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Ferromagnetism of thermoelastic martensites: Theory and experiment
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A consistent consideration of ferromagnetic alloys undergoing a cubic-tetragonal martensitic transformation
on cooling is carried out within the framework of Landau theory. The concept of two different Curie tempera-
tures, corresponding to the parent~austenitic! and resultant~martensitic! phases, is substantiated by taking into
account the volume magnetostriction of an alloy. The difference in these two temperatures is evaluated for
different alloys from the Ni-Mn-Ga family typifying ferromagnetic martensites. A statistical dispersion of the
local Curie temperatures reflecting the heterogeneity of martensitic states is introduced. The qualitatively
different temperature dependencies of the magnetization are predicted theoretically and observed experimen-
tally under an applied magnetic field of about 10 kOe. Quantitative agreement between the theoretical and
experimental curves is achieved.
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I. INTRODUCTION

A large number of metallic alloys undergo a martens
phase transformation associated with the spontaneous d
mation of the crystal lattice below the transformation te
peratureTm ~see, e.g., Refs. 1–3!. The high-temperature cu
bic phase~austenite! is spatially homogeneous, while th
low-temperature state~martensite! is inhomogeneous. In the
often encountered case of the cubic-tetragonal marten
transformation ~MT! the microstructure of martensite
formed by the elastically self accommodated domains of
tragonal crystal lattice~martensitic variants! with the princi-
pal axes oriented along@100#, @010#, or @001# directions. The
quasiequilibrium state of the alloy formed by the se
accommodated martensitic variants is referred to as the t
moelastic martensite.

Some martensitic alloys exhibiting a cubic-tetragonal M
are ferromagnetic with a Curie temperatureTC , which can
be higher or lower thanTm . The well-pronounced magneti
and magnetoelastic anomalies accompanying the marten
transformations in Ni-Mn-Ga, Fe-Pt, and Fe-Pd alloys w
Tm,TC have been the subject of the intense experime
studies.4–10 In particular, the sharp changes of the sponta
ous magnetization,4,5 magnetic susceptibility6 and
magnetostriction7 of Ni-Mn-Ga alloys were observed in th
vicinity of Tm .

Further theoretical treatment of experimental results m
clear the considerable role of the interaction between
order parameters of martensitic and ferromagnetic ph
transformations in the ferromagnetic properties
martensites.11,12 The effect of the random heterogeneity
the alloy on its thermodynamic and magnetic properties w
also studied.13,14

A giant magnetostrain effect~GMSE!, observed first in
Ref. 8, is the most fascinating manifestation of the magne
0163-1829/2003/67~6!/064407~6!/$20.00 67 0644
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elastic interaction in ferromagnetic martensites. The GM
is a strong deformation of an alloy in the moment of ma
netic field application. The effect is caused by the fie
stimulated variation of martensitic microstructure.8,9 The first
observation of the GMSE brought about an avalanche
studies mainly devoted to a simple theoretical modeling
the GMSE and an experimental realization of the maxim
values of the field-induced strains~see, e.g., Refs. 9, 15 an
16!. As a result, the strain values close to the theoretical li
were reported recently for Ni-Mn-Ga alloys typifying th
ferromagnetic martensites.16 Thus, substantial progress in th
applied studies dealing with the GMSE has been achieve

In contrast, the fundamental aspect of the problems
lated to the ferromagnetism of martensites is not comple
clear till now. This is owing to the complexity and the larg
variety of magnetic and magnetoelastic properties inheren
the different martensitic structures~in particular, those ob-
served in the Ni-Mn-Ga alloy system!. In this respect, the
important objective is an understanding of the magnetic
magnetoelastic behavior of the various martensitic pha
based on a small number of energy parameters and mag
characteristics of the parent cubic phase. To tackle this p
lem a consistent theoretical consideration of the ferrom
netic martensites, resulting in an evaluation of their ba
magnetic and magnetoelastic energy parameters, is ca
out in the present paper. Detailed experimental and theo
cal studies of the unusual temperature dependencies of m
netization inherent to the different alloys belonging to t
Ni-Mn-Ga alloy family are carried out. The difference in th
magnetic characteristics of the alloys withc/a,1 andc/a
.1 is emphasized and evaluated numerically~wherea andc
are the parameters of tetragonal lattice!.

