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Abstract. The crystal structure and the unit-cell param- 
eters of magnetite have been studied at room tempera- 
ture up to a pressure of 4.5 GPa  using a diamond anvil 
cell and a four-circle X-ray diffractometer. The isother- 
mal bulk modulus (Kr) and its pressure derivative (K~) 
determined by fitting the pressure-volume data to the 
Murnaghan equation of state are 181(2) GPa  and 
5.5(15), respectively. The positional parameter u does 
not vary significantly over the pressure range of this 
study. The linear compressibilities of the interatomic 
distances and the bulk moduli of the polyhedra have 
been calculated from the pressure dependences of the 
unit-cell edge a and the u parameter. The Bloch equa- 
tion has been modified to derive a relationship between 
the N6el temperature and the parameter u. The modi- 
fied Bloch equation gives a closer agreement with the 
experimental results than the Weisz equation. 

Introduction 

Magnetite (Fe304) has the inverse-spinel structure with 
space group Fd3m at atmospheric pressure and room 
temperature. One Fe 3+ per formula unit is at the 
tetrahedral site, (1/8, 1/8, 1/8) with equipoint 8(a); the 
Fe 2+ and the remaining Fe 3 + are randomly distributed 
at the octahedral sites, (1/2, 1/2, 1/2) with equipoint 
16(d). The positions (u, u, u) of O atoms are defined by 
the parameter u with equipoint 32(e). The structure was 
refined by Hamilton (1958) using neutron diffraction 
data and by Fleet (1981) using X-ray diffraction data. 
The value of u was reported as 0.2548 (2) and 0.2549 (1), 
respectively. 

It is known that magnetite has two other structural 
modifications: one at low temperature and the other at 
high pressure. The transition to the low temperature 
phase occurs at about 120 K. The space group of this 
phase, Imma, proposed by Verwey and co-workers 
(1941, 1947) was verified by Hamilton (1958). However, 
recently Iizumi et al. (1982) suggested the space group 
of this phase to be Cc (monoclinic). Samara (1968) 
studied the pressure dependence of the Verwey tran- 
sition temperature and found that the transition tem- 
perature decreases with pressure. 

The structure of the high pressure phase of mag- 
netite observed at 25.0(1) GPa  and room temperature 
was tentatively proposed to be monoclinic (Mao et al. 

1974). Recently Huang and Bassett (1985) studied the 
temperature dependence of this transition to 600°C, 
using synchrotron radiation and an energy-dispersive 
X-ray diffraction technique. They tentatively deter- 
mined the slope of the phase boundary of the transition 
as - 6 8  °C/GPa. 

Magnetite has a ferrimagnetic ordering of magnetic 
moments of the iron atoms at atmospheric pressure 
and room temperature; the N6el temperature T N is 
about 850 K. The Fe atoms are too far apart for them 
to interact directly; they interact through the oxygen 
atom located between them. The resultant interaction is 
called a superexchange interaction, and is responsible 
for the magnetic ordering temperature T N. The super- 
exchange interaction is, therefore, a function of the 
interatomic distances and thus depends not only on the 
lattice parameter a but also on the oxygen positional 
parameter u. 

Samara and Giardini (1969) studied the effect of 
pressure on the N6el temperature of magnetite to 
4.5 GPa, and found that T N increases linearly with pres- 
sure, the slope (OTN/@) being 20.5(10)K/GPa. On the 
basis of Weisz's model (Weisz, 1951), which assumes the 
spin interaction to be inversely proportional to the 
interatomic distance, they related the pressure depen- 
dence of T N to the superexchange interaction, and ob- 
tained the pressure dependence of the oxygen positional 
parameter, (Ou/Op) as 5.8 x 1 0 - 4 G P a  -1. However, no 
experimental data were yet available to evaluate 
(Ou/Op). The present investigation was undertaken to 
determine (Ou/Op) experimentally by refinement of the 
structure of magnetite under pressure. 

Experimental Method 

Specimen 

The magnetite crystal used in this study was grown 
along [100] in CO 2 atmosphere at the National In- 
stitute for Research in Inorganic Materials, Japan. 
The growth rate of the crystal was about 4 mm/h. Stoi- 
chiometry of the crystal was determined in the follow- 
ing manner. Slices cut from near the two ends (Fig. 1) 
of the cylindrical crystal were separately crushed, pow- 
dered and then heated in air at 1,050°C for 5h. The 
powdered specimens were weighed before and after the 
heat treatment. The final state was assumed to be 
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Fig. 2. A cross-section of the diamond anvil cell 

F e : O = 1 : 1 . 5  and the amount  of the reacted oxygen 
was estimated from the increase in weight. In order to 
confirm the completion of oxidization, the powdered 
specimens were heated again at 1,050°C. No further 
change in weight was detected. The F e : O  ratios for the 
two crystal slices were 3:4.017 (2) and 3:4.012 (2). 

