
ISSN 0021-3640, JETP Letters, 2007, Vol. 85, No. 11, pp. 560–564. © Pleiades Publishing, Ltd., 2007.
Original Russian Text © V.D. Buchel’nikov, S.V. Taskaev, M.A. Zagrebin, P. Entel, 2007, published in Pis’ma v Zhurnal Éksperimental’no

 

œ

 

 i Teoretichesko

 

œ

 

 Fiziki, 2007, Vol.
85, No. 11, pp. 689–693.

 

560

 

Studies on the properties of ferromagnetic Heusler
alloys remain of considerable current interest because
these alloys exhibit the magnetic shape memory effect
in the ferromagnetic state and the giant magnetocaloric
effect [1, 2]. The properties of the Ni–Mn–Ga Heusler
alloys have been best studied to date. In these alloys, a
structural (martensitic) phase transition from the high-
temperature cubic (austenitic) phase to the low-temper-
ature tetragonal (martensitic) phase and a magnetic
phase transition from the paramagnetic phase to the fer-
romagnetic phase occur. In this case, the martensitic
transformation can take place at a temperature that is
either higher or lower than the Curie temperature. The
structural and magnetic phase transitions coincide in
some compositions [3, 4]. In this case, the above prop-
erties of the Ni–Mn–Ga alloys are most pronounced.

Recently, it was found that a structural phase transi-
tion accompanied by a transition from the ferromag-
netic phase to the antiferromagnetic phase can occur in
the Heusler alloys in addition to the magnetic phase
transition from a paramagnetic to a ferromagnetic
phase. It is likely that such a situation was observed in
the Ni

 

45

 

Co

 

5

 

Mn

 

36.6

 

In

 

13.4

 

 Heusler alloy [5].
The phase diagrams of Ni–Mn–Ga alloys have been

studied in sufficient detail [4, 6]. In a theoretical study
of phase transitions in the Ni–Mn–Ga alloys, it was
assumed that the sign of the exchange interaction
remained unchanged in magnetically ordered phases;
that is, all of the structural phases were ferromagnetic
phases. It is well known that there are substances in
which the magnetoelastic interaction can result in a
change (inversion) of the sign of the exchange interac-
tion [5, 7–9]. In these substances, a phase transition
from a ferromagnetic phase to an antiferromagnetic

phase occurs as the temperature is decreased. In the
Heusler alloys, this transition is accompanied by a
structural phase transition.

In this work, the phase diagrams of the Heusler
alloys, in which the inversion of the exchange interac-
tion can occur, are studied using the Landau theory of
phase transitions.

Let us consider a two-sublattice antiferromagnetic
structure with cubic symmetry. The free-energy density
of the antiferromagnet can be written in the form
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netism vectors, respectively; M1 and M2 are the sublat-
tice magnetization vectors; H is the magnetic field
intensity; ei are the linear combinations of the strain

tensor components, e1 = (exx + eyy + ezz)/ , e2 = (exx –

eyy)/ , e3 = (2ezz – eyy – exx)/ , e4 = exy, e5 = eyz, and
e6 = ezx; E is a coefficient proportional to the thermal

expansion coefficient; E0 = (c11 + 2c12)/  is the bulk
modulus; a, b, E1, and c are the linear combinations of
second-, third-, and fourth-order elastic moduli, respec-

tively: a = c11 – c12, E1 = (c111 – c123)/2 , b = (c111 –

3c112 + 2c123)6 , and c = (c1111 + 6c1112 – 3c1122 –
8c1123)/48.

Let us consider the case where the sublattice magne-
tizations of the antiferromagnet are equal in magnitude

and constant:  =  = . Under this condition, a
magnetic subsystem can be described using a single
variable ϕ, an angle between the antiferromagnetic sub-
lattice magnetizations. In this work, in order to simplify
the problem, we consider only the isotropic magnetic
subsystem; that is, we ignore the magnetic anisotropy

(K = K' = 0) and the anisotropic magnetostriction (
and Gi, i = 1, 2) in Eq. (1). In this approximation, after
the energy minimization of Eq. (1) with respect to the
order parameters e1, e4, e5, and e6, which are not respon-
sible for the phase transitions under consideration; the
elimination of these parameters from energy (1); and
the introduction of the angle ϕ, an expression for the
free energy of the antiferromagnet can be significantly
simplified and written in the form