II. GENERAL CONSIDERATIONS

A martensitic transformation with the transformation tem
peratureTm is accompanied by a variation in the interatom
©2003 The American Physical Society07-1
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distances, and therefore, the intensity of the spin excha
interaction is different for the parent and martensitic phas
As a result, the Curie temperatureTCA of the parent~auste-
nitic! phase must be different from the Curie temperature
the martensitic phaseTCM , and so the following cases ar
possible:9

~i! Tm,TCA,TCM ,
~ii ! Tm,TCM,TCA ,
~iii ! TCA,Tm,TCM ,
~iv! TCA,TCM,Tm ,
~v! TCM,TCA,Tm ,
~vi! TCM,Tm,TCA .
We emphasize here that in cases~i!–~v! only one of the
above-mentioned Curie temperatures is the real tempera
TC of the ferromagnetic ordering of an alloy; thus the fo
lowing possibilities exist:
~a! TC5TCA ~i! and ~ii !
~b! TC5Tm ~iii !
~c! TC5TCM ~iv! and ~v!.
Case~vi! looks very exotic, because it provides for the po
sibility of the phase transition sequenceparamagnetic
austenite–ferromagnetic austenite–paramagnetic martensite
–ferromagnetic martensite~on cooling!.

The existence of the ‘‘virtual’’ Curie temperaturesTCM
@possibility ~a!#, TCM , TCA @possibility ~b!# or TCA @possi-
bilities ~b! and~c!# must affect the magnetic properties of a
alloy, particularly the temperature dependence of the a
magnetization. The dependencies corresponding to cases~i!–
~vi! are illustrated in Fig. 1. These dependencies demons
the jumps in magnetization, which accompany the marte
tic transformation occurring in the ferromagnetic phase, a
the high-temperature ‘‘tails’’ of magnetization, which occ
when the ferromagnetic order arises in the martensitic ph
It will be shown in this paper that the jump of magnetizati
is related to the difference in the Curie temperatures of
phasesTCA2TCM and the tails are caused mainly by th
spatial heterogeneity of martensite. It will be proved th
cases~i! and ~v! provide a very good theoretical descriptio
of the temperature dependencies of magnetization meas
for three different alloys from the Ni-Mn-Ga family.

III. MAGNETOELASTIC MODEL OF FERROMAGNETIC
MARTENSITE

A magnetoelastic model of ferromagnetic martensite11,12

uses the Landau approach to describe the magnetic pro
ties of an alloy and starts from the following expression
the free energy:

F5Fe1Fm1Fme, ~1!

consisting of the elastic, magnetic and magnetoelastic te
(Fe , Fm , and Fme, respectively!. The energy@Eq. ~1!# is
invariant under the symmetry group of the paramagnetic
bic phase of an alloy. The cumbersome expression for
elastic energyFe consists of terms of the second, third a
fourth orders in strain tensor components and can be fo
in Refs. 17 and 18. The magnetic energy can be appr
mated by the formula9,14
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Fm5Jy2/21M2~m•D•m!2mHM , ~2!

where the first, second, and third terms express the excha
magnetostatic and Zeeman energies respectively, andJ is the
spin exchange parameter. The dimensionless variabley
5M (T)/M (0) andm5M (T)/M (T) characterize the abso
lute value and direction of the magnetization vectorM . The
energy terms of the forth order in magnetic vector comp
nents are regarded as comparatively small, and therefore
omitted. ~This simplification of the theory will be justified
below.!

Since the cubic-tetragonal MT is described by the dia
nal components of a strain tensor, the magnetoelastic en
is expressed as11,12,14

Fme52d0y2u12d1@)~mx
22my

2!u21~2mz
22my

22mx
2!u3#,

~3!

where

u15~«xx1«yy1«zz!/3,

u25)~«xx2«yy!, u352«zz2«yy2«xx ,

The minimization of the energy@Eq. ~1!# carried out in Refs.
11 and 12, leads to the following conclusions.

A ferromagnetic ordering of the cubic parent phase is
companied by the spontaneous magnetostriction with the
evant volume change 3u1;d0 /(C1112C12) and the shear
strains« i i

me;d1 /C ~standard notation for the elastic modul

FIG. 1. Different types of the temperature dependence of
magnetization, which are possible for the ferromagnetic alloys
dergoing a martensitic transformation~solid lines!. The dotted and
dashed lines show the supposed magnetization curves for the l
phases.
7-2
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is used here!. In the case when a spontaneous ferromagn
moment is directed alonĝ100&, the strains« i i

me reduce the
symmetry of the crystal lattice from cubic to tetragonal.