Thin plates, 2-3 m m  thick, were cut along the (001) 
plane from the bulk of the crystal, and ground to the 
desired thickness (60 to 100 gm). The plates were then 
cut into several small pieces, out of which parallele- 
piped pieces of the desired dimensions (about 100 x 100 
x 6 0 g m )  were selected for high pressure X-ray 
measurements. A piece of the crystal about 160x 130 
x 100 gm, was selected for X-ray measurements at one 

bar. 

High Pressure Experiments 

A Merrill-Bassett type diamond-anvil  pressure cell 
(Merrill and Bassett 1974) was used for high pressure 
single crystal X-ray diffraction measurements. Pressures 
up to 4.5 G P a  were generated by employing a 0.25 ram- 
thick stainless steel gasket with 0.3ram hole to form 
the sample chamber between the diamond anvil faces. 
Inside the chamber, the sample was positioned with 
vacuum grease on the diamond anvil face so that the 
[001] direction of the crystal was perpendicular to the 
diamond anvils. A few ruby chips were introduced into 
the sample chamber to serve as a pressure calibrant. 
The sample chamber was then filled with a 4:1 
methanol :e thanol  mixture which is known to maintain 
a hydrostatic environment up to 10.4 G P a  (Piermarini 
etal.  1973). The pressure on the specimen was mea- 
sured before and after each X-ray measurement using 
the ruby fluorescence technique. The average of the two 
measurements was taken as the pressure on the speci- 
men. 

Centering of Crystal on Diffi'actometer 

The pressure cell was mounted on the goniometer head 
by a suitable attachment. A telescope mounted on the Z 
frame was positioned to view the crystal in the pressure 
cell through the holes in the beryllium disks and dia- 
mond anvils, and to adjust the position of the crystal 
along the y and z axes. The x axis was taken parallel to 
the incident X-ray beam; the z axis in the vertical 
direction, and y axis perpendicular to x and z when co 
= Z =  ¢ =0.  Because the telescope was placed along the 

x axis this arrangement did not permit the adjustment 
of the crystal along the x axis. 

In order to center the crystal on the x axis, a ring 
was mounted on the pressure cell as shown in Fig. 2. 
The height of the ring was the same as the center of the 
crystal on the anvil face. By viewing the upper edge of 
the ring through the telescope, at ~b= _+90 °, the po- 
sition of the sample was adjusted on the x axis. The 
zero position of the ¢ circle was also adjusted so as to 
coincide the cell axis with the x axis. After centering 
approximately by means of the ring, the final centering 
was done by the procedure of King and Finger (1979), 
which involved measurements of several reflections, 
each reflection at eight positions in the fixed ~b mode. 
In order to obtain reliable data for the deviations in x, 
y and z axes, each reflection was measured five times, 
and the average values of 20, co and Z angles were 
used. After centering the cell on the goniometer, it was 
taken out for changing and measuring the pressure. 
After remounting the cell, King and Finger's procedure 
was used to check whether the crystal was at the center 
of the goniometer. 

X-ray Measurements 

The X-ray measurements were made at room tempera- 
ture. At atmospheric pressure, the bisecting mode was 
used for determining the unit-cefl parameters and for 
collecting the intensity data. Reflections with 20 
around 40 ° were used to determine the unit-cell param- 
eters with a sufficiently narrow slit in order to resolve 
M o K ~  and M o K ~  2 radiations. The reflections were 
measured at eight settings in the bisecting mode (Ham- 
ilton 1974) to determine the orientation matrix and the 
unit-cell parameters. The intensity data were collected 
for reflections up to 60 ° in 2 0 for h > 0, k > 0 and l > 0. 

The fixed q~ mode (King and Finger 1979) was used 
to determine the unit-cell parameters and to collect the 
intensity data under pressure. This mode maximizes the 
available reciprocal space for the Merrill-Bassett dia- 
mond anvil cell. Intensity data were collected for all the 
measurable reflections up to 60 ° in 2 0. 

