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The longitudinal and transverse magnetostriction of an hematite single crystal are measured along
various crystallographic directions at temperatures between 100 and 300° K in magnetic fields up to
150 kOe. The magnetostriction constants of hematite are determined on the basis of these data and
the magnetoelastic interaction constants of the substance are evaluated by thermodynamics. The
contribution of magnetoelastic energy to the anisotropy energy of hematite is calculated and it is
shown that in the antiferromagnetic region, at temperatures about 20—30° below the Morin temper-
ature, magnetoelastic interaction does not exert a significant effect on the magnetic properties of
hematite. By comparing the experimental data with calculations of dipole-dipole energy in hematite
it is shown that magnetoelastic interaction in this substance is due to the deformation-dependent

dipole-dipole interaction.

HEMATITE (a-Fe;0;3) has a rhombohedral crystal
structure and the arrangement of the atoms in it is de-
scribed by the space group D34q. Below the Neel tem-
perature (TN ~ 950°K) and down to the Morin tempera-
ture (TM ~ 260°K), hematite is an antiferromagnet with
weak ferromagnetism. In this temperature region, the
vector of spontaneous magnetization mg is directed
along the twofold axis (x axis), and the antiferromag-
netism vector 1 is practically parallel to the line of
intersection of the symmetry plane with the basal plane
of the crystal (y axis). Below the Morin point, there is
no weak ferromagnetism; the antiferromagnetism vec-
tor in this temperature region is parallel to the tri-
gonal axis of the crystal (z axis)“'sl.

The weak ferromagnetism of hematite was first
explained by Dzyaloshinskil, who has shown that it is
due to deviation, by a small angle, of the magnetic
moments of the sublattices of the antiferromagnet from
strict antiparallelismm. Subsequently many investiga-
tions were devoted to the features of the magnetic
properties of hematite on the basis of Dzyaloshinskil’s
theory!®2],

A number of investigations were devoted to the study
of the magnetoelastic properties of hematite: for ex-
ample, measurements were made on the even'****! and
linear **7**) magnetostriction, of the influence of the
elastic stresses on the magnetization!""!; of the Morin
point!**#°1 and of magnetic resonance in hematite!? %!
However, the available information on the magneto-
elastic properties of hematite is not complete, In par-
ticular, the constants of the magnetoelastic interaction
of hematite were not determined and the influence of
this interaction on the magnetic properties of this sub-
stance have not been estimated.

In this connection, we have undertaken an investiga-
tion of the magnetostriction of hematite, aimed at de-
termining the constants of the magnetoelastic interac-
tion of this substance on the basis of the corresponding
thermodynamic theory and at estimating the influence
of this interaction on the processes of magnetization in
hematite.
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EXPERIMENTAL PROCEDURE AND SAMPLES

The constants of magnetoelastic interaction were
determined by measuring the magnetostriction of
single~-crystal hematite along different crystallographic
directions. We investigated both the longitudinal mag-
netostriction (field parallel to the measurement direc-
tion) and the transverse magnetostriction (field per-
pendicular to the measurement direction). The samples
(in the form of rods with approximate dimensions
10 X 2 X 2 mm) were cut from synthetic hematite
crystals grown from the solution in the melt at the
Crystallography Institute of the USSR Academy of
Sciences. Samples were prepared and oriented along
the axes x, y, and z, and also along directions lying in
the xy plane (at 45° to the x axis), in the xz plane
(40° to the z axis) and the yz plane (52° to the z axis).
The magnetostriction was measured in pulsed magnetic
fields in the temperature interval 100—300°K (i.e.,
both above and below the Morin point), using a setup
described earlier**#*], The longitudinal magneto-
striction was measured in fields of intensity up to 150
kOe, and the transverse magnetostriction up to 100
kOe.

EXPERIMENTAL RESULTS

Figure 1 shows isotherms of the longitudinal and
transverse magnetostrictions along different directions
above and below the Morin point. Our measurements
have shown that in each of these temperature regions
the character of the isotherms varies little with chang-
ing temperature, so that the figure shows only one iso-
therm each for temperatures above and below the
Morin point.

