.6, (0) x = 0.8, (0) x = 1 .O. Vertical axis is shifted 
to upper side by 10 and 20 .I K-l mole 1/s-l for x = 0.8 
and x = 0.6, respectively. 
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Einstein function due to optical branches of 
the spin wave, JAB is the exchange interac- 
tion energy between A and B sites, and SA 
and Sa are the average spin values at each 
site. In a reasonable approximation, F1 is 
reduced to the following equation: 

Fl = O.l13R(kT/z)9’2 (9) 

where R is the gas constant, k is the Boltz- 
mann constant and z = 1 1JABSASB/2(2SB - 
S,). F1 is the main contribution of the mag- 
netic heat capacity, and the other three 
terms in Eq. (8) can be neglected near 0 K, 
but they become important as temperature 
increases. Grimes (23) showed that the ex- 
cess heat capacities of CoFezO, and 
NiFezOd were in good agreement with the 
magnetic heat capacities calculated from 
Eq. (8) up to 300 K. In the case of MnFezOl 
(13), it was shown by the authors that JAB 
determined by fitting Eq. (8) to the mag- 
netic heat capacity between 200 and 250 K 
was in good agreement with that obtained 
by means of inelastic neutron scattering 
(30). The magnetic heat capacity of 
Fes-,Cr,O, can be calculated from Eq. (8) 
by determining the three parameters: JAB, 
SA, and Sa. SA and Sa were determined by 
assuming that the cation distribution of 
FeS-,&r+OI can be expressed by Eq. (l), 
and JAB was determined by fitting the data 
of C(m) to Eq. (8) between 200 and 250 K. 
C(m) below 200 K was then calculated. The 
calculated parameters are assembled in Ta- 
ble II. Although we have no available data 
on JAB to compare with those obtained by 
other methods, the calculated values 2.43, 
2.24, and 2.22 meV for Fez..rCr,,.sO,, Fe2.2 
CrO.BOrl, and FeCr,O,, respectively, are 
considered to be reasonable when com- 
pared to the values 2.4 meV for FesOl as 
determined by neutron inelastic scattering 
(31, 32), and to 2.28 and 2.84 meV for 
CoFe,O, and NiFeBOl, respectively, as ob- 
tained from the magnetic heat capacity 
(23). However, in order to obtain accurate 
JAB values, the contributions of JAA and JeB, 

TABLE II 

EXCHANGE INTERACTION ENERGY BETWEEN A AND 
B SITES AND AVERAGE SPIN VALUES SA AND Se AS 

A FUNCTION OF x IN FeJyCrzO, 

x 
J ‘4s 

meV 

0.6 2.43 2.38 2.01 

0.8 2.24 2.30 1.95 

1.0 2.22 2.20 1.90 

which are neglected in Eq. (8) and become 
important as C?+ content in Fe,-,Cr,04 
increases, must be taken into account (5). 

Since the heat capacity measurement in 
the present study was carried out up to 850 
K for Fe,,Cr,,O, and to 800 K for 
Fez.zCrO,sO, and Fe&rod, the magnetic 
heat capacity C(m) above these tempera- 
tures was estimated by extrapolation, as- 
suming that the magnetic heat capacity 
obeys the relationship C(m)T2 = const. (33) 
sufficiently far above the transition temper- 
ature. The extrapolation is shown as bro- 
ken lines in Fig. 3. From Fig. 3, the entropy 
change due to the transition AS,(exp.) was 
calculated by integrating C(m)/Tup to very 
high temperatures. The results are 52.6 + 
4.8, 49.7? 4.5, and 46.3 + 4.45 K-l mole-’ 
for the compositions x = 0.6, 0.8, and 1.0, 
respectively; they are plotted against com- 
position in Fig. 4. For the end member of 
Fe3-,Cr,Ol, i.e., FesOr, Granvold and 
Sveen (10) have obtained AS,,,(exp.) using 
the same analysis and calculated a value of 
55.3 J K-l mole-‘, which is also shown in 
Fig. 4. 