(2)

Here, the parameters A, B, and D, which have the
dimensions of energy density, are expressed in terms of
dimensionless constants in energy density (1) and the
square of the saturation magnetization M0. To simplify
the calculations, we pass to dimensionless quantities.
For this purpose, we redetermine parameters and vari-
ables in energy (2) as follows:

(3)

Henceforth, the redefined parameters and variables are
given without overlines. The final expression for the
free-energy density takes the form

(4)

The above rearrangement allowed us to eliminate
the parameters c and b from the expression for energy.
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The function  is necessary for taking into account
the sign of the parameter b. In the subsequent discus-
sion, we assume that the generalized fourth-order elas-
tic modulus is c > 0.

To find all of the equilibrium states, functional (4)
should be minimized with respect to the remaining
order parameters e2, 3 and ϕ. The minimization resulted
in nine equilibrium states, in which the test system can
occur, namely:

(1) The ferromagnetic cubic (FC) phase
ϕ = 0, e2 = e3 0

is stable at A ≤ –2B and a ≥ –D.
(2) The ferromagnetic tetragonal (FT) phase

ϕ = 0, e2 = 0,

(3) The ferromagnetic rhombic (FR) phase

The FT and FR phases are stable at A ≤ –2B –

(D/8)(1 + )2 and a ≤ 1/4 – D.
(4) The antiferromagnetic cubic (AFC) phase

ϕ = π, e2 = e3 =0

is stable at A ≥ 2B and a ≥ D.
(5) The antiferromagnetic tetragonal (AFT) phase

ϕ = π, e2 = 0,

(6) The antiferromagnetic rhombic (AFR) phase

The AFT and AFR phases are stable at A ≥ 2B –

(D/8)(1 + )2 and a ≤ 1/4 + D.
(7) The canted antiferromagnetic cubic (CAFC)

phase

is stable at A ≥ –2B, A ≤ 2B, B ≥ 0, and A ≤ 2Ba/D.
(8) The canted antiferromagnetic tetragonal (CAFT)

phase

(9) The canted antiferromagnetic rhombic (CAFR)
phase
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The CAFT and CAFR phases are stable at A ≥ –2B –

(D/8)(1 + )2, a ≤ 1/4 – D; A ≤ 2B –

(D/8)(1 + )2, a ≤ 1/4 + D; A ≥ 2Ba/D –
B/2 D, B ≥ D2/4. Here,  = a – DA/2B and  = 1 –
D2/4B.

From an analysis of phase stability regions, it fol-
lows that the sign of the parameter b is responsible for
only the sign of tetragonal strains e3 in phases, and it
has no effect on the shape of phase diagrams. At b > 0,
the strains e3 are positive in the FR, AFR, and CAFR
phases and negative in the FT, AFT, and CAFT phases.
At b < 0, the signs of the strains e3 in the given phases
are reversed. The phase stability regions also suggest

e3 eCR b 1 4ãc̃–±sgn( )/4c̃.= =

1 4 a D+( )–

1 4 a D–( )–
c̃ ã c̃

that canted antiferromagnetic phases occur only at the
positive values of the parameter B. At the negative val-
ues of the parameter B in alloys with the inversion of
the exchange interaction, six states can occur: three fer-
romagnetic (FC, FT, and FR) and three antiferromag-
netic (AFC, AFT, and AFR) states. The CAFT and
CAFR phases occur at B ≥ D2/4.

The lines of phase transitions can be determined
from a comparison of phase energies. They have the
following forms:

Figures 1a and 1b schematically represent phase
diagrams in the A–a coordinates in the cases of B < 0,
D > 0 and B < 0, D < 0, respectively. Henceforth, solid
lines in phase diagrams are the lines of phase transitions
and dashed lines show the boundaries of stability
regions. In Fig. 1, it can be seen that the following six
equilibrium states can occur in an alloy at B < 0: FC, FT
(FR), AFC, and AFT (AFR). The FC phase is stable in
the region restricted by the lines LG and GW. The AFC
phase is stable in the region on the right of the line PM
and above the line MY. The FT and FR phases are stable