As seen from the figure, the magnetostriction at
T > Ty reaches saturation in weak fields, and with
further increase of the field it changes insignificantly.
Below the Morin point, in the antiferromagnetic state,
the saturation sets in stronger fields and a comparison
with the data of the magnetic measurements shows that
the magnetostriction saturation field coincides with the
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FIG. 1. Longitudinal and transverse magnetostrictions of hemitate.
a—Longitudinal magnetostriction, T = 295°K > TM. Curve 1—along x a
axis, 2—along y axis, 3—in xy plane, at an angle 45° to the x axis, 4—in
yz plane at 52° to the z axis; S—in xz plane at 40° to the z axis. b—Trans-
verse magnetostriction, T = 295°K > TM. Curve 1—along the x axis, H |l
y; 2—along the y axis, H Il x; 3—in the yx plane at 52° to the z axis, H Il
X; 4—in xz plane at 40° to the z axis, H | y. c—Longitudinal magneto-
striction, T = 185°K < TM. Curve 1—along x axis, 2—along y axis, 3—a-
long z axis, 4—in xy plane at 45° to the x axis, 5—in yz plane at 52° to
the z axis, 6—in xz plane at 40° to the z axis, T = 245°K, d—Transverse
magnetostriction, T = 230°K < TM. Curve 1—along x axis, H Il y; 2—a-
long y axis, H |l x; 3—in yz plane at 52° to the z axis, H |l x; 4—in xz
plane at 40° to the z axis, H | y; 5—along z axis, field in basal plane.

field of the transition from the antiferromagnetic to the
weakly-ferromagnetic state He (for details seel*1),
We also call attention to the fact that the magnetostric-
tion at T < TM, as a function of the direction of the
measurement and of the direction of the field, either
varies with the field (when H =< H¢) monotonically
(longitudinal magnetostriction along the y axis, trans-
verse magnetostriction along the x axis, longitudinal
and transverse magnetostriction along the z axis, etc.),
or else passes through a maximum or a minimum
(transverse magnetostriction along the y axis, longi-
tudinal magnetostriction along the x axis, etc.). The
magnetostriction of hematite is connected with the
change of the magnitude and direction of the vectors 1
and m in the field. As shown earlier'**), the magneto-
striction of hematite, due to the change of the magni-
tude and direction of m in the field, is small. We like-
wise disregard the change of the absolute value of the
antiferromagnetism vector 1 in the field (i.e., the
change of the sublattice magnetization with the field),
since our measurements were made much below the
Neel point.

Thus, we assume that the magnetostriction of hema-
tite is due to the change of the direction of the antifer-
romagnetism vector in the magnetic field.

To interpret the obtained results it is necessary to
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know how the magnetic structure of the hematite
changes when a field is applied. Up to now, processes
of magnetization of the hematite have been insufficiently
investigated. However, it can be regarded as estab-
lished, both theoretically!”! and experimentally!®), that
above the Morin point (in the weakly ferromagnetic
state), the field rotates the vector 1 in the basal plane,
and upon saturation the vector 1 is perpendicular to
the field. Below the Morin point (in the antiferromag-
netic state), a sufficiently strong field (regardless of
its direction) leads to rotation (jumpwise or more
gradually, depending on the direction of the field) of
the vector 1 from the z axis of the crystal to the basal
plane (i.e., to a transition from the antiferromagnetic
to the weakly-ferromagnetic state), and in this case the
vector 1 is perpendicular to the field when H = Hc.
Much fewer studies have been made of the processes
of magnetization of hematite in the antiferromagnetic
region, in fields smaller than the field of transition
from the antiferromagnetic to the weakly-ferromagnetic
state. Recent theoretical and experimental investiga-
tions'**'2 have shown that upon magnetization of the
antiferromagnetic modification of hematite in a field
parallel to the trigonal axis of the crystal (z axis), the
transition from the antiferromagnetic to the weakly-
ferromagnetic state occurs jumpwise. If the field is
applied in the basal plane of the crystal, then, with in-
creasing field, the antiferromagnetism vector 1 first
rotates smoothly from the z axis in the plane perpen-
dicular to the field, and with further increase of the
field goes jumpwise to the basal plane. The critical
angle between the vector 1 and the z axis, at which
this jump takes place, depends strongly on the tem-
perature, and is close to /2 at temperatures 20—30°
lower than the Morin point. It must be noted that the
picture described here, of the behavior of 1 in magneti-
zation in the basal plane, was obtained with allowance
for only the interactions that are isotropic in this plane,
although at the present time it is not clear whether
such an assumption is valid.