The 0 - 2 0  scan technique and constant-precision 
procedure with ax/I=0.01,  where I and ar denote the 
integrated intensity and its standard deviation, respec- 
tively, were used to measure the integrated intensities. 
Two reflections, (400) and (040), were monitored every 
two hours to check experimental stability; no signifi- 
cant variation was observed during the collection of 
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intensity data. All the intensities were corrected for 
absorp t ion  by the d iamond-anv i l  cell (Finger and King  
1978), and  by the crystal  using a l inear absorp t ion  
coefficient of  14.65 m m  -1 for magneti te .  Transmiss ion  
factors for the absorp t ion  correct ion were calculated by 
Gauss ian  integrat ion with a 10 x 10 x 10 grid. 

Refinement 

After mak ing  the absorpt ion,  Lorentz ,  and polar iza t ion  
corrections,  intensities of the symmet ry - re la ted  reflec- 
tions were averaged.  The  least-squares p r o g r a m  R F I N E  
(Finger and  Prince 1975) was used for all ref inement  
calculations. Neu t ra l  scat ter ing coefficients f rom Cro-  
mer  and M a n n  (1968) and a n o m a l o u s  scattering coef- 
ficients f rom C r o m e r  and L i b e r m a n  (1970) were used 
for all the a toms.  An isotropic  extinct ion pa rame te r  
(Zachar iasen 1968) was also included in all the refine- 
ments.  

Results 

Pressure Dependence of the Unit Cell Edge and Volume 

In the present  experiments ,  a piece of  the crystal  abou t  
160 x 130 x 100 gm was first selected for X- r ay  measure-  
ments  at one bar  outside the pressure cell. The  unit-cell 
edge a = 8 . 3 9 4 9 ( 3 ) A  thus ob ta ined  agrees well with 
those repor ted  earlier: 8.3940 ( 5 ) ~  (Abrahams  and Cal-  
houn  1953) and 8.3941(7)~. (Fleet 1981). Fo r  the pres- 
sure runs, four sets of measu remen t s  (numbered  1-4 in 
Table  1) were made  on four different chips f rom the 
same crystal. Results on the unit-cell edge a, unit-cell 
vo lume V at var ious  pressures are listed in Table  1. In 
the last measu remen t  of  the fourth run, the unit-cell 
edge was de te rmined  at one bar  with the crystal  still 
inside the pressure cell. The  value 8.3978 ( 5 ) ~  obta ined  
is slightly larger than  tha t  at one bar  measured  wi thout  
the pressure cell. This is mos t  p robab ly  caused by sys- 
temat ic  errors in t roduced  by the pressure cell. In  order  
to minimize  the systemat ic  errors, the value 8.3978 (5)Jt 
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Fig. 3. The pressure-volume data for magnetite. The solid line 
is the regression curve obtained by fitting the data to the 
Murnaghan equation 

Table 1. Pressure dependence of unit-cell edge a, unit-cell 
volume V, and volume ratio V/V o determined in four runs 

Run P, GPa a, ~ V, ]~3 V/Vo 

0.0001 a 8.3949 (3) 591.54 (6) - 

1,42 (5) 8.3771 (2) 587.87 (4) 0.9926 (2) 
2,00 (5) 8.3686 (2) 586.08 (4) 0.9896 (2) 
2.62 (5) 8.3585 (2) 583.96 (4) 0.9860 (2) 
3,14 (5) 8.3515 (3) 582.50 (6) 0.9836 (2) 
3,67 (5) 8.3453 (1) 581.20 (2) 0.9814 (2) 

0,74 (5) 8.3856 (1) 589.66 (2) 0.9956 (2) 
1.51 (5) 8.3747 (3) 587.36 (6) 0.9918 (2) 
2.52 (5) 8.3601 (1) 584.30 (2) 0.9866 (2) 

2.09 (5) 8.3656 (2) 585.45 (4) 0.9885 (2) 
2.76 (5) 8.3557 (2) 583.34 (4) 0.9850 (2) 
3.67 (5) 8.3440 (2) 580.93 (5) 0.9809 (2) 
4.44 (5) 8.3332 (2) 578.68 (5) 0.9771 (2) 
1.55 (5) 8.3740 (2) 587.22 (4) 0.9915 (2) 
0.63 (5) 8.3862 (2) 589.79 (4) 0.9959 (2) 