A cubic-tetragonal martensitic transformation of the pa
magnetic phase is accompanied by the spontaneous st
« i i

M . The strains inherent in thei-variant of a tetragonal mar
tensite with the principal crystallographic axis aligned withi
coordinate direction are18

«zz
M'u0/3, «yy

M 5«xx
M '2u0/6 for the z variant,

«yy
M 'u0/3, «zz

M5«xx
M '2u0/6 for the y variant,

«xx
M 'u0/3, «yy

M 5«zz
M'2u0/6 for the x variant,

where the parameteru0!1 is related to the lattice param
etersa andc of the tetragonal phase asu0'2(c/a21). One
can see that the sum of the strain tensor components is
proximately equal to zero. It means thatu1 is of the order of
u0

2 ~for further details see Refs. 18 and 19!.
In the ferromagnetic martensitic phase both« i i

M and « i i
me

strains exist, and therefore« i i 5« i i
M1« i i

me. It should be
stressed, however, that for real alloys« i i

M@« i i
me. In the case

when both spontaneous and magnetoelastic strains c
spond to the tetragonal symmetry, the magnetoelastic str
are hardly observable, and so may be disregarded. Subs
ing « i i 5« i i

M into Eqs.~2! and ~3! we express the energy o
the i variant of ferromagnetic martensite in the form

Fm1Fme5J* y2/22Ami
21m•D•m/22mHM , ~4!

where
J* (T)5J(T)22d0u1 ,
A56d1(c/a21).

Equation~4! establishes the interrelation between the
ergy parametersJ, d0 , andd1 of the parent phase, the spo
taneous strains« i i ;c/a21 and the magnetic properties o
the martensitic phase. This equation shows two effects
magnetostriction on the magnetic properties of the marte
tic phase.

First, the renormalization of the spin exchange energJ
→J* occurs due to the volume magnetostriction. This co
clusion is quite natural in view of the sharp~exponential!
dependence of the exchange integral on the distances
tween the magnetic atoms.

Second, the magnetic anisotropy energyAmi
2 caused by

the nonisotropic magnetoelastic interaction and the spont
ous shear strain arises below the MT temperature.19,20 This
result can be explained in a very general way: the existe
of the second-order magnetocrystalline anisotropy ene
Ami

2 is prohibited by the cubic symmetry, soA is a function
of the parameterc/a21, vanishing when the parameter ten
to zero. If this parameter is much smaller than 1, theA func-
tion can be expanded in a series and approximated by
first term of the expansion. This explanation was substa
ated very recently by microscopic consideration.21 If d1,0,
the martensitic phase withc/a,1 possesses an ‘‘easy ma
netic axis,’’ while an ‘‘easy magnetic plane’’ is inherent fo
06440
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the martensites withc/a.1. This conclusion is in agreemen
with the recent experimental results obtained for the
Mn-Ga family.22

IV. MAGNETIC CHARACTERISTICS OF THE ALLOY

A. Curie temperatures

According to the orthodox Landau theory, the exchan
parameter depends on the temperature asJ(T)5z(T
2TCA)/TCA , and so, the equation for the Curie temperatu
of alloys with Tm,TC is J(TCA)50. In contrast, for alloys
with Curie temperatureTm.TC , the appropriate equation i
J* (TCM)50, and, hence,

TCM5TCA@112~d0 /z!u1#. ~5!

The parameteru1 expresses the volume change accompa
ing MT, and, hence, is related to the mass density of
alloy. Due to the spatial heterogeneity of the polyvaria
martensite, the configurational dispersions of this parameter
around the average valuêu1& can be expected:u15^u1&
1s. The spatial configuration of the heterogeneous mart
sitic state depends on a number of random factors, suc
the spatial positions of the defects in the crystal latti
Therefore, the quasicontinuous statistical distributionf (s) of
s can be found from the maximum principle for the entro
function

S52E
2`

`

f ~s!ln f ~s!ds, ~6!

considered with the additional condition^s2&5s0
2. In such a

way, a well-known Gaussian distribution arises:

f ~s!5
1

s0A2p
expS 2

s2

2s0
2D . ~7!

@A rapid decrease of function~7! in the ranges.s0 justifies
the extension of the integration range in Eq.~6! to infinity.#

According to Eq.~5!, the spatial dispersion ofu1 results
in the dispersion of Curie temperature. The ‘‘dispersed’’TCM
value corresponds to the temperatures of the local ferrom
netic ordering of the heterogeneous martensitic phase.

B. Magnetization

When a magnetic field exceeding the saturation valueHS
is applied to the specimen, the temperature dependenc
the magnetization in the parent phase is satisfactorily
scribed by the standard equation from the theory of fer
magnetism:

y~T!5tanh@~TCA /T!y~T!#. ~8!

The average magnetization of the magnetically satura
polyvariant martensite is

^M ~T!&5M0E
2`

`

y~T,s! f ~s!u~TCM2T!ds, ~9!
7-3
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where M05M (0), u(TCM2T) is a stepwise Heaviside
function, and y(T,s) satisfies the equationy(T,s)
5tanh@(TCM /T)y(T,s)#.