1–2(3): a 2/9 D;–=

1–4: A 0;=

1–5(6): A 1/24( ) eAT
3 2 3 eAT–( );=

1–7: A 2B;–=

1–8(9): A 2B– 1/3( )B eCT
3 2 3c̃ eCT–( ),±=

A 2Ba/D 4B/9Dc̃;–≤

2–4: A 1/24( ) eT
3 3 eT 2–( );=

2–5(6): A = 1/24( ) eAT
3 2 3 eAT–( ) eT

3 2 3eT–( )–( );

2–7: A 1/3( )B eT
3 3 eT 2–( ) 2B,–±=

a 2/9≤ D;–

2–8(9): A ( 1/3( )B[ eCT
3 2 3c̃ eCT–( )±=

– eT
3 2 3 eT–( )])

1/2
2B,–

eCT
3 2 3c̃ eCT–( ) eT

3 2 3 eT–( ) 0;≥–

4–5(6): a 2/9 D;+=

4–7: A 2B;=

4–8(9): A 2B 1/3( )B eCT
3 2 3c̃ eCT–( ),±=

A 2Ba/D 4B/9Dc̃; a 2/9 D+≤ ;–≤

5–8(9): A ( 1/3( )B[ eCT
3 2 3c̃ eCT–( )±=

– eAT
3 2 3 eAT–( )])

1/2
2B,+

7–8(9): A 2Ba/D 4B/Dc̃.–=

Fig. 1. Schematic phase diagrams for B < 0 and (a) D > 0
and (b) D < 0.
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in the region restricted by the lines EH and HJ. The
AFT and AFR phases are stable in the region on the left
of the line SN and above the line NX. From Fig. 1, it fol-
lows that the following phase transitions can occur in
the phase diagram: from the FC phase to the AFC phase
on the line OU; a phase transition from the FC (Fig. 1a)
or AFC phase (Fig. 1b) to the AFT (AFR) (Fig. 1a) or
FT (FR) phase (Fig. 1b), respectively, on the line OI; a
phase transition from the FC (Fig. 1a) or AFC phase
(Fig. 1b) to the FT (FR) (Fig. 1a) or AFT (AFR) phase
(Fig. 1b), respectively, on the line IK; and a phase tran-
sition from the AFC (Fig. 1a) or FC phase (Fig. 1b) to
the AFT (AFR) (Fig. 1a) or FT (FR) phase (Fig. 1b),
respectively, on the line OQ. A phase transition
between the AFT (AFR) and FT (FR) phases along the
line VI also takes place. All of the above transitions are
first-order phase transitions.

Let us consider the path ZZ’ in Fig. 1a. Figure 2
shows the dependence of the order parameters e2 and e3
and the energy F on the parameter A along this path. It
can be seen that the FC phase is converted into the AFT
or AFR phase by a first-order phase transition on the
line IO. The transition is accompanied by an abrupt
change in the order parameter e3 (and e2 in the transi-
tion to the AFR phase) (Fig. 2). Note that this transition
was observed experimentally by Kainuma et al. [5] in a
Ni–Co–Mn–In alloy. From the results obtained by Kai-
numa et al. [5], it follows that magnetization in a low-
temperature phase was practically equal to zero even in
a comparatively strong magnetic field of 70 kOe (see
Fig. 1 in [5]) and a pronounced hysteresis was observed
in the transition. This suggests that, indeed, a first-order
phase transition from the FC phase to the AFT (AFR)
phase takes place in the Ni–Co–Mn–In alloy. Kainuma
et al. [5] noted that a low-temperature phase in the Ni–
Co–Mn–In alloy was modulated and exhibited mono-
clinic distortions. Here, we ignore the effect of crystal
lattice modulation on phase diagrams [1, 4]. However,

monoclinic distortions may be due to anisotropic mag-
netostriction, which was ignored here. The complete
analytic solution of this problem is impossible with
consideration for anisotropic magnetostriction. The
effects of crystal lattice modulation and anisotropic
magnetostriction on phase diagrams will be reported
elsewhere.

Figures 3a and 3b show phase diagrams for the cases
of B > 0, D > 0 and B > 0, D < 0. It can be seen that,
indeed, all of the nine equilibrium states can occur in an
alloy at B > 0.