MAGNETOELASTIC INTERACTION CONSTANTS OF
HEMATITE

Starting from the expression given in!?%! for the
thermodynamic potential & of the hematite, and as-
suming in it that the external stresses ojj are equal
to zero, we can obtain from the conditions

the following expressions for the strains ujj of the
single crystal of hematite in terms of the direction
cosines yj of the antiferromagnetism vector 1:

Uz = (K 4 M) v+ (K — M)v? + Ly2 + 2Nvyy2,
uyy = (K — M)y + (K + M)y,? + Ly — 2Nyyy.,

@)
U = R(v? + vi?) + Qv uxy = 2(Myxyy + Nyzys),

Use = 2(Uyxvy + VYxv2), wye = U(ys2 — vi?) + 2Vyyy..
Substituting these expressions in the well known
formula for the magnetostriction elongation in an arbi-
trary direction in the crystal, defined by the cosines

aj, we obtain
Al .
h=(). = Susen; = (@2 + ) (K—L) (1 —v?)
Yi%i o )
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+ (02 — )M (v« — v4?) + 2Nyyy:] + @2 (R — Q) (1 —v2?)
+ daxoy (Myxyy + Nyay:) + doxa, (Uyavy + Vysy:)
+ 20y [U (v=* — v4?) + 2Vyyy]. (3)

The magnetostriction constants contained in (3) are
expressed in the following manner in terms of the con-
stants of the magnetoelastic interaction §; and the
elastic modulus c;'®:

K—I —— 03(61 + (9)2) + 20463 N o= 0564 —_ 26565
2es(cs + 6) —2¢] ' 4es (¢ — o) — 2¢6?]
481 + 62) + (€1 -+ €3) 03 begds — (1 — c2)

R—(Q=

- “8les(er — ) 2667

fes(er +es)—2c8
4)

_ 2¢9(81 — B2) — (€1 ¢2) 0s
4les(er — c2) — 2¢¢]

Ce0s — €5 (81 — Oz)
2{es(cy — c2) — 2¢e?]

From formula (3), recognizing that upon saturation
the antiferromagnetism vector 1 lies in the basal
plane of the crystal and is perpendicular to the field,
we can express the saturation magnetostriction in the
weakly ferromagnetic region )\a,f and in the antiferro-
magnetic region )\gi in terms of the angle ¢ between
the x axis and the projection of the field H on the
basal plane:

AwtS = —M{(a.2 — a,2) (cos 29 — 2/3) + 20,0y sin 2¢)
— 2U{0x0; sin 29 + ay0, (cos 29 — 2/5) }, (3)

hafS = (a® + @) (K — L) 4+ (R — Q) a2 — M[(a.® — 04?)cos 2¢
=+ 2axay sin 2¢] — 2U {axa; sin 2¢ 4 aya, cos 2¢]. 6)

In formula (5) for the saturation magnetostriction in
a weakly-ferromagnetic state we took into account the
spontaneous striction: in the derivation of the equation
it was assumed that in the demagnetized state the
volumes of the domains with direction of the weakly
ferromagnetic moment along the three twofold axes in
the basal plane are the same. In real samples, such a
domain structure is usually not realized, owing to the
influence exerted on the position of the domain bounda-
ries by mechanical stresses, inclusions, and other
imperfections of the crystal structure. Therefore, to
eliminate the influence of the domain structure on the
results, we used in the calculation of constants from
magnetostriction data in the weakly ferromagnetic
state, as is customary, the difference between the
transverse and longitudinal saturation magnetostric-
tions.

