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Phase transitions in Heusler alloys with exchange inversion
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Abstract

Phase diagrams of the Heusler Ni–Mn–X (X ¼ In, Sn, Sb) alloys with exchange inversion are investigated. It is shown that a few

different types of the phase diagrams depending on the signs of phenomenological parameters of the Ginzburg–Landau functional are

obtained. In the diagrams there are thermodynamic paths, which can explain the experimentally observed sequences of the phase

transitions in Ni–Mn–X alloys.
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It is known that in some Heusler alloys a magnetoelastic
interaction lead to a change of sign of the exchange
interaction. In this case the phase transition occurs from
ferromagnetic state to antiferromagnetic one. In the
Heusler alloys this transition is accompanied with the
martensitic one. For instance this phenomena observed in
Ni–Mn–X (X ¼ In, Sn, Sb) Heusler alloys [1,2]. These
materials have much better mechanical properties. Stresses
of over 100MPa are generated in the external field of
70 kOe. Such stress levels are approximately 50 times larger
than that generated in the previous shape-memory alloys
[3]. These materials are interesting for engineering of
different devices and hence their potential for applications
is significantly enhanced.

According to the Ginzburg–Landau theory we can write
the free energy of a cubic antiferromagnet in the following
form [4]:
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Here ei are the linear combinations of the deforma-
tion tensor components, e1 ¼ (exx+eyy+ezz)/O3, e2 ¼

(exx�eyy)/O2, e3 ¼ (2ezz�eyy�exx)/O6, e4 ¼ exy, e5 ¼ eyz,
e6 ¼ ezx; M ¼ (M1+M2)/2M0, L ¼ (M1�M2)/2M0 are the
moduli of vectors of ferro- and antiferromagnetism, where
M1, M2 are the moduli of sublattice magnetization vectors
and M0 is the saturation magnetization; E is a coefficient
proportional to the thermal expansion coefficient, E0 ¼

(c11+2c12)/O3 is the bulk modulus, a1, b1, E1, c1 are the
linear combinations of the second-, third-, and fourth-
order elastic moduli, respectively, a1 ¼ c11�c12, b1 ¼

(c111�c112+2c123)/6O6, E1 ¼ (c111�c123)/2O3, c1 ¼

(c1111+6c1112�3c1122�8c1123)/48; Bi and Gi are the magne-
toelastic constants; K and K0 are the magnetic anisotropy
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constants; Ã, ~B, A1, ~D, D0 are the exchange interaction
parameters. Considering the case of antiferromagnetism we
should introduce the angle j between the magnetization
vectors M1 and M2. Neglecting the magnetic anisotropy
and anisotropic magnetoelastic interaction we renormalize
the coefficients of the expression (1) with the account of the
equilibrium values of the deformations e1, e4, e5, e6. As a
result we can obtain the following expression for the
density of the free energy:

F ¼ A cos jþ B cos2 jþD cos jðe22 þ e23Þ=2

þ aðe22 þ e23Þ=2þ be3ðe
2
3 � 3e22Þ=3
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For optimizing numerical calculations of the phase
diagrams we pass to the dimensionless variables for (2)

F̄ ¼ c3F=b4; ē2;3 ¼ ce2;3=jbj; Ā ¼ c3A=b4;

B̄ ¼ c3B=b4; ~D ¼ cD=b2; ā ¼ ca=b2
�

(3)

For the simplification we will use the redefined constants
without bars over them. The final expression for the density
of the free energy will reduce to the form

F ¼ A cos jþ B cos2jþD cos jðe22 þ e23Þ=2
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2
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To find all possible equilibrium states of Eq. (4), it is
necessary to minimize Ginzburg–Landau functional taking
into account all order parameters e2, e3, and j, which are
responsible for the structural and magnetic phase transi-
tions. The minimization of the functional (4) leads to nine
equilibrium states.

