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A special magnetic balance and press were constructed to observe piezomagnetism experi
mentally. In agreement with theoretical predictions, piezomagnetic moments mf were found 
to appear in CoF2 and MnF2 on applying shear stresses aik· The values of the piezomagnetic 
modulus are ""10-3 gauss (kg/cm2 )-1 for CoF2 and 10-5 gauss (kg/cm2 )-1 for MnF2• A de
tailed analysis of the results obtained is made in terms of the thermodynamic theory. To
gether with the piezomagnetic moment perpendicular to the direction of sublattice magnetiza
tion, which is equivalent to the well-studied weak transverse ferromagnetism, a moment was 
observed parallel to the sublattice magnetization, which is equivalent to a weak longitudinal 
ferromagnetism not previously observed. 

1. INTRODUCTION 

THE possibility in principle of a piezomagnetic 
effect has long been discussed. As early as 1928, 
Voight1 considered all the crystallographic classes 
in which, according to his view, a piezomagnetic 
effect was possible from symmetry considerations, 
i.e., the appearance of a spontaneous magnetic mo
ment on applying elastic stresses. However, his 
treatment was erroneous, since he did not take 
into account the additional symmetry element, R, 
for magnetic crystals, which involves a change 
of sign of the magnetic moments on inversion. 2 

The symmetry group of any paramagnetic crystal 
contains the transformation R, and therefore the 
appearance of a spontaneous moment different from 
zero is impossible here. In substances possessing 
magnetic structure (ferromagnets and antiferro
magnets ), the transformation R, enters only in 
combination with other symmetry elements; it 
follows that in principle such substances can be 
piezomagnetic. 3•4 Naturally, the greatest interest 
lies in the study of the piezomagnetic effect in 
antiferromagnets, which do not under normal con
ditions possess macroscopic spontaneous moments. 
Dzyaloshinskil, 5 from considerations of magnetic 
symmetry, indicated a number of actual antiferro
magnets in which the piezomagnetic effect should 
be observed. More recently, Tavger6 and Le Corre7 

determined the piezomagnetic tensors for antifer
romagnets of all magnetic structure classes. 

The piezomagnetic effect in antiferromagnets 
is closely connected with the appearance of weak 
ferromagnetism, which has been experimentally 

studied in detail in a -Fe20 3, 8 and MnC03 and 
CoC03 •9•10 A theoretical consideration of these 
phenomena11 • 12 showed that in many cases, in the 
same crystallographic structure, different types 
of antiferromagnetic ordering with different mag
netic symmetries are possible. Thus, magnetic 
symmetry in some types does not permit a spon
taneous ferromagnetic moment, whilst in other 
types antiferromagnetism is accompanied by weak 
ferromagnetism. It follows that if, on the applica
tion of stress to a crystal not possessing a spon
taneous moment, the crystal deforms in such a 
way that its magnetic symmetry changes, then a 
ferromagnetic moment can arise in it. 

We have already communicated the discovery 
of the piezomagnetic effect in the fluorides of co
balt and manganese. 13 These compounds transform 
into the antiferromagnetic state in a temperature 
region convenient for study: MnF2 at TN= 66.5° K, 14 

CoF2 at TN= 37.7°K. 15 So, even at 20°K, the mag
netization of the sub-lattices in them is almost satu
rated. Both substances have a simple tetragonal 
lattice (group n!& ) . 16 In the antiferromagnetic 
state the spins of the ions at the centers of 
the crystallographic cells are antiparallel 
to the spins of the ions at the corners of the 
cells17 - as shown in Fig. 1. Dzyaloshinskil has 
shown5•18 that in these compounds a piezomagnetic 
moment should be observed along all three axes,* 

*In Dzyaloshinskil paper" a term was omitted in the expres~ 
sion for the thermodynamic potential responsible for the a~ 
pearance of a piez~magnetic moment along the z axis. A 
complete analysis of this problem was given in his disserta~ 
tion.10 
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FIG. l. The mag
netic structure of MnF2 

and CoF 2 • Open cir
cles - Mn, Co; shaded 
circles-F. 

but only on applying shear stresses 

(1) 

In a previous paper13 we described the discovery 
of the "transverse" piezomagnetic moment ( A1axz). 
In the present paper a more detailed description is 
given of the results of these experiments, and ex
periments demonstrating the "longitudinal" piezo
magnetic moment (A2axy). 