Below T}, in the antiferromagnetic state, the anti-
ferromagnetic domain structure does not influence the
saturation magnetostriction (at H = Hg), for in this
case the directions of the antiferromagnetism vector
1 differ by 180° (1 is directed parallel or antiparallel
to the z axis).

Our measurements have shown that the saturation
magnetostriction of hematite in the weakly-ferromag-
netic and antiferromagnetic states is well described by
formulas (5) and (6). Figure 2 shows by way of an ex-
ample plots (experimental and theoretical) for the
transverse magnetostriction of samples out in the xz
and yz planes, the theoretical curves in this figure
being plotted by using the magnetostriction constants
determined from measurements of the saturation mag-
netostriction along other directions. From the data on
the saturation magnetostriction we determined the
constants M, U, K - L, and R - Q. It turns out that,

ar 10°

I AL
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FIG. 2. Saturation magnetostriction of hematite against the direc-
tion of the magnetic field (¢ — angle between the x axis and the projec-
tion of the field on the basal plane). A—difference between transverse
and longitudinal magnetostrictions, measured along the direction lying
in the yz plane at an angle 52° to the z axis; O—difference of transverse
and longitudinal magnetostrictions, measured along the direction lying
in the xz plane at an angle 40° to the z axis; 1, 2—theoretical curves
based on formulas (5) and (6).

within the limits of experimental accuracy (approxi-
mately 10%), these constant do not depend on the tem-
perature in the temperature interval 100—300°K. We
present the values of the magnetostriction constants
(multiplied by 10°):
K—L R—Q M U N v
5.6£0.6 —25+0.3 —3.4+£0.4 —8.241.0 £14+3 +10+4

From the data on the saturation magnetostriction it
is impossible, however, to determine the magnetostric-
tion constants N and V, which are the coefficients of
the terms of the form y,yi(i = x, y) in formula (3),
since these terms vanish both in the antiferromagnetic
(yx = yy = 0) and in the weakly-ferromagnetic
(yg = )ystate. They differ from zero only in the inter-
mediate state and cause the appearance of maxima and
minima on the x(H) curves when H < H¢ (see Fig. 1).
To calculate the constants N and V it is necessary to
know the dependence of the direction cosines yj on the
field. If it is assumed, as already mentioned, that upon
magnetizationof the antiferromagnetic modification of
hematite in the basal plane the vector of the antiferro-
magnetism 1 rotates in a plane perpendicular to the
field, and that the angle of deviation of the vector 1
from the z axis does not depend on the orientation of
the field in the basal plane relative to the axes x and y,
then the magnetostriction depends in the following
manner on the angle ¢ between the direction of the
field in the basal plane and the x axis:

b= {(a* + @) (K—~L) + (R—Q)a?
— [(a® — a,2) M + aya,U] cos 2¢
— [2ax0y,M 4 2a.a,U] sin 2¢} (1 — y2)
4+ 2{[ (a2 — a,2) N + 2Vay,a,] cos @
— [20x0yN + 20,0,V] sin @}y, J1T — y2. (7)

From the experimental dependence of the magneto-
striction on the field, plotted at measurements and
field directions such that the magnetostriction depends
onlyon 1 - yé, and there are no terms of the type
Yeyi™~ yg V1 - 72 (for example, if az = ax =0 and

@ = m/2), we can determine the dependence of 1 — 72
on the field. Knowing this dependence, we can calculate
the contribution made to the magnetostriction, meas-
ured at all other field orientations and measurement
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directions, on the terms proportionalto 1 - y%. Sub-
tracting this contribution from the experimentally ob-
served dependence x(H), we obtain the field dependence
of the part of the magnetostriction proportional to

vz V1 = yZ. Figure 3 shows the dependence of the
magnetostriction determined in this manner, propor-
tional to yz v 1 — 2, on the field. Since the maximum
value of the function y, v 1 — 72 is observed when the
antiferromagnetism vector 1 deviates by 45° from the
z axis and amounts to Y, it is possible to determine
the magnetostriction constants N and V from Fig. 3.

