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The thermodynamic theory of weak ferromagnetism was first constructed by Dzyaloshinskii
with hematite (oo—Fe203) as an example [1]. The properties of hematite in the antiferromag-
netic state (below the transition point TK = 253°K) and for a transition in a field from the
antiferromagnetic to the weakly-magnetic state were investigated both theoretically and ex-
perimentally in the subsequent papers [2-7]. The authors of the theoretical papers [6,7] con-
sidered a uniaxial antiferromagnet with a Dzyaloshinskii interaction and took into account
only the first uniaxial-anisotropy constant. However, investigations of hematite in strong
magnetic fields [4,5] have showr; that the theoretical equations of [6,7] do not agree with
the experimentally obtained dependences of the magnetization of hematite in the basal plane
(ml) on the field in the basal plane (H l) (for T < TK). In [6,7] they predicted a linear de-
pendence of m | on H 12 whereas the experimental curves are nonlinear. Owing to the nonlineari-
ty of the magnetization curves, the experimental values of the fields of transition from the
antiferromagnetic to the weak-ferromagnetic state upon magnetization in the basal plane are
smaller than those calculated theoretically [k].

According to a hypothesis advanced in [6], the magnetization curve rnl(H 1) near the
transition point is strongly influenced by the second constant of uniaxial anisotropy.

We shall show below that Dzyaloshinskii's thermodynamic theory [1] explains the experi-
mental magnetization curves of hematite, provided the second uniaxial-anisotropy constant is
taken into account, and that allowance for this constant is essential at temperatures much
lower than TK'

The expansion of the thermodynamic potential in this case is
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Here (a/2)sin29 + (b/h) sin29 is the energy of the uniaxial anisotropy, where a and
b are the first and second uniaxial-anisotropy constants and 6 1s the angle between the
direction of the antiferromagnetism vector and the trigonal axis; (B/2)m2 is the second-order

exchange term; gm lsin 6 18 the "mixed" term responsible for the weak ferromagnetism; ml and

m, are the components of the magnetic moment m in the basal plane and along the trigonal

1
axis, respectively; (c/2)m‘2‘ is the second-order magnetic-anisotropy term, and (D/2)ml2‘cosee

is the fourth-order exchange term; H and H“ are the components of the magnetic field inten-

sity in the basal plane and along thé trigonal axis, respectively.

In the expansion of the thermodynamic potential (1), we neglected the anisotropy in
the basal plane, since it is insignificant (the effective anisotropy field in the basal plane
does not exceed 1 Oe [8]).

For magnetization along the trigonal axis we obtain from (1)
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where
cos & =0 for H, > H (3)
and
cos § = 1 for H < Hy. (4)
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Here HK is the field of the first-order phase transition from the antiferromegnetic
state to the weakly-magnetic state in magnetization along the trigonal axis:
2 b

B
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For magnetization in the basal plane we get from (1)
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From (6) and (8) we see that allowance for the second-anisotropy constant leads to a
nonlinear dependence of the magnetization in the basal plane on the field. Analysis of (6)
and (8) shows also that the transition from the antiferromagnetic into the weakly-magnetic
state in the field Hi cen oceur either smoothly (second-order phase transition) or jumpwise
(first-order phase transition), depending on the ratio of the anisotropy constants a and b,
and also of the parameters gq and B.

If a>0 and b < 0, as is the case for hematite at T < TK’ then under the condition

a - q2/8B

oy 21 (9)

the transition from the antiferromagnetic to the weakly-ferromagnetic state in the field Hl
is smooth (second-order phase transition) and the transition field is equal to

B
HUI - (a - q2/B+b), (10)
q
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the transition from the antiferromagnetic into the weakly-magnetic state in the field HL
occurs jumpwise (first-order phase transition) and the transition field is equal to
. 2 B [(a-q/B (12)
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We note that hysteresis occurs in the case of a first-order phase transition and the reverse
transition from the weakly-ferromagnetic into the antiferromagnetic state should occur at a
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different field value, HgI. Since the experiment yields directly the values of the fields
of the transition H, and Hos it is more convenient to express conditions (9) and (11) in the

K
form
B+c
Second order transition —_—) 21 (13)
HZ. B D

K
Ho q B+c

First order transition 1,25 —(B+C)(1+ )< 1. (1k)
H%{B D

According to our measurements of the magnetization [4], the values of the parameters
are: B=5.2x 10"‘ g/cm3, Q= 2.2x 10)‘l G, c=6x 103 g/cm3, and D = 16.5 x 107 g/cm3.
Using the values of the transition fields H.K and HO from (4] we can assess, from the condi-
tions (13) and (14), the character of the transition from the antiferromaegnetic to the weakly-
ferromagnetic state in the field H % Our calculations show that above 200°K this transition
is of first order. Below this temperature, the quantity

B+c
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Hﬁg

) (15)

is equal to 1 within the limits of error, so that the character of the phase transition at
T < 200°K cannot be determined.

Figure 1 shows plots of the anlsotropy constants a and b against the temperature,
as calculated from formulas (5) and (10) (or (12)), using the values of the parameters B, q,
¢, and D given above and the values of HO and HK from {4]. In the temperature intervel
110 - 230°K, the ratio of the second anisotropy constant to the first is=-0.3.

Figure 2 shows the theoretical plots of the magnetization in the basal plane with al-
lowance for two anisotropy constants, and the experimental values of the magnetization from
[4]. For comparison it shows also the theoretical mi(H 1) plot with account of only one an-
isotropy constant. It 1s seen that allowance for the second anisotropy constant leads to
good agreement between theory and experiment, and that this allowance is essential at temper-
atures much lower than the transition temperature.
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