The FC phase is stable in the region restricted by the
lines XQ and QT. The AFC phase is stable in the region
on the right of the line HR and above the line HH’. The
FT and FR phases are stable in the region restricted by
the lines KJ and JY. The AFT and AFR phases are stable
in the region on the left of the line GU and above the
curve MU. The CAFC phase is stable in the region on
the right of the line HQ and between the lines HH’ and
QT. Finally, the CAFT and CAFR phases occur in the
region on the left of the curve JU and between the

Fig. 2. Strains e3 and (bottom inset) e2 and (top inset) the
energy density F vs. the parameter A in the thermodynamic
path ZZ’ (Fig. 1) at B = –5 and D = 1.

Fig. 3. Schematic phase diagrams for B > 0 (B > 4D2) and
(a) D > 0 and (b) D < 0.
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curves MU and KJ. From Fig. 3, it follows that the fol-
lowing phase transitions can occur in a phase diagram
at B > 0: a second-order phase transition from the FC
phase to the CAFC phase on the lines PN (Fig. 3a) and
SN (Fig. 3b); a first-order phase transition between the
FC and FT (FR) phases on the line WS; a first-order
phase transition from the FC phase to the CAFT
(CAFR) phase (Fig. 3a) or from the FT (FR) phase to
the CAFC phase (Fig. 3b) on the line SP; a second-
order phase transition between the AFC and CAFC
phases along the lines OV (Fig. 3a) and IV (Fig. 3b); a
first-order phase transition from the AFC phase to the
AFT and AFR phases along the line LO; a first-order
phase transition from the CAFC phase to the AFT
(AFR) phase (Fig. 3a) or from the AFC phase to the
CAFT and CAFR phases (Fig. 3b) along the OI line; a
first-order phase transition between the CAFC and
CAFT (CAFR) phases on the line IP; a second-order
phase transition from the AFT (AFR) phase to the
CAFT (CAFR) phase on the lines EI (Fig. 3a) and EO
(Fig. 3b); and a second-order phase transition between
the FT (FR) and CAFT (CAFR) phases on the lines ZS
(Fig. 3a) and ZP (Fig. 3b).

Recall that the CAFT (CAFR) phase occurs only at
B ≥ D2/4; therefore, phase diagrams do not contain the
above phases when the reverse inequality is satisfied. In
the latter case, phase diagrams can be constructed in
accordance with the lines of the loss of phase stability
and the above lines of phase transitions. They are
beyond the scope of this communication.

Note that, as follows from Fig. 3a, a transition from
the high-temperature FC phase to the CAFT (CAFR)
phase can occur in alloys with the inversion of the
exchange interaction (Fig. 3a, line SP). In this transi-
tion, magnetization in the antiferromagnetic phase is
lower than that in the ferromagnetic phase but much
higher than magnetization in the antiferromagnetic
phase in the FC–AFT (AFR) transition shown in Fig. 1a
(line OI). This is due to the fact that the ferromagnetism
vector M = M1 + M2 is nonzero in the CAFT (CAFR)
phase, whereas it is equal to zero in the AFT (AFR)
phase. It is likely that the FC–CAFT (CAFR) transition
was observed experimentally in Ni–Mn–Sn, Ni–Mn–
In, and Ni–Mn–Sb alloys [10–12], in which weak-field
magnetization in a low-temperature phase is nonzero
but remains much lower than that in a high-temperature
ferromagnetic phase in comparatively strong fields.

Thus, in this work, the phase diagrams of the Heu-
sler alloys in which the inversion of the exchange inter-

action can occur have been theoretically analyzed using
the phenomenological Landau theory of phase transi-
tions. It has been shown that the shape of phase dia-
grams in these alloys depends on the magnitudes and
signs of parameters in the Landau functional. At certain
magnitudes and signs of the parameters of the Landau
functional, the resulting phase diagrams exhibit ther-
modynamic paths that make it possible to explain the
experimentally observed phase transitions in the Ni–
Co–Mn–In, Ni–Mn–In, Ni–MN–Sn, and Ni–MN–Sb
Heusler alloys [5, 10–12].
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