Since we do not know the direction of rotation of the
vector 1 in the field (clockwise or counterclockwise),
the values of N and V are determined apart from the
sign. It must be noted that the magnetostriction de-
scribed by terms of the type y; V1 — y2 should be odd:
it should reverse sign when the field is reversed. This
is connected with the fact that when the sign of the
field is reversed a change takes place in the direction
of rotation of the antiferromagnetism vector, and con-
sequently the sign of the projection of 1 on the basal
plane is reversed.

In addition, this magnetostriction should depend on
the antiferromagnetic domain structure by virtue of
the difference in the sign of y, for antiferromagnetic
domains with direction 1 parallel and antiparallel to
the z axis. Our experiments have shown, however,
that the odd magnetostriction is observed only in weak
fields (smaller than approximately 10 kOe), and in
stronger fields the magnetostriction does not depend
on the sign of the field. A similar phenomenon was ob-
served earlier in!*®'®), In these investigations, the
vanishing of the odd magnetostriction in fields of the
order of 10 kOe was attributed to realignment of the
antiferromagnetic domain structure in the field: the
application of such a field leads to the formation of a
one-domain antiferromagnetic structure, and the re-
versal of the sign of the field involves a change in the
sign of yz in the domain. In other words, only domains
with a definite orientation relative to the crystallo-
graphic axes and of the field are stable in the field.
Our results also agree with the proposed realignment
of the domain structure in the field.

Using the obtained values of the magnetostriction
constants and the values of the elastic moduli of
hematite as given by Voigt(zel, we determined by means
of formulas (4) the magnetoelastic interaction con-
stants of this antiferromagnet (in units of 10° erg/cm?®):

By 5
—3244

8 —3, 3 5, 55 86
17+2 —3,940,9 F78+£23 F56+13 3743

FIG. 3. Dependence of the magnetostric-
tion, which is proportional to yz+/1-7z7%, on
the field. T = 230°K. Curve 1—difference be-
tween the transverse magnetostriction, mea-
sured along the direction lying in the xz plane
at an angle 40° to the z axis, in a field H Iy,
and the longitudinal magnetostriction along
the same direction. Curve 2—difference be-
tween the transverse magnetostriction along
the y axis, in a field H |l x, and the longitu-
dinal magnetostriction in the same direction
(with a minus sign).
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CONTRIBUTION OF THE MAGNETOELASTIC INTER-
ACTION ENERGY TO THE MAGNETIC ANISO-
TROPY ENERGY OF HEMATITE

Knowing the constants 8j, we can estimate the in-
fluence of the energy of the magnetoelastic interaction
on the anisotropy energy of hematite, It follows from
Dzyaloshinskii’s work!"! that the anisotropy energy of
hematite, which depends on the orientation of the anti-
ferromagnetism vector 1relative to the crystallo-
graphic axes, can be written (accurate to terms of
fourth order in yi) in the form
U=V (= 1 L ) — (e — i) e

‘ 8)

E aHH3 =

Using the expression for the magnetoelastic
energy'®®] and formulas (2) derived above for the
dependence of the magnetostriction deformations on the
orientation of the antiferromagnetism vector, we can
obtain the following expression for the magnetoelastic
energy:

By = Yol 20,V + 485N + 26;(R — Q)] (1 — )
+ s[2(81 4 8,) (K — L) +2(84 — 8:) M — 48,V — 885V + 28U
— 20(R — Q)] (1 —v)? @)

1 1
+~2L~.[(51 — 0) NV - 8:M + 66V+?64U][(Yx +1,)% — (Y« — ivy) v

Comparing (8) and (9), we obtain for the magneto-
elastic contributions to the anisotropy constants the
expressions

