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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 paréatisteniti¢ and resultantmartensiti¢ 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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[. INTRODUCTION elastic interaction in ferromagnetic martensites. The GMSE
is a strong deformation of an alloy in the moment of mag-
A large number of metallic alloys undergo a martensiticnetic field application. The effect is caused by the field-

mation of the crystal lattice below the transformation tem-OPServation of the GMSE brought about an avalanche of

_— _ studies mainly devoted to a simple theoretical modeling of
pgratureTm (see, €.9., Refs._l}SThe high temperature cu the GMSE and an experimental realization of the maximum
bic phase(austenitg is spatially homogeneous, while the

low-temperature statémartensit is inhomogen In th values of the field-induced strairisee, e.g., Refs. 9, 15 and
ow-temperature statgnartensite¢1s inhomogeneous. € 16). As a result, the strain values close to the theoretical limit
often encountered case of the cubic-tetragonal martensit

\fere reported recently for Ni-Mn-Ga alloys typifying the
. ; ferromagnetic martensité8 Thus, substantial progress in the
formed by the elastically self accommodated domains of tezjied studies dealing with the GMSE has been achieved.
tragonal crystal latticémartensitic variantswith the princi- In contrast, the fundamental aspect of the problems re-
pal axes oriented alorig.00], [010], or [001] directions. The  |ated to the ferromagnetism of martensites is not completely
quasiequilibrium state of the alloy formed by the self- clear till now. This is owing to the complexity and the large
accommodated martensitic variants is referred to as the thevariety of magnetic and magnetoelastic properties inherent to
moelastic martensite. the different martensitic structurds particular, those ob-
Some martensitic alloys exhibiting a cubic-tetragonal MTserved in the Ni-Mn-Ga alloy systemin this respect, the
are ferromagnetic with a Curie temperatdrg, which can  important objective is an understanding of the magnetic and
be higher or lower thaf,,. The well-pronounced magnetic magnetoelastic behavior of the various martensitic phases,
and magnetoelastic anomalies accompanying the martensitig@ised on a small number of energy parameters and magnetic
transformations in Ni-Mn-Ga, Fe-Pt, and Fe-Pd alloys Withcharacteristics of the parent cubiclphasr-.z. To tackle this prob-
T.<Tc have been the subject of the intense experimentdM & consistent theoretical consideration of the ferromag-
studies* 1% In particular, the sharp changes of the spontaneD€tic martensites, resulting in an evaluation of their basic
ous magnetizatioh® magnetic susceptibilify and Mmagnetic and magnetoelastic energy parameters, is carried

magnetostrictiohof Ni-Mn-Ga alloys were observed in the out in the present paper. Detailed experimental an_d theoreti-
vicinity of T cal studies of the unusual temperature dependencies of mag-
m-

Further theoretical treatment of experimental results mad etll\;atlgn |T|herfent .ﬁo the d'ﬁ?‘“;”‘ ?"%S g%onglng _to t:]he
clear the considerable role of the interaction between the'~VN->a alloy family are carried out. The difierence in the

renagnetic characteristics of the alloys witha<1 andc/a

order parameters of martensitic and ferromagnetic phas 1i hasized and | q : d
transformations in the ferromagnetic properties of~ 1 IS emphasized and evaluate nu_merlcéulxltlereaan ¢
are the parameters of tetragonal lattice

martensites!? The effect of the random heterogeneity of
the alloy on its thermodynamic and magnetic properties was
also studied®*

A giant magnetostrain effedGMSE), observed first in A martensitic transformation with the transformation tem-
Ref. 8, is the most fascinating manifestation of the magnetoperatureT ,, is accompanied by a variation in the interatomic

Il. GENERAL CONSIDERATIONS
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distances, and therefore, the intensity of the spin exchange

T < Ty <T (W)

interaction is different for the parent and martensitic phases. ‘
As a result, the Curie temperatufe , of the parentauste- § 5
nitic) phase must be different from the Curie temperature of g 5
the martensitic phas&cy , and so the following cases are & %
possible? = =
) Tn<Tca<Tcm, !
(”) Tm< TCM<TCA1 Tem perature Temperature
(i) Tea<Tm<Tecm, T <To<Te (i) T s Tea<T, O
(V) Tea<Teu<Tm,
V) Tem<Tca<Tm, 5 g
Vi) Tem<Tm<Tca- x g
We emphasize here that in cas@s-(v) only one of the E, %
above-mentioned Curie temperatures is the real temperaturé® =
Tc of the ferromagnetic ordering of an alloy; thus the fol- ]
lowing possibilities exist: Temperature Temperature
(@ Te=Tca (i) and(ii) Tea <T, <Tg (i) Teu<Tn<Tea V)
(b) Tc=T,, (i)
(©) Tc= TCM (iv) and(v). 5 £
Case(vi) looks very exotic, because it provides for the pos- § E
sibility of the phase transition sequengearamagnetic “g; &
austenite-ferromagnetic austenitgparamagnetic martensite = =
—ferromagnetic martensitén cooling.