2. APPARATUS AND SPECIMENS 

Considering the smallness of the expected piezo
magnetic effect, we decided on the balance method 
of measuring magnetic moments as the most sensi
tive of known methods. A diagram of the apparatus 
we used is shown in Fig. 2. The specimen under 
study, 1, situated in tube 2 of press 3, lay in the 
inhomogeneous field of the electromagnet 4, 5. 

FIG. 2. Diagram of the 
magnetic torsion balance. 

The use of a small electromagnet situated directly 
inside the Dewar excluded all effects involving the 
magnetization of the material from which the press 
was made. 

If the specimen possesses a magnetic moment 
m, then the force 

Fz=CmH, 

acts on it, where the constant C = H-1dH/dz de
pends on the position of the specimen relative to 
the poles of the magnet. For a magnet of small 
dimensions, C changes markedly, even for small 
changes of specimen position. Before the start of 
each series of measurements the specimen was 
placed in the region where C had its maximum 
value. Then a displacement of the specimen by 
± 0.1 mm caused the constant C to diminish by 
,.... 0.5%. By using a photocompensator device, we 
were able to maintain the specimen position con
stant with an accuracy of ± 0.03 mm. 

To measure the force F acting on the specimen, 
the press 3 was suspended on vertical tungsten 
wires 6, with a diameter of 50 p. and length of 10 
em. The lower wire was fixed directly to the 
press and the upper to plate 7, which was rigidly 
connected to the press by means of quartz rod 8. 
The upper end of the upper wire was fixed to the 
movable stem 9. Rotation of the stem enabled 
the zero correction of the system to be made, 
and, by lowering it, it was possible to arrest the 
balance. Spring 10 maintained a constant tension 
in the wires. The measurements were made by a 
compensation method. A compensating moment 
was created by passing a current through coil 11, 
which rotated in the gap of permanent horseshoe. 
magnet 12. The current was fed to the coil through 
the two tungsten wires. 

The entire torsional balance was situated in a 
vacuum jacket, 13, 14, 15, and 16. 

An essential part of the apparatus was the press, 
with the aid of which stresses were created in the 
specimen. A detailed diagram of the press is given 
in Fig. 3. Using a suggestion by P. L. Kapitza, the 
press, suspended on the fine wires, was controlled 
by a bellows. To bellows 17 were soldered upper 
and lower rigid plates 18 and 19. After this the 
bellows was evacuated through capillary 20, The 
capillary was squeezed off and soldered up. The 
external atmospheric pressure thus compressed 
the bellows with a force of ,.... 2.5 kg. The lower 
cap of the bellows lay on supporting frame 21, 
fixed to the body of the press, 22. On lowering 
the pressure in the space surrounding the press, 
elastic forces started to straighten out the com
pressed bellows. The pressure thus arising was 



788 A. S. BOROVIK-ROMANOV 

5 z 

~ 

FIG. 3. Diagram of 
the press and bellows 
(the numbering of the 
components follows 
that of Fig. 2). 

transferred through rod 23 to the long arm of 
lever 24, oscillating about shaft 25, which was 
fixed to the body of the press. The other lever 
arm (the ratio of the arms was 1 : 6 ) bore on 
rod 26, by means of which the pressure was trans
mitted to the specimen, 1. The specimen was at 
the end of tube 2, screwed into the body of the 
press. The dependence of the pressure created 
in the press on the pressure of the helium gas 
surrounding the press was determined with a wire 
strain gauge fixed to the side surface of the tube 
and previously calibrated by using a direct load 
on rod 26. This dependence was not completely 
linear, owing to the non-linearity of the bellows 
compression and small deformations of the lever. 
Thus, the maximum force acting on the specimen 
('"" 7 kg) was smaller than calculated. 