Aa = [28V + 485N + 28:(R — Q) 1,
Ab == |2(84 + 82) (K — L) + 2(8; —8 2) M — 46,V — 88:N
+ 28U — 26:(R—0Q) 1,

Ag = [(8:— 8)N + 85M + 86V + 1:6.U]. (10)
From (10) we obtain, using the values of the mag-
netostriction constants and of the magnetoelastic inter-
action constants determined above, the following values
of the magnetoelastic additions to the anisotropy con-

stants of hematite:

Ae = — (47 + 2,8) -10° erg/cm®Ab = (8,3 == 6) -10° erg/cm’®
Ag =+ (1,1 £ 03)-10° erg/cm?®

The anisotropy constants a and b of hematite in the
antiferromagnetic phase at temperatures 20—30° below
the Morin point, are equal to approximately
10° erg/cm®*?! which is larger by two orders of mag-
nitude than the corresponding magnetoelastic additions,
and consequently in this temperature region the mag-
netoelastic interaction has no appreciable influence on
the properties of the hematite. However, near the
Morin point, where uniaxial anisotropy decreases
strongly, the influence of the magnetoelastic interac-
tion becomes more appreciable.

The addition to the constant g, due to the magneto-
elastic interaction, as well as the additions to the con-
stants a and b, is of the order of 10° erg/cm?® The
coefficient g characterizes the additional anisotropy
energy, which depends on the orientation of the projec-
tion of the antiferromagnetism vector on the basal
plane, and which appears in the case when the vector 1
is taken outside of this plane (see formula (8)). It was
indicated above that in calculations of the magnetic
properties of hematite in the antiferromagnetic state
it is customary to take into account only interactions
that are isotropic in the basal plane. A nonzero con-
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tribution of the magnetoelastic interaction to the con-
stant g, comparable in magnitude with the magneto-
elastic additions to the anisotropy constants a and b,
indicates that interactions that are anisotropic in the
basis plane must also be taken into account in the de-
scription of the behavior of the antiferromagnetic
modification of hematite in the field. One should also
note the fact that, as shown by an analysis of the ex-
pression given in'™ for the hematite energy, to explain
the realignment of the antiferromagnetic domain
structure observed in hematite in the field it is neces-
sary to assume that the interactions that are aniso-
tropic in the basal field differ from zero.

ON THE NATURE OF THE MAGNETOELASTIC
INTERACTION IN HEMATITE

Artman et al.'¥”} have shown that the magnetic
anisotropy of hematite is due to two causes: dipole-
dipole interaction and single-ion anisotropy. The dipole-
dipole interaction in the hematite was calculated to-
gether with its dependence on the parameters of the
crystal cell. On the basis of the data of!®] it is easy
to show that if the magnetoelastic interaction is due to
the dependence of the dipole-dipole interaction on the
interatomic distances, then the changes of the aniso-
tropy constant a due to the deformations along the x
and y axes in the basal plane (uxx =u y) and along the
z axis (ugzgz) should have the following values:

da 0

a
= —66-10°erg/cm® aua = 13-10%erg/cm®
t 44

Oiyn

On the other hand, using the relations obtained in!?* y

we can express the dependence of the anisotropy con-
stant a on the strains in the following manner in terms
of the magnetostriction constants and the elastic
moduli:
da
Oy

= —4[(K—L)(c1 + &)+ (R —Q)ed,
(11)
da

0u,,

Substituting in (11) the values of the elastic moduli
and the magnetostriction constants, we obtain for the
dependence of the anisotropy constants on the strains
values close to those given above:

= —2[2(K—L)ci+ (R — Q)cs].

da

Oy

= —(67+4)-10°erg/cm® _:L = (8 +2) -10%erg/cm?®
2543

Thus, it can be assumed that the magnetoelastic
interaction in hematite is due to the dependence of the
dipole-dipole interaction on the strains.

The authors are deeply grateful to K. P. Belov for
interest in the work and valuable advice, A. M.
Kadomtseva, V. I. Ozhogin, B. K. Ponomarev for
fruitful discussions, and R. A. Voskanyan for supplying
the samples for the measurements.
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