0.76 (5) 8.3861 (11) 589.77 (23) 0.9959 (4) 
1.02 (5) 8.3821 (8) 588.92 (17) 0.9944 (3) 
1.14 (5) 8.3805 (5) 588.59 (11) 0.9938 (3) 
1.21 (5) 8.3793 (3) 588.33 (7) 0.9934 (2) 
1.45 (5) 8.3755 (6) 587.53 (13) 0.9921 (3) 
1.71 (5) 8.3725 (5) 586.90 (11) 0.9910 (3) 
1.83 (5) 8.3709 (7) 586.57 (14)  0.9904 (3) 
1.99 (5) 8.3683 (6) 586.02 (12) 0.9895 (3) 
2.03 (5) 8.3675 (2) 585.85 (4) 0.9892 (2) 
2.11 (5) 8.3660 (6) 585.54 (12) 0.9887 (3) 
2.23 (5) 8.3647 (6) 585.26 (13) 0.9882 (3) 
2.31 (5) 8.3640 (6) 585.12 (13) 0.9880 (3) 
2.36 (5) 8.3633 (8) 584.97 (17) 0.9877 (3) 
2.53 (5) 8.3607 (11) 584.42 (23) 0.9868 (4) 
2.84 (5) 8.3555 (2) 583.33 (4) 0.9850 (2) 
3.08 (5) 8.3530 (6) 582.80 (13) 0.9841 (3) 
3.31 (5) 8.3496 (5) 582.10 (10) 0.9829 (3) 
4.O6 (5) 8.3383 (3) 579.73 (6) 0.9789 (2) 
0.72 (5) 8.3879 (3) 590.15 (6) 0.9965 (2) 
0.65 (5) 8.3877 (3) 590.10 (6) 0.9964 (2) 
0.02 (5) 8.3976 (6) 592.11 (13) 0.9998 (3) 
0.0001b 8.3978 (5) 592.24 (12) - 

The data are presented in the same sequence as that of 
measurements. Parenthesized figures represent standard de- 
viations of the least units cited 

a Measured without the pressure cell 
b Measured in the pressure cell after the pressure was com- 

pletely released. This value is used to calculate the volume 
ratio shown in the last column 

was used as the unit-cell edge at 1 bar  to calculate the 
vo lume rat io  V/V o at var ious  pressures. The  V/Vo val- 
ues are t abu la ted  in the last co lumn of Table  1 and also 
plot ted in Fig. 3. 

The  pressure-volume data  fitted to the M u r n a g h a n  
equat ion  give the values of K r and K )  as 1 8 1 ( 2 ) G P a  
and 5.5 (15), respectively. The  present  value of K r lies 
in the range 139 to 185 G P a  repor ted  by various in- 
vest igators  (see Table  1 of Wilburn  and Bassett  1977). 

Br idgman (1949) repor ted  a cusp in the compress ion  
curve at 2 . 21GPa ,  at which the bulk modulus  de- 
creased by abou t  4.7 percent.  However ,  such a cusp 
was not  observed in the present  experiments  and the 
compress ion  curve is smoo th  up to 4.5 GPa .  



241 

Table 2. Refined parameters 

Pressure (GPa) 0.0001 0.0001 a 0.63 (5) 1.55 (5) 2.09 (5) 2.76 (5) 3.67 (3) 4.44 (5) 

Number of reflections 123 147 34 32 31 32 31 33 
2.6 3.3 2.6 2.8 3.3 2.6 3.1 3.4 
2.4 2.4 2.1 2.4 3.0 2.2 2.7 2.6 
2.4 (1) 13 .2  (10) 1.0 (2) 1.0 (3) 1.1 (4) 0.9 (2) 1.0 (3) 0.9 (3) 
0.2548 (2) 0.2549 (1) 0.2539 (5) 0.2540 (6) 0.2537 (8) 0.2547 (6) 0.2535 (7) 0.2540 (7) 
0.53 (2) 0.34 (2) 0.90 (7) 0.85 (9) 0.91 (11) 0.77 (8) 0.85 (10) 0.86 (9) 
0.82 (3) 0.46 (2) 1.09 (15) 1.04 (20) 1.17 (26) 0.83 (19) 1.27 (23) 1.04 (23) 
0.56 (8) 0.49 (3) 0.54 (45) 0.76 (59) 0.27 (73) 1.22 (52) 0.27 (62) 0.89 (66) 