The magnetic balance had a photocompensator 
(used also in our previous work), which automat
ically maintained the current through compensating 
coilll, such that an optical beam reflected from 
a mirror fixed to plate 7 remained in the null posi
tion (with a displacement accuracy dictated by the 
photocompensator control circuit). In the photo
compensator amplifier a differentiating circuit was 
included which ensured damping of the magnetic 
balance.* 

The parameters of the compensating system 
were such that a moment of 1 dyne-em was cre
ated by a current of 830 J.La. The uncertainty of 
the balance reading was approximately ± 0.3 J.La. 
The sensitivity can thus be estimated at 4 x 10-4 

dyne-em. For a specimen of weight 10 mg this 

*The author is very grateful to V. I. Ozhogin for construct
ing the photocompensator circuit, and also to A. N. Vetchinkin 
for a number of valuable discussions on the choice of the photo
compensator circuit. 

gave a sensitivity in measuring the susceptibility 
of ,..., 2 x 10-6 emu/g for H = 400 oe, which is 
equivalent to a sensitivity in measuring the mag
netic moment in the same field of ,..., 10-3 emu/g. 
However, the calibration of the absolute reading 
was not better than 5%. 

All measurements of the piezomagnetic effect 
were performed at the temperature of liquid hy
drogen (T = 20.4°K). 

Single crystals of MnF2 and CoF2 were used; 
they were grown by N. N. Mikhallov and 0. S. 
Za'Ltsev from a melt subjected to an atmosphere 
of HF vapor. Small pieces of the crystals, of ar
bitrary shape and dimensions (0.3 cm3 ), were 
oriented in the necessary way by an x-ray goni
ometer. They were then ground by hand to pro
duce a rectangular parallelepiped of dimensions 
1 x 1 x 2 mm. The end of this parallelepiped was 
glued to the lower end of the rod with BF-2 glue. 
Then the rod was held in a special mandrel, and 
the other end of the specimen was ground strictly 
perpendicular to the axis of the rod. A small 
layer of vacuum grease ensured a close contact 
between the specimen and the end of the tube. On 
applying a pressure p to the specimen thus 
mounted, homogeneous stresses arose in it: 
a) aii = p ( akk = au = aik = ail = akz = 0)' if the 
i axis was along the long edge of the specimen, 
and b) aik = p/2 ( aii = akk = p/2, au = ail = O'kl 
= 0 ), if the i and k axes made angles of 45° with 
the long edge of the specimen (see Fig. 4). 

FIG. 4. Orientation 
of the specimens for 
investigations on 
piezomagnetism: A

shear stresses absent, 
B- a shear stress Uik 

= p/2 arises. 

3. RESULTS 

A B 

The main measurements were made with a 
CoF 2 crystal in which the axes were directed as 
follows: i- x, k- z, l- y (see Fig. 4, B). In 
this case the magnetic field was along the y axis. 
Figure 5 shows the variation of magnetic moment 
my with field, on changing the field within the 
limits of -1.1 koe to + 1.1 koe at liquid-hydrogen 
temperature ( T = 20.4 o K). The line 1 was ob
tained when no pressure was applied to the speci
men. The experimental results in this case are 
described by the equation 
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FIG. 5. Variation 
of molar magnetic mo
ment my of CoF2 with 
magnetic field: 1 -in 
the absence of stress, 
2- under a stress Uxz 
= 340 kg/cm2 • 

where x} =56 x 10-3 emu/mole and m} = -1 
emu/mole. On applying to this specimen the max
imum pressure obtained, p = 680 kg/cm2, the ex
perimental points are described by two straight 
lines (2 in Fig. 5) 

(2) 

The value of the spontaneous moment m~ = 16 emu/ 
mole and does not depend on the field. In weak 
fields (up to 500 oe) the direction of the moment 
remains unchanged. For large fields in the oppo
site direction to the moment my. the magnetiza
tion of the specimen reverses. The reversal of 
magnetization takes place comparatively slowly. 
For a field of 810 oe, "'40% reversal of magnetiza
tion occurs in 5 minutes. Further change is very 
slow. On increasing the field further to 980 oe, 
almost complete reversal of magnetization takes 
place in 7 minutes. The results on magnetization 
reversal were not well reproducible; we have 
therefore limited ourselves to a qualitative study, 
and in Fig. 5 the region of magnetization reversal 
is tentatively shown by broken lines. 