When a field lower than the saturation fieldHS is applied
in the ^100& direction, the valueM0y(T,s) in the Eq. ~9!
must be replaced by the function

M ~s!~H,T!5M0y~T,s!@bD~H !1~12b!cosc~H !#.
~10!

The first term in the square brackets describes the mag
zation process caused by the displacements of the walls s
rating the magnetic domains with the antiparallel magne
vectors directed along the applied field.b is the volume frac-
tion of these domains in the specimen. The second term
scribes the rotation of those magnetic vectors, which initia
were directed perpendicular to the field. Thus

D5~H/Hc!u~Hc2H !,
~10!

cosc5~H/HS!u~HS2H !,

whereHc denotes the field for the disappearance of the 1
magnetic domains andHS is the magnetic saturation field
These fields can be expressed through the anisotropy pa
eterA and the elements of a demagnetization matrixD. This
matrix is diagonal for the ellipsoidal specimen. In the case
the ellipsoid of revolution with the revolution axis parallel
@010#iH, the fieldHc is approximately equal toD2M , and
the saturation field is

HS52uAu/M1~D22D1!M , ~11!

whereD15D3ÞD2 are the elements of matrixD expressed
in the coordinate system associated with direction^100&.

C. Energy parameters

The magnetoelastic parameterd0 is evaluated from the
experimental dependenceTCA(P), whereP is a hydrostatic
pressure applied to the alloy. The appropriate formula is6

d05
z

2

C1112C12

TCA~0!

dTCA

dP
, ~12!

where the valuez5nkBTC can be used for rough estimation
~n is the number of magnetic atoms per unit volume andkB
is Boltzmann’s constant!.

The magnetoelastic parameterd1 can be evaluated in two
different ways-from the magnetostriction measured for
parent phase and from the experimental value of satura
field HS measured for the martensitic phase, since, on
one hand, this parameter is related to the transverse ma
tostrictionl' and shear modulusC8 of the parent phase a
d15l'C8 and, on the other hand, Eq.~11! results in the
estimation

d[d1 /M252
HS1uD12D2uM

12M u12c/au
. ~13!

@The expressionA56d1(12c/a) for the parameter of the
magnetic anisotropy was taken into account.#
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V. RESULTS FOR Ni-Mn-Ga ALLOYS

For the Ni-Mn-Ga alloy system, a Curie temperatu
about 375 K has been reported, while the MT temperat
depends strongly on the alloy composition. Three differ
alloys are studied below: Ni52.6Mn23.5Ga23.9 ~alloy 1!,
Ni53.1Mn26.6Ga20.3 ~alloy 2!, and Ni51.2Mn31.1Ga17.7 ~alloy 3!.

Alloy 1, with a MT temperature of about 285 K, is of typ
~i! in view of the negative values ofd0 /z and^u1& reported
in Refs. 14 and 19. For this alloy (dTCA /dP)58 K/GPa,
C115213 GPa andC12587 GPa. In such a case, Eq.~12!
givesd0 /z524. The estimationz'0.1 GPA@see the expla-
nation following Eq. ~12!# results in the valued0'
20.4 GPa. Moreover,̂u1&;2231024 or 2231022 ~the
lower value is evaluated from the Clausius-Clapeyron re
tionship while the upper one results from the lattice para
eters measured for the parent and martensitic phases!. The
temperature dependence of magnetization computed f
Eq. ~9! shows excellent agreement with experimental d
when ^u1&521022, s051023, TCA5372 K, and M0
5715 G ~see Fig. 2!. Equation~5! results in the estimation
TCM2TCA530 K. The value 2(c/a21)520.124 and esti-
mations d1521.2 MPa, d5d1 /M25223, obtained from
the magnetostriction of cubic phase,20 enable the evaluation
of the anisotropy constantA50.4 MPa and saturation field
HS'10 kOe. The real values of the saturation field are clo
to this value, but depend on the specimen shape@see Eq.
~11!# and the alloy microstructure.11

For alloy 2, the MT temperature is close toTC and the
martensitic phase withc/a.1 arises below this temperature
The temperature dependence of magnetization measure
the constant field valueH510 kOe is presented by dots i
Fig. 3. As can be seen from the experimentalM (H)
dependencies,22 the field valueH510 kOe is lower than the
field of magnetic saturation in alloys withc/a.1. Thus Eq.
~10! was used for computations. The resultantM (T) curve is
shown in Fig. 3. The best fit to the experimental data w