Temperature I Temperature

The existence of the “virtual” Curie temperaturfg T
[possibility (@)1, Tcm, Tea [possibility (b)] or Tea [possi-
bilities (b) and(c)] must affect the magnetic properties of an  FIG. 1. Different types of the temperature dependence of the
alloy, particularly the temperature dependence of the alloynagnetization, which are possible for the ferromagnetic alloys un-
magnetization. The dependencies corresponding to €8ses dergoing a martensitic transformatigsolid lineg. The dotted and
(vi) are illustrated in Fig. 1. These dependencies demonstratiashed lines show the supposed magnetization curves for the labile
the jumps in magnetization, which accompany the martensiphases.
tic transformation occurring in the ferromagnetic phase, and
the high-temperature “tails” of magnetization, which occur Frn=Jy?2+M?(m-D-m)—mHM, 2

when the ferromagnetic order arises in the martensitic phase, Sihere the first, second. and third terms express the exchange,
It will be shown in this paper that the jump of magnetlzatlon P 9

is related to the difference in the Curie temperatures of th:p?r?ngi?:?lt:rglgean;arzaerﬁglzr e_;_ﬁ'ﬁég';?nfﬁgiﬁtlgsesly’]\/gg;les
phasesTcp—Tcym and the tails are caused mainly by the
spatial heterogeneity of martensite. It will be proved that =M(T)/M(0) andm=M(T)/M(T) characterize the abso-

cases(i) and (v) provide a very good theoretical description lute value and direction of the magnetization vedtbr The

of the temperature dependencies of magnetization measur&GS'9y terms of the forth order'ln magnetic vector compo-
for three different alloys from the Ni-Mn-Ga family. nents are regarded as comparatively small, and therefore, are

omitted. (This simplification of the theory will be justified

below)
Ill. MAGNETOELASTIC MODEL OF FERROMAGNETIC Since the cubic-tetragonal MT is described by the diago-
MARTENSITE nal components of a strain tensor, the magnetoelastic energy

i 12,14
A magnetoelastic model of ferromagnetic marterd&te ' expressed &

uses the Landau approach to describe the magnetic PrOP&E- — — 5.y2u, — 8,[V3(m2—m2)u,+ (2m2—m2— m2)u,]
X y z Yy X

ties of an alloy and starts from the following expression for (3)

the free energy: h
where

F=FetFmntFme, @) Up=(exxT &yyt&,7)/3,

consisting of the elastic, magnetic and magnetoelastic terms
(Fe, Fry, andF e, respectively. The energy{Eq. (1)] is
invariant under the symmetry group of the paramagnetic cuThe minimization of the energjEq. (1)] carried out in Refs.

bic phase of an alloy. The cumbersome expression for thél and 12, leads to the following conclusions.

elastic energyF, consists of terms of the second, third and A ferromagnetic ordering of the cubic parent phase is ac-
fourth orders in strain tensor components and can be foundompanied by the spontaneous magnetostriction with the rel-
in Refs. 17 and 18. The magnetic energy can be approxievant volume changewd~ 6,/(C;+2Cy,) and the shear
mated by the formufat* strainse['®~ 8, /C (standard notation for the elastic modules

u2:‘/§(8xx_8yy)a u3:2822_8yy_8xw
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is used here In the case when a spontaneous ferromagnetithe martensites witb/a>1. This conclusion is in agreement
moment is directed alon¢l00), the strainse{|'® reduce the with the recent experimental results obtained for the Ni-
symmetry of the crystal lattice from cubic to tetragonal. ~ Mn-Ga family??

A cubic-tetragonal martensitic transformation of the para-
magnetic phase is accompanied by the spontaneous strainsy, MAGNETIC CHARACTERISTICS OF THE ALLOY
e . The strains inherent in thevariant of a tetragonal mar-

tensite with the principal crystallographic axis aligned with A. Curie temperatures

coordinate direction até According to the orthodox Landau theory, the exchange
parameter depends on the temperature J3)={(T
ey ~Ugl3, &ly=e~—U/6 for the z variant, —Tcp)/Tea, and so, the equation for the Curie temperature
of alloys with T,,<Tc is J(Tca) =0. In contrast, for alloys
8%%“0/3, eM=eM~—uy/6 for the y variant, with Curie temperaturd@ ,>T., the appropriate equation is