1. The FM cubic phase (FC) j ¼ 0, e2 ¼ e3 ¼ 0. It is stable
when Ap�2B, aX�D.

2. The FM tetragonal phase (FT) j ¼ 0, e2 ¼ 0,
e3 ¼ eT ¼ (–sign b7(1�4(a+D))1/2)/2.

3. The FM orthorhombic phase (FR) j ¼ 0, e2
2
¼ 3e3

2,
e3 ¼ eR ¼ (sign b7(1�4(a+D))1/2)/4.

The FM tetragonal and orthorhombic phases
have the same region of stability which is bordered
by the following inequalities Ap�2B�(D/8)(1+(1�4
(a+D))1/2)2 and ap1/4�D.

4. The AFM cubic phase (AFC) j ¼ p, e2 ¼ e3 ¼ 0. It is
stable when AX2B, aXD.

5. The AFM tetragonal phase (AFT) j ¼ p, e2 ¼ 0,
e3 ¼ eAT ¼ (–sign b7(1�4(a�D))1/2)/2.

6. The AFM orthorhombic phase (AFR) j ¼ p, e2
2
¼ 3e3

2,
e3 ¼ eAR ¼ (sign b7(1�4(a�D))1/2)/4.

The AFM tetragonal and orthorhombic phases have
the same region of stability which is bordered by the
following inequalities AX2B�(D/8)(1+(1�4(a�D))1/2)2

and ap1/4+D.
7. The AFM angular cubic phase (CAFC) cosj ¼ �A/2B,

e2 ¼ e3 ¼ 0. It is stable when AX�2B, Ap2B, BX0,
aXDA/2B.

8. The AFM angular tetragonal phase (CAFT) cosj ¼
�(A+De3

2/2)/2B, e2 ¼ 0, e3 ¼ eCT ¼ (�sign b7
(1�4a0c0)1/2)/2c0.

9. The AFM angular orthorhombic phase (CAFR)
cosj ¼ �(A+D(e2

2+e3
2)/2)/2B, e2

2
¼ 3e3

2, e3 ¼ eCR ¼

(sign b7(1�4a0c0)1/2)/4c0.

The AFM angular tetragonal and orthorhombic phases
have the same region of stability which is bordered by
the following inequalities AX�2B�(D/8)(1+(1�4(a+
D))1/2)2, ap1/4�D, Ap2B�(D/8)(1+(1�4(a�D))1/2)2,
ap1/4+D, AX2Ba/D�B/(2c0D) and BXD2/4. Here a0 ¼

a�DA/2B and c0 ¼ 1–D2/4B.
The sign of the parameter b determines only the sign of

e3 deformations and does not change the type of the phase
diagram. With b40 e3 deformations are positive in FR,
AFR, CAFR phases and they are negative in FT, AFT,
and CAFT ones. With bo0 the signs of e3 deformations in
these phases are inverse. The stability regions of the phases
also prove that angular antiferromagnetic phases exist only
with positive values of the parameter B. When the
parameter B is negative in alloys with the inversion of
exchange interaction six possible states can exist: three
ferromagnetic (FC, FT, FR) and three antiferromagnetic
(AFC, AFT, AFR) phases. The angular CAFT and CAFR
phases occur when BXD2/4.
Lines of phase transitions can be determined from

equality of energy of phases. They have form
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4–5(6) a ¼ 2/9+D;
4–7 A ¼ 2B;
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7–8(9) A ¼ 2Ba/D�4B/(9Dc0).

The phase (A–a) diagram for the case when Bo0, D40 is
schematically presented in Fig. 1. Here and below solid
lines correspond to the lines of phase transitions and
dashed lines determined the regions of phase stability.
From Fig. 1 follow that in this case six possible states can
exist: FC, FT, FR, AFC, AFT and AFR. The FC phase is
stable in the region bordered with LG and GW lines. The
AFC phase is stable in the region placed to the right of PM
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