FIG. 2. Experimental~circles! and theoretical~solid line! tem-
perature dependencies of the saturation magnetization obtaine
alloy 1 with c/a50.94, TC5375 K, andTm5285 K. ~The dotted
and dashed lines show the magnetization curves computed fo
labile phases.!
7-4
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FERROMAGNETISM OF THERMOELASTIC . . . PHYSICAL REVIEW B 67, 064407 ~2003!
observed fors050.015,Tm5363 K, HS519 kOe ~when b
5 1

3 ), or HS515 kOe~whenb50). All others values used in
the course of computations are equal to those reported
alloy 1. Alloy 2 is of type~i!, but close to type~ii ! in view of
the small difference betweenTC and Tm . The valueHS
515 kOe is in good agreement with theM (H) curves mea-
sured recently for the single-variant Ni-Mn-Ga martens
with c/a.1.22 The substitution of this value into Eq.~13!
enables the estimation of magnetoelastic parameters an
magnetic anisotropy energy of the alloy. In this casec/a
51.2, the estimations carried out for the elongated specim
with D156.1 andD250.39 give

d1520.57 MPa, d5211, A520.68 MPa.

Therefore, the magnetoelastic coupling in the alloy w
c/a.1 is two times weaker, than in the alloy withc/a,1.
Despite this, the absolute value of the anisotropy energ
1.7 times larger, due to the large value ofc/a21.

It can be concluded, hence, that for the alloys withc/a
.1 the work needed for the martensite variant reorienta
is 1.7 times larger while the ‘‘efficiency’’ of the magneti
field action on the martensite structure is 2 times sma
than for the alloys withc/a,1. It may be considered as on
of the reasons retarding the observation of a giant magn
strain effect in the alloys withc/a.1.

Finally, alloy 3, of type~v!, with Tm5450 K and c/a
.1, was studied. For this alloy the best fit of the theoreti
curves to the experimental data was observed ats050.015,
HS514 kOe (b50), and^u1&50 ~see Fig. 4!. One can see
that this set of the parameters is close to one found above
alloy 2.

VI. CONCLUSIONS

The set of experimental data needed for the quantita
description of the magnetic properties of martensitic allo
in the framework of Landau theory is outlined above. T
following are shown.

FIG. 3. Experimental~circles! and theoretical~solid line! tem-
perature dependencies of magnetization obtained for alloy 2
c/a51.2, TC5375 K, andTm5363 K under the magnetic fieldH
510 kOe,Hs . ~The dotted and dashed lines show the magnet
tion curves computed for the labile phases.!
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~i! The magnetic anisotropy constant of the low tempe
ture martensitic phase can be evaluated from the magn
striction of the high-temperature parent phase and the sp
taneous deformation of the cubic lattice accompanying
martensitic transformation; the absolute value of the anis
ropy constant for the tetragonal martensite withc/a51.2 is
two times larger while the magnetoelastic constant is h
less than for the martensite withc/a50.94.

~ii ! The volume magnetostriction of the alloy can b
evaluated from the pressure shift of the Curie temperat
the volume magnetostriction of Ni-Mn-Ga alloy is related
the energy parameterd0'20.4 GPa.

~iii ! The difference in the Curie temperatures of hig
temperature~austenitic! and low-temperature~martensitic!
phases can be estimated from the volume change acco
nying martensitic transformation; for the Ni-Mn-Ga alloy
TCM2TCA530 K.

Using the Landau potential and the determined values
energy parameters, a quantitative theoretical treatment o
magnetization vs temperature dependencies measured i
saturating magnetic field for three different Ni-Mn-Ga allo
was carried out. The experimentally observed distinctions
the magnetic behavior of the martensites withc/a,1 and
c/a.1 are explained. First, the drops in the saturation m
netization values are related to the difference in the Cu
temperatures of martensitic and austenitic phases. Sec
the high-temperature ‘‘tails’’ of the magnetization are attri
uted to the statistical dispersion of the local Curie tempe
tures in the inhomogeneous martensitic state. As a gen
conclusion it should be emphasized, that the well-elabora
Landau approach to the description of the ferromagnet
phenomenon, in fact, provides an efficient theoretical tool
the quantitative study of ferromagnetic martensites.

ACKNOWLEDGMENT

V.A.C. is grateful to the Institute of Fluid Science, Tohok
University, for financing his stay at this Institute.

th

-

FIG. 4. Experimental~circles! and theoretical~solid line! tem-
perature dependencies of magnetization obtained for alloy 3 w
c/a51.2, TC5375 K, andTm5450 K under the magnetic fieldH
510 kOe.
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