The results obtained in Fig. 5, and additional 
measurements at two intermediate pressures, 
show that within the limits of accuracy of our ex
periments the paramagnetic susceptibility Xy does 
not change on applying pressure. Therefore, we 
studied the variation of piezomagnetic moment 
m~ on pressure by measuring the change of the 
total moment my in a constant magnetic field, 
H = 1.1 koe, while changing the pressure on the 
specimen. The results of these measurements 

are given in Fig. 6, from which it is seen that 
my varies linearly with pressure, with 

m~ = 5.1 · I0-2crxz emu/mole = 2.1 · I0-3 crxz gauss 

(crxz in kg/cm2 ). 

Measurements were made on the same crystal 
of the magnetic moment along the [ 101] direction, 

p 
my,gauss 

Q,~.-~---r--~~~ 

FIG. 6. Variation of trans-
verse piezomagnetic moment per G.i 1----+---+-llr-T-----i 

unit volume m~ ~or CoF2 on the 
value of the apphed shear 
stress axz· 

where the field was perpendicular to the y axis. 
As in the previous case, a small residual moment 
m 0 = 1.1 emu/mole was observed. On applying 
pressure its value changed only by 30%. 

Analogous results were obtained on a specimen 
in which the axes were directed as follows: i - x, 
k- y, z- z. During measurements of the mag
netic moment mz (the field H was along the z 
axis ) , curves were obtained analogous to those 
shown in Fig. 5. In this case 

z~ = x.~ = 13·10- 3emu/mole, m~ = 1.2emu/mole. 

On applying pressure a piezomagnetic moment m~ 
appears, which also varies linearly with pressure 
(Fig. 7): 

m~ = J.9.J0- 2crxyemu/mole= o.s.J0-3crxy gauss 

(crxy in kg/cm2). 

FIG. 7. Variation of the 
longitudinal piezomagnetic 
moment per unit volume m~ 
for CoF2 on the value of 

1 
mz,gauss 

8.4 
! 

D) 

Q,2 

the applied shear stress axy• C.! ~ 

i/i 

: l/1 
! 

/v 
/ 

/ 

During magnetic measurements along the [ 110] 
axis we also observed a small residual moment, 
m 0 = 0.8 emu/mole which changed by 30% on ap
plying the maximum pressure. 

A specimen was also studied with axes orien
tated as shown in Fig. 4,A (i- x, k- y, z- z ). 
In this specimen also, residual moments m~ = 1 
emu/mole, m~ = 1.3 emu/mole were observed, 
which changed on applying the maximum pressure 
by 30 and 20%. 
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A piezomagnetic effect was also discovered in 
the MnF2 crystal. The results shown in Fig. 8 

~mmQ/• emu/mole 
0,2 

FIG. 8. The piezomag
netic effect in MnF 2 • The 
broken curve corresponds 
to a susceptibility change 
of 1%. 

were obtained on a specimen having the orienta
tion shown in Fig. 4, B (i- x, k- z, l- y, the 
field H applied along the y axis). Because the 
piezomagnetic moment amounted to only ,..., 1% of 
the paramagnetic moment xH, on the abscissa 
axis is plotted the difference of moments meas
ured under pressure (p = 520 kg/cm2 ), and with
out pressure, ~m = m~ - m}. The results ob
tained show that under a pressure p = 520 kg/cm2, 

a piezomagnetic moment m~ = 0.12 emu/mole 
= 5 x 10-3 gauss appears in the specimen. Together 
with this a slight ("' 0 .2%) decrease in the suscepti
bility occurs. We found that the direction of the 
piezomagnetic moment remains unchanged on ap
plying a field in the opposite direction of a magni
tude up to the maximum we used -1.1 koe. The 
direction of the piezomagnetic moment could only 
be changed if the compressed specimen was cooled 
in the magnetic field from a temperature above the 
Neel point (TN= 67.5°K) to hydrogen temperature. 
The direction of the piezomagnetic moment was al
ways coincided with the direction of the field in 
which the specimen was cooled. This direction 
was then always preserved during repeated pres
sure removals and applications of opposing fields. 
Thus, depending on the direction of the field in 
which the compressed specimen was cooled, we 
obtain the points which belong to the upper and 
lower lines in Fig. 8. 