The origin of the ferri-paramagnetic 
transition is thought to be the randomiza- 
tion of unpaired electron spins of each ion; 
then the entropy change due to the transi- 
tion can be calculated, assuming that the 
cation distribution is expressed by Eq. (l), 
as follows: 

Aswin = R[ln 5 + (2 - x) In 6 + x In 43, 
0 5 x 5 2, (10) 
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FIG. 4. Entropy change due to transition as a func- 
tion of x in Fe,-,Cr,O,. 

where R is the gas constant. It is noted from 
Eq. (10) that AS,,, is independent of the 
degree of inversion y. ASspin is shown 
against composition as a broken line in Fig. 
4. As seen in the figure, the experimental 
values are 7 to 12 J K-l mole-l higher than 
the calculated ones. This difference sug- 
gests that there is another contribution to 
the heat capacity. 

Gronvold and Sveen (10) explained the 
difference between the experimental and 
the theoretical entropy changes for Fe,Ol 
by taking into account the orbital contribu- 
tion to heat capacity due to Fez+ ion in octa- 
hedral site to give an additional entropy 
change R In 3 or 9.1 J K-l mole-‘. This is a 
reasonable hypothesis given that in other 
octahedral Fez+ compounds, for example, 
FeF,, the ground T,, level is split into three 
levels; the two higher levels are 1100 and 
1300 K above the ground level as deter- 
mined by Miissbauer study (34). As for 
Fe,-,Cr,O,, this kind of orbital contribu- 
tion to the heat capacity should be taken 
into account, since there are octahedral 
Fe2+ ions. As seen in Eq. (l), tetrahedral 
Fe2+ also exists in Fe,-,Cr,O,, depending 
on the degree of inversion y. In the tetrahe- 

dral case, the E, ground level is split into 
two levels; the energy difference between 
the upper orbital state and the ground state 
of tetrahedral Fe2+ of R,FeCl, has been 
measured by Elward et al. (35) and Gibb 
and Greenwood (36), ranging from 266 to 
690 K, depending on the organic compo- 
nent R. The additional entropy of this term 
is calculated to be R In 2 or 5.8 J K-l 
mole-‘. Since Fe3+(3d5) and octahedral 
Cr3+(3d3) have a nondegenerate ground 
state, the orbital contribution of these ions 
is regarded as negligibly small. The total 
additional entropy change by the orbital 
contributions is calculated using the cation 
distribution expressed in Eq. (1) as follows, 

AS,& = (1 - 0.3x)R In 3 + 0.3xR In 2, 
0 5 x 50.3, (lla) 

AS&l = (1.2 - 0.6x)R In 3 
+ (0.6.x - 0.12)R In 2, 

0.3 5.x 5.0.7, (llb) 

ASorb = (1.4 - x)R In 3 
+ (x - 0.4)R In 2, 0.7 d x 5 1.3, (1 lc) 

where x is the chromium content in 
Fe3-zCr3c04 and R is the gas constant. 
(AS win + AS,,,,,) are shown plotted against 
composition as a solid line in Fig. 4. The 
calculated ASspin + AS,,,, are in agreement 
with the observed values AS,(exp) within 
experimental error. It should be noted here 
that the estimation of AS, may include a 
considerable error due to the lack of the 
required input data to calculate Cdl) + Cd. 

The possibility of other contributions to 
the entropy change, such as the contribu- 
tion by conduction electrons, and by cation 
exchange reactions between the tetrahedral 
and the octahedral sites, should be consid- 
ered . Grgnvold and /Sveen (10) estimated 
the contribution due to the conduction elec- 
trons for Fe301 as C(c.e.) = 0.004 (T/K) J 
K-l mole-‘, and the entropy change of this 
term was regarded as 2 J K-l mole-l. There 
is no way to estimate this term for 
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FeS,Cr,O,, but this term must be less than 
2 J K-l mole-l and decreases as x in- 
creases, because the electronic conduction 
is mainly governed by electronic hopping 
between Fez+ and Fe3+ at the octahedral 
sites. According to Navrotsky and Kleppa 
(37), the difference in the site preference 
energy between Mn2+ and Fe3+ is very 
small and the exchange reaction between 
the tetrahedral and octahedral sites has to 
be considered at higher temperatures in 
Mn,Fe,-,O, (13). However, in the case of 
Fe3-&rS04, CI3+ strongly prefers the octa- 
hedral site; the differences in the site pref- 
erence energy between Cr3+ and Fe2+, and 
between Cr3+ and Fe3+ are 20 and 27 kcal 
mole-*, respectively. Thus the exchange re- 
action between the tetrahedral and the oc- 
tahedral sites may not have to be taken into 
account, 
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