R (Voo) ~ 
wR ( %)~ 
Extinct ( × 10- s) 
Oxygen u 
Bw(tet) d 
BFe(OCt) 
Bo 

Parenthesized figures represent standard deviations of least unit cited 
Fleet (1981) 

b R = ~ I Ifob~l --]f~a,J 1/21Fob~l 
o w R =  E Z W ( V o ~ - ~ o ~ / X w F g J ~  ~ 
d Isotropic temperature factor equivalent to the anisotropic values 

Pressure Dependence 
of the Oxygen Positional Parameter 

The refinement conditions and the refined parameters 
are listed in Table 2. Also shown for comparison are 
Fleet's (1981) data at one bar. After averaging sym- 
metrically equivalent reflections, the number  of inde- 
pendent reflections observed is 123 at one bar and 31 
to 34 at high pressures. The R values range from 2.6 to 
3.4, and the weighted R values range from 2.1 to 3.0. 
The oxygen positional parameter,  u, 0.2548 (2) at 1 bar 
is in good agreement with the values 0.2549(1) and 
0.2548(2) reported by Fleet (1981) and by Hamil ton 
(1958), respectively. The values of u obtained at dif- 
ferent pressures have been plotted in Figure 4(a). The 
pressure dependence of u was determined by fitting the 
u-p data to an equation of the type 

u = u o + (Ou/Op)p. 
i :  

As the systematic errors may have been introduced by 
the pressure cell and by the limited number of re- 
flections at high pressures in the determination of u, the 
one-bar value of u determined outside the pressure cell 
was not included in the analysis of the data. The fol- 
lowing results 'Were obtained: 

Uo=0.2540(4 ) and ( O u / @ ) = - l ( 1 5 ) x 1 0  -5 G P a  -1, 

the latter indicating that u does not vary significantly 
with pressure. 

The temperature factor B for Fe at the tetrahedral 
site, 0.53 (2), and that for oxygen, 0.56 (8), also compare 
well with Fleet's values 0.34(2) and 0.49(3). However, 
the temperature factor for Fe at the octahedral site, 
0.82 (3), is larger than Fleet's value 0.46 (2). As shown in 
Table 2, the values of the temperature factor at high 
pressures do not show any systematic trend. 

Pressure Dependence 
of the Interatomic Distances and Angle 

The interatomic distances in the spinel structure ex- 
pressed in terms of the unit-cell edge a and the oxygen 
positional parameter  u are presented in Table 3. The 
interatomic distances were calculated using the values a 
= 8.3949 (3),~ and u = 0.2548 (2), obtained in the present 
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experiments at atmospheric pressure. The compression 
of each interatomic distance can be derived from the 
expression given in Table 3. The distances A - A ,  A - B  
and B - B ,  where A and B represent Fe atoms in the 
tetrahedral and octahedral sites, respectively, are inde- 
pendent of u, so that the compressibilities of these 
distances are the same as the linear compressibility fia 
of the unit-cell edge, i.e., 1.84(2)x 1 0 - 3 G P a  -1. The 
other interatomic distances A - X ,  B - X  and X - X ,  
where X represents the oxygen atom, depend on both a 
and u. The linear compressibilities can be expressed as 
follows: 

rAX \ ~p / 

a u -0 .125 (1) 
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Table 3. Linear compressibilities of interatomic distances of magnetite. A, B and X represent tetrahedral site Fe, octahedral site 
Fe and O, respectively 

Atomic Interatomic distance Interatomic distance Compressibility, Comments 
pair (ambient pressure) 10- 3/GPa 

AA al/3/4=rAA 3.6351 (1) 1.84 (2) 
AB al /H/8 =-rA~ 3.4803 (1) 1.84 (2) 
BB al/;2/4--rBB 2.9680 (1) 1.84 (2) 
A X  a]/3(u--O.125)--rAx 1.8873 (29) 1.9 (12) 
BX a(3u2--2u+O.375)x/Z=--rBx 2.0592 (16) 1.8 (6) 
X X  a]/~(2u-O.25)=rxt 3.0820 (48) 1.9 (12) 
X X  a]f2(O.75-2u)-rx,  2.8541 (47) 1.8 (13) 
X X  a(4u2-2u+O.375)l/2-rxu 2.9691 (1) 1.84 (3) 

tet-tet cation separation 
tet-oct cation separation 
oct-oct cation separation 
tet bond 
oct bond 
tet edge 
shared oct edge 
unshared oct edge 

rBx 

a 3u z - 2 u + 0 . 3 7 5  

rx, \ ~?p ! 
1 ( ~ )  1 (~p) 

a u -0 .125  

,etr,s):-+ 
rx~ \ ~?p / 

a 0.375 - u  

(2) 