4. DISCUSSION OF RESULTS 

1) Following Dzyaloshinskil, 5•12 the thermody
namic potential for the investigated fluorides, 
taking into account relativistic terms linear in 
the stress aik and in the magnetic moment 
m = 8 1 + 82, and invariant with respect to trans
formations of the group D~h, can be written in 
the following form: 

,:t:; 1 ( 2 I 2) I l B 0 ' 1 b 2 I ( I ) '-''=2a lXilY 12 m--[--2 mz-re jxmy--;-jymx 

+ ),1 (mxCiyz + myCixz) lz + 1)1 (jyCiyz + jxCixz) lz 

vector along the antiferromagnetic vector l = 8 1 
-82. As is seen from Fig. 1, in the absence of an 
external field and stresses ( H = 0 and aik = 0) 
Yx = Yy = 0. To this corresponds the condition 
a'= a-e2/B > 0. 

We shall use polar coordinates e and cp to 
label the directions of the vector y. Analysis of 
the thermodynamic potential (3) in the absence of 
stresses shows that on applying an external field 
H, the angle e remains equal to zero if the field 
is along the z axis. If the field has a component 
H1 perpendicular to the z axis, the appearance 
of a magnetization m1 = (a/a'B) H1 is accompa
nied by a rotation of l by an angle e = eH 1 I a' B. 
Here the condition 1f; + cp = tr/2 should be satisfied 
( 1f; is the angle between H 1 and the x axis ) . 

We shall analyze the thermodynamic potential 
(3) in the presence of elastic stresses for the par
ticular cases occurring in our experiments. 

2) For the first specimen we have axy = ayz 
= 0, axz ;.! 0. In this case minimization of the 
potential in the absence of a field gives* 

e =I Cixz ! (r,rB- e),r) I (aB- e2) (4a) 

and cp = 0 or 1r depending on the sign of axz. 
Thus, in agreement with the result obtained by 
Dzyaloshinskil, 5 a spontaneous moment arises 
along the y axis: 

m~ = Cixz (er,1- a),r) I (aB- e2). (4b) 

In this way the application of a stress axz causes, 
as is shown schematically in Fig. 9, the magnetiza
tion of the sublattices to be no longer strictly anti
parallel, and by rotating in the zy plane they in
elude an angle 1r- 2{3, where {3 = m~ /l. This is 

FIG. 9. Rotations 
of the magnetic mo
ments of the sublat
tices in the transverse 
piezomagnetic effect: 
a- in the xz plane, 
and b-in the yz 
plane. 

accompanied by the rotation of the antiferromag
netic vector as a whole through an angle e in 
the xz plane. This picture agrees completely 
with what was observed in previously studied anti
ferromagnets with weak transverse ferromagnetism. 

The application of a magnetic field along the y 
axis increases the angle e by eHy/a'B; the fol
lowing expression is obtained for the magnetic 

*In all the calculations which follow we assume that in the 
(3) initial state e. = 0. If we take the initial value If.="· ':h~n 

the expression for (}' will have the form (}' = 1T- 8; piezom2~ 

where Yx• Yy• Yz are the components of a unit netic moments change sign on inversion. 
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moment in this case: 

my= m~ + (aj a' B) Hu- (5) 

This conclusion of the theory is in complete 
agreement with what we observed in experiment 
[see Fig. 5 and Eq. (2)]. The experimental data 
we obtained allow the evaluation of the rotation 
angle of the sublattices and some of the coeffi
cients of the expression. For further calculation 
we will neglect the difference between a and a' 
(taking e2/B « a). Then, in the case of CoF2* 
we have B = 1/x1 = 0.5 x 103; assuming that both 
terms in (4b) give approximately equal contribu
tions, we obtain an estimate for the coefficient 
A.1 ,... 0. 5 (in any case A.1 ::s 1 ) . On applying the 
stress axz = 500 kg/cm2, we obtain the following 
estimates for the angles: a= axz /G,... 2 x 10-3 

(the shear modulus G was here taken to be 0. 25 
x 10-6 kg/cm2 ); {3 = my/l,... 5 x 10-3• To evalu
ate 8 it does not suffice to know the coefficients 
e and a. If it is assumed that the value of the 
relativistic terms amounts to ,... 10-3 of the ex
change energy, then for the angle e the value 
"'10-3 is obtained, i.e., all three angles are of 
the same order of magnitude. 