J*(Tem) =0, and, hence,

sM~Ugl3, ell=eM~—uy/6 for the x variant,

vy Tem=Teal 1+2(50/0)uq]. (5

where the parametar,<1 is related to the lattice param- 14 parameten, expresses the volume change accompany-
etersa andc of the tetragonal phase ag~2(c/a—1). Oneé  jq T, and, hence, is related to the mass density of the
can see that the sum of the strain tenspr components is aBMoy. Due to the spatial heterogeneity of the polyvariant
pgoxmately equal to zero. It means thatis of the order of  \5rtensite, the configurational dispersiaf this parameter

Up (for further details see Refs. 18 and)19 around the average valug,) can be expectedi;=(u,)

In the ferromagnetic martensitic phase beffi ande® 15 The spatial configuration of the heterogeneous marten-
strains exist, and therefore; =¢l'+ . It should be sitic state depends on a number of random factors, such as
stressed, however, that for real alloy’$>¢®. In the case the spatial positions of the defects in the crystal lattice.
when both spontaneous and magnetoelastic strains corr@herefore, the quasicontinuous statistical distribufi¢s) of
spond to the tetragonal symmetry, the magnetoelastic strairsscan be found from the maximum principle for the entropy
are hardly observable, and so may be disregarded. Substitiftinction
ing s;;=¢| into Egs.(2) and (3) we express the energy of

thei variant of ferromagnetic martensite in the form o _J‘ f(s)Inf(s)ds, ®)

Fmt Fme=J*y?2— Am?+m-D-m/2—mHM,  (4)
considered with the additional conditigs?)=s3. In such a
where way, a well-known Gaussian distribution arises:
J*(T)=J(T) = 260us,

A=66;(cla—1). 2

1 S
Equation(4) establishes the interrelation between the en- f(s)= ———exp — 22| 7
ergy parameterg, &,, and 6, of the parent phase, the spon- SoV2m So

- . . rapid decrease of functiof¥) in the ranges>s; justifie
the martensitic phase. This equation shows two effects b > unctiofy) i 9= S JUSHNIES

magnetostriction on the magnetic properties of the martensi- Ai)étsrg?rl]%ntgféze(sl;]t?ﬁgagsgﬂgncﬁgl;grg?ntzfln?ggl)jigs
tic phase. P !

First the renormalization of the spin exchanae ene in the dispersion of Curie temperature. The “dispersédy,

I* o<,:curs due to the volume ma Eetostrictiog This 3gn_value corresponds to the temperatures of the local ferromag-
O ) S 9 o netic ordering of the heterogeneous martensitic phase.
clusion is quite natural in view of the shafpxponential

dependence of the exchange integral on the distances be- o
tween the magnetic atoms. B. Magnetization

Second, the magnetic anisotropy enefgy? caused by When a magnetic field exceeding the saturation vaiye
the nonisotropic magnetoelastic interaction and the spontangs applied to the specimen, the temperature dependence of
ous shear strain arises below the MT temperattf8This  the magnetization in the parent phase is satisfactorily de-
result can be explained in a very general way: the existencscribed by the standard equation from the theory of ferro-
of the second-order magnetocrystalline anisotropy energynagnetism:
Ami2 is prohibited by the cubic symmetry, gois a function
of the parametet/a— 1, vanishing when the parameter tends y(T)=tanH (Tca/T)Y(T)]. (8
to zero. If this parameter is much smaller than 1, Aheinc- o )
tion can be expanded in a series and approximated by thEN® average magnetization of the magnetically saturated
first term of the expansion. This explanation was substantiPolyvariant martensite is
ated very recently by microscopic considerattonf §;<0, .
the mar'ger’\,sitic. phas? wittya<<l possesses an “easy mag- (M(T))= MoJ y(T,s)f(s)0(Tey—T)ds, (9)
netic axis,” while an “easy magnetic plane” is inherent for —c

taneous straing;;~c/a—1 and the magnetic properties ofO%A
he
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where My=M(0), 6(Tcy—T) is a stepwise Heaviside 800 -
function, and y(T,s) satisfies the equationy(T,s) 20 ]
=tant(Tem/MY(T,9)]. —
When a field lower than the saturation fiefid; is applied Q,, 600 -
in the (100 direction, the valueMyy(T,s) in the Eg.(9) c
must be replaced by the function XS] 500 1
©
M(H,T)=Moy(T,s)[ BA(H)+ (1~ B)cosp(H)]. N 40
(10 Q5]
The first term in the square brackets describes the magneti-% 200 -
zation process caused by the displacements of the walls sepe=
rating the magnetic domains with the antiparallel magnetic 100 -
vectors directed along the applied fiefglis the volume frac-

tion of these domains in the specimen. The second term de- 0
scribes the rotation of those magnetic vectors, which initially
were directed perpendicular to the field. Thus