(3) 

(4) 

rXu 

a 4u 2 - 2 u + 0 . 3 7 5  

The first term on the right hand side in the above 
equations, -(1/a)(c~a/~p), is simply the compressibility 
of the unit-cell edge a, i.e., fla" Substituting the values of 
fia, (~?u/ap), a and u in these equations, the compress- 
ibilities of the interatomic distances were obtained. Be- 
cause of the small pressure-dependence of u, the linear 
compressibilities of the interatomic distances have simi- 
lar values. Since rAx , rxt and rxs depend significantly 
on u, the large standard deviation in (Ou/@) causes the 
large uncertainties in their linear compressibilities. In 
order to determine the linear compressibilities more 
precisely, we should collect data at higher pressures or 
achieve a better precision in the data. 

The bond angle A - X - B ,  (i.e., e), which is as- 
sociated with the superexchange interaction, can be cal- 
culated from u as follows: 

3u - 1  
cos ~ = - -  . (6) 

] ~ ( 3 u  2 - 2 u  +0.375) ~ 

The value of c~ is 123.68(7) at atmospheric pressure. 
The pressure dependence of this angle was calculated to 
be 6(88) x 10-Sdeg/GPa.  The change in the angle is 
thus negligibly small. 

Polyhedron Bulk Modulus 

The volume Vte t of the tetrahedra and Voc t of the octa- 
hedra can be expressed in terms of the tetrahedral edge 
rxt, the shared octahedral edge rxs, and the.unshared 
octahedral edge rxu as follows: 

Vte t : (]/2/12)r~t (7) 

and 

Voo,: (1/3)4.(3 r~ - 4 . )  '72. (8) 

Using the values of rxt, rx~ and rx, (Table 3), the fol- 
lowing values were obtained for the volumes at atmos- 
pheric pressure: Vtet=3.45 (2) A 3 and Voot = 11.61 (3) A 3. 
The compressibilities and bulk moduli can be derived 
by differentiating Eqs. (7) and (8). The results thus 
obtained are 

fitet = 5.8(35) X 10- 3 G P a -  1 ; Ktet= 1.7(10) x 102 GPa  

and 

fioct = 5.4(20) × 10 -3 G P a -  1 ; Koct=2.0(8) x 102 GPa.  

Discussion 

Pressure Dependence of u 

There are two equations relating the volume (or in- 
teratomie distance) to Nhel temperature T N in super- 
exchange magnetism. The first of these is an empirical 
relation suggested by Bloch (1966), known as the 10/3 
law, and is given by 

(• In TN/Op) = (10/3) fiv (9) 

where p and fiv denote the pressure and isothermal 
volume compressibility. The other equation relating T N 
to interatomic distance d in spinel (Weisz 1951) is: 

k TN= C1S ASBe -c2d (10) 

where k is Boltzmann's constant, S a and S B are the 
electric spins of A and B atoms, respectively; d is the 
distance A - X - B  which is equal to rAx+rBx in the 
present notation; C 1 and C 2 determined empirically 
(Weisz 1951) are 5.04x 10 -3 erg and 7 dk -1, respective- 
ly. This equation was derived on the assumption that 
the spin interaction in the inverse spinels is inversely 



proportional to the distance between A and B atoms to 
explain the dependence of the exchange interaction on 
the interatomic distance. 

The interaction between A and B is prominent in 
magnetite and the interactions between A and A, and 
between B and B are negligible (Samara and Giardini 
1969). Also, the magnetic moments of A and B atoms 
are independent of pressure (Samara 1969). Further, the 
present results clearly indicate that the change in the 
bond angle A - X - B  is negligibly small. Consequently, 
the interaction is dependent only on the distances rAx 
and rBx. 

Samara and Giardini (1969) estimated the value of 
(Su/Sp), from Weisz's equation (10) in the following 
manner. Differentiating Eq. (10), and equating d to rAx 
+rBx=(O.3765+O.732u)a, (a different definition of u 
was used by Samara and Giardini); they obtained: 

(8 In TN/Sp)= -- C2(Sd/Sp) 

( S u ) _  1 {;_~ (81nTN~ 
8pp 0.732a \ 8p ] 

-(0.192+0.732u) ~pp . 