If the applied field is directed perpendicular to 
the y axis, minimization of the potential (3) gives 
the following solution for the components of the 
moment: 

mx = (aja' B) Hx, 

which also agrees with our measurements of the 
moments along the [ 101] axis - in this direction 
the magnetic properties do not depend on pressure 
and the crystal does not display ferromagnetism 
(we shall return to the weak parasitic moment). 
The angle 8 is changed by the field also, as in 
the previous case, whilst the angle cp does not 
remain constant, but increases gradually and 
tends in large fields ( eHx » B171axz) to cp = Tr/2. 

3) Special interest attaches to the case axz 
= ayz = 0; axz ~ 0. In this case, in the absence 
of a field, the direction of the spontaneous mag
netization vector is not changed on applying pres
sure ( 8 = 0 ). A piezomagnetic moment, as al
ready shown,12 is obtained along the z axis: 

m~ = A2axy / (B +b). 

Thus there arises here weak longitudinal ferro
magnetism, which has not been previously ob
served. In distinction from the transverse, the 
longitudinal weak ferromagnetism is caused by 

*Below all quantities are given in the cgs emu system cal
culated for 1 cm3 of substance. The pressures are given in 
kg/cm2 • 

the difference in the values of the magnetic mo
ments of the ions in the two sublattices. As is 
seen from Fig. 10, the ions 1 and 2, which are 
equivalent before deformation with respect to 
symmetry of the crystalline field, after shear 
deformation in the xy plane, cease to be equiva
lent. It is apparent that, if the change of the angle 
between the x and y axes from Tr/2 causes 
such a change of the crystalline field, while the 
size of the magnetic moments changes linearly 
with deformation, then the signs of these changes 
in both sublattices should be opposite. The micro
scopic nature of the different changes of the crys
talline fields for different ions is connected with 
the different signs of the changes in distance to 
nearest fluoride ions, as seen from Fig. 10. 

FIG. 10. The longitudinal piezomagnetic effect: a -the 
change of symmetry of the crystalline fields, b- the change 
of the sublattice magnetic moments. 

On applying a magnetic field the angles cp and 
8 change, to a first approximation, just as they 
do in the undeformed crystal, and for the magnetic 
moments the solution is obtained 

mJ. =(aja'B)HJ., 

mz =Hz/ (B +b)+ 1..2axy/ (B +b). (6) 

This result also agrees completely with what we 
observed in the experiments with the second CoF2 

specimen. From the experimental data the value 
A.2 = 1. 6 is found directly. 

4) The crystallographic symmetry of the fluo
rides is such that the thermodynamic potential 
only contains terms for shear stresses aik 
( i ~ k). This agrees with the negative results 
obtained on the third CoF2 crystal, where we 
provided only compressive stresses ( aii). 

5) During measurements on all the specimens 
we encountered a weak ferromagnetic moment even 
in undeformed crystals. The size of this moment 
varied within limits of up to 1! times in different 
specimens, and was approximately 10 times 
smaller than the piezomagnetic moments we ob
served. In distinction from the latter, this mo
ment was practically isotropic. The size of the 
observed parasitic moment was such that it could 
be caused by a susceptibility decrease of "' 2% on 
changing from a field of 1 koe to a field of 10 koe. 
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It should be pointed out that a variation of x on 
H in CoF 2 of such an order has also been ob
served by other workers. 19•20 It is possible that 
the parasitic moment is caused by a piezomagnetic 
effect due to inhomogeneous internal stresses in 
the specimens studied. However, an anneal we 
carried out on one of the specimens did not change 
the value of the moment. 

6) The thermodynamic theory naturally cannot 
predict the size of the piezomagnetic effect. Dzyalo
shinski1, 18 from very crude premises, has given a 
formula to estimate the size of the piezomagnetic 
modulus: 

where ® is the Neel temperature in energy units 
and E is Young's modulus. The ratio a/®, ac
cording to the data on the weak ferromagnetism, 
lies within the limits 10-2 and 10-5. Accordingly, 
an estimate for A gives a value of 10-3 to 10-4• 

The result for MnF2 gave a value an order smaller 
than the lower limit of this estimate, which is not 
unreasonable, considering the crudity of the esti
mate. The smallness of the piezomagnetic effect 
in MnF2 is easily explained if it is assumed that 
the weak ferromagnetism is caused by spin-orbital 
and not dipole interactions.* For the Mn + + ion in 
the S state, the spin-orbital interaction should be 
very small. Most favorable in this respect is the 
Co++ ion. The particular splitting of its ground 
state by the crystalline field22 •23 means that the 
effect of spin-orbital interaction in it should be 
the greatest of all the transition element ions. 
With this is apparently associated the anomalously 
large size of the piezomagnetic effect. In particu
lar this refers to the longitudinal effect, which is 
entirely due to the effect of the crystalline fields. 

7) From the thermodynamic discussion given 
above, it follows that for the same sign of O"ik 
the direction of the piezomagnetic moment is 
uniquely connected with the direction of the anti
ferromagnetic vector ( m~ "' sin (J; m~ "' cos (J, 

where the angle (J lies within the limits 0 and 
1r). Therefore, a reversal of the piezomagnetic 
moment by an external field should be accompa
nied by a rotation of the antiferromagnetic vector 
l through 180°. The two states with (J = 0 and 
(J = 1r are divided by a potential barrier with a 
height of the order of the anisotropy energy 
a "' 10 7 erg/ em 3• In our experiments we showed 
that in the same crystal repeatedly cooled, the 

*This has been shown for rhombohedral structures by Ber
taut;21 analogous calculations confirm this effect for the fluo
rides also. 

spontaneous moment observed in the absence of 
a field was always in the same direction. This 
indicates two facts: a) in the crystals studied a 
single-domain antiferromagnetic structure is 
formed, b) the direction of the antiferromagnetic 
vector in a given crystal is always the same, for 
which some imperfection of the crystal is respon
sible, causing the energetic preference of one of 
the states. The energy difference can be estimated 
from the size of the magnetic energy required for 
magnetization reversal. In our experiments mag
netization reversal was observed for mH"' 5 x 102 

erg/cm3• We established that this value decreased 
somewhat (by"' 30%) after an anneal of one of the 
specimens. It should be emphasized that the en
ergy indicated is four orders smaller than the 
height of the potential barrier. It can be assumed, 
therefore, that the observed magnetization reversal 
time (in our experiments T"' 30 sec) is associ
ated with the lifetime of the sublattices. How
ever, to obtain quantitative conclusions, it is nec
essary to develop the theory of magnetization re
versal kinetics, and perform further experiments 
in this area. 

8) In view of the low accuracy in orienting the 
crystals, the values we obtained for x1 and x11 
at T = 20.4 o K can contain significant errors -
up to 10% of the difference Xl- XII· Up to the pres
ent only the difference of susceptibilities19 has been 
measured in CoF2 single crystals. Our data, 
x1 - x11 = 43 x 10-3 emu/mole, agree within the 
limits of accuracy indicated above, with the value 
48 x 10-3 emu/mole obtained by Stout and Mata
resse.19 In this connection, attention should be 
turned to the fact that in the case of CoF2 the sus
ceptibility x11 does not apparently tend to zero as 
T- 0°K. 

In conclusion, the author expresses his deep 
gratitude to Acad. P. L. Kapitza for constant in
terest in the work, N. N. Mikhallov and 0. S. 
Za1tsev for making the MnF2 and CoF2 single 
crystals, I. E. Dzyaloshinskil for useful discus
sions, and also V. I. Kolokol'nikov for assistance 
in carrying out the experiments. 

Note added in proof (March 9, 1960). Moriya, 
in a recently published paper [ T. Moriya, J. Phys. 
Chern. Solids 11, 73 (1959)], by considering the 
change of potential of the crystalline field during 
compression in the [110] direction, evaluated the 
quantity A2 = 4 x 10-3 gauss/(kg/cm2 ), which is 
only eight times greater than our experimental 
result. 
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