Substituting 

(8 In TN/SP)=2.42 x 10 -2 G P a -  1 
(Samara and Giardini 1969), 

(Sa/Sp)= -1.5 x 10 -z A/GPa (Mao 1967), 

u=0.254 and a=8.390A, 

(11) 

(12) 

Samara and Giardini (1969) obtained (8u/@)=5.8 
x l 0 - 4 G P a  -1. This value is compared with the ob- 
served value in Fig. 4b. The Weisz equation does not 
appear to predict well the pressure dependence of u. 

We have attempted to use Bloch's equation in order 
to calculate the pressure dependence of u. It should be 
pointed out that Bloch's equation is empirical, though 
it has some theoretical implications. That is, if we as- 
sume that the interactions between A and X, and be- 
tween B and X are both proportional to W (2 W is the 
band width), the superexchange interaction between A 
and B is proportional to W 2. Then, using Heine's 
(1967) relation 

(9 in W/8  In V) = - 5/3 

Bloch's equation (9) can be rewritten as follows: 

(9 I n TN/8 p)= 2 fly( --8 in W/8 In V)= (10/3)fiv. 

(13) 

This equation gives a relation between T s and volume. 
It is apparent that we cannot use this equation for the 
spinel structure, because the superexchange interaction 
depends on associated interatomic distances, which in 
turn are dependent on both the volume (that is, the 
unit-cell edge) and the oxygen positional parameter. 
We, therefore, modify the Eq. (9), such that it contains 
rAx and rex as follows. The volume compressibility is 
three times the linear compressibility of the unit-cell 
edge a , / / , .  Therefore, the Eq. (9) becomes 

(81nTN/@)=lOfl ~ ('.'flv=3fl~). (14) 
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Then, the linear compressibility /~, is replaced by 
{fl(rAx)+ fl(rBx)}/2, where fi(rAx ) and fi(rex ) denote the 
compressibilities of the distances rAx and rex, respec- 
tively. This replacement leads to the relation 

(6 In TN/Sp) = 5 {fi(r Ax ) +/~(rex)}, (15) 

which indicates that the superexchange interaction de- 
pends on the distances between A and X, and between 
B and X, independently. Thus the relation between the 
pressure derivative of T N and u is obtained as follows: 

8p / u-1~125 -~ 3u;-2u+0.375)!  8p " 

Substituting the following values in (16): (16) 

(6 in TN/Sp) = 2.42 x 10- 2 G P a -  1, 

/~a= 1.84 x 10 -3 G P a -  1, 

and 

u=0.2548, 

where the value of (81nTN/8p) is from Samara and 
Giardini (1969) and the other values are from the pres- 
ent experimental results, we obtain 

(Su/@)= -3.1 x 10 .4  GPa -1 (17) 

This calculated negative value for (Su/@) is in contrast 
to the positive value 5.8x 10-4GPa  -1 calculated by 
Samara and Giardini. To compare the calculated values 
with the present experimental results, three lines repre- 
senting the gradients are drawn in the A u-p plane 
(Fig. 4b). The modified Bloch equation appears to 
agree with the experimental results more closely than 
the Weisz equation. 

Furthermore, it is to be noted that the Weisz equa- 
tion contains two parameters C 1 and C 2 which are 
determined empirically, while the Bloch equation does 
not contain any such parameters. These factors togeth- 
er with the present experimental results seem to favor 
the Bloch equation in formulating the relationship be- 
tween (8 TN/@) and (Su/@). More experimental data on 
both (STN/@) and (Su/@) for some other isostructural 
ferrimagnetic materials are, therefore, needed for 
evaluating the validity of the Bloch equation. 

Conclusions 

1. The isothermal bulk modulus K r and its pressure 
derivative K' r of a synthetic magnetite crystal have 
been determined to be 181(2)GPa and 5.5(15), respec- 
tively, by fitting the present pressure-volume data to 
the Murnaghan equation of state. 

2. The crystal structure of magnetite has been re- 
fined at various high pressures. The variation of the 
positional parameter with pressure has been determined 
as - 1  (15)x 10 -s  GPa -1. 

3. The Bloch equation has been modified to calcu- 
late the pressure dependence of the oxygen positional 
parameter. The calculated value has a negative sign 
while that reported by Samara and Giardini using the 
Weisz equation has a positive sign. The present calcu- 
lations seem to agree with the experimental results bet- 
ter than those of Samara and Giardini. 
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