0 I 1(I]0 ' 2I|)0 I 360 ' 400
Temperature (K)

A=(H/H) 6(H.—H) FIG. 2. Experime_nta[circles) and tl_weoretica[sqlid_line) tem-

' perature dependencies of the saturation magnetization obtained for
cosp=(HIHg) 8(HsH) (10 Aoy 1 with c/a=0.94, T.=375 K, andT,,=285 K. (The dotted

’ and dashed lines show the magnetization curves computed for the

whereH . denotes the field for the disappearance of the 180fabile phases.
magnetic domains anHg is the magnetic saturation field.
These fields can be expressed through the anisotropy param- V. RESULTS FOR Ni-Mn-Ga ALLOYS
eterA and the elements of a demagnetization malixrhis For the Ni-Mn-Ga alloy system, a Curie temperature

matrix_ is d_iagonal for t_he eII_ipsoidaI speci_men. !n the case ot 5t 375 K has been reported, while the MT temperature
the ellipsoid of_ revolut_|on with t_he revolution axis parallel to depends strongly on the alloy composition. Three different
[010]IIH, the fleld H.C is approximately equal tb,M, and alloys are studied below: NigMn,sGase (alloy 1),
the saturation field is Nisz M6 §Gayo 3 (alloy 2), and Niy Mng; [Gayy 7 (alloy 3).
Alloy 1, with a MT temperature of about 285 K, is of type
Hs=2|Al/M+(D,~DyM, (1D (i) in vi):aw of the negativgvalues af,/¢ and{u,) reporte){jp
whereD;=D3;#D, are the elements of matr® expressed in Refs. 14 and 19. For this alloyd{Tc./dP)=8 K/GPa,

in the coordinate system associated with directibd0). C,,=213 GPa andC;,=87 GPa. In such a case, E{.2)
gives 5o/ {= —4. The estimatiod~0.1 GPA[see the expla-
C. Energy parameters nation following Eq. (12)] results in the valuedy~

—0.4 GPa. Moreoveru,)~—2X10"4 or —2x10 2 (the
lower value is evaluated from the Clausius-Clapeyron rela-
tionship while the upper one results from the lattice param-
eters measured for the parent and martensitic phases
temperature dependence of magnetization computed from
{ C11+2C1,dTca - .
= " (12 Eqg. (9) shows excellent agreement with experimental data
2 Tca(0) dP when (u;)=-10"2, s,=103, Tc,=372K, and M,
=715 G (see Fig. 2 Equation(5) results in the estimation
Tem— Tca=30K. The value 2¢/a—1)=—0.124 and esti-
is Boltzmann’s constant mations 6, = —1.2 MPa, 6= §1/M2= —23, obtained from
The magnetoelastic paramei@r can be evaluated in two the magnetostriction of cubic pha¥kenable the ev_alua'qon
different ways-from the magnetostriction measured for thef the anisotropy constark=0.4 MPa and saturation field
parent phase and from the experimental value of saturatiols=10 kOe. The real values of the saturation field are close
field Hg measured for the martensitic phase, since, on th& this value, but depend on the specimen shigee Eq.
one hand, this parameter is related to the transverse magnig-l] and the alloy microstructuré.

tostriction A, and shear modulu€’ of the parent phase as  For alloy 2, the MT temperature is close ¢ and the
8,=\,C' and, on the other hand, EL1) results in the martensitic phase witb/a>1 arises below this temperature.

The magnetoelastic parametés is evaluated from the
experimental dependendg ,(P), whereP is a hydrostatic
pressure applied to the alloy. The appropriate formtia is

where the valug=nkgT can be used for rough estimations
(n is the number of magnetic atoms per unit volume &gd

estimation The temperature dependence of r_nagnetization measur_ed at
the constant field valuél=10 kOe is presented by dots in
) Hgs+|D,;—D,|M Fig. 3. As can be seen from the experimentdi(H)
0=061/M"=— TIM[1-cla] (13)  dependencie¥ the field valueH =10 kOe is lower than the

field of magnetic saturation in alloys wittYa>1. Thus Eq.
[The expressioA=665;(1—c/a) for the parameter of the (10) was used for computations. The result®h{T) curve is
magnetic anisotropy was taken into accolint. shown in Fig. 3. The best fit to the experimental data was
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FIG. 3. Experimentalcircles and theoreticalsolid line) tem- . . ) o
perature dependencies of magnetization obtained for alloy 2 with FIG. 4. Experimentalcircles and theoretica(solid line) tem-
c/la=1.2, Tc=375K, andT,,=363 K under the magnetic field perature dependencies of magnetization obtained for alloy 3 with
=10 kOe<H,. (The dotted and dashed lines show the magnetizat/a=1.2, Tc=375K, andT,=450 K under the magnetic field
tion curves computed for the labile phages. =10kOe.

observed fors;=0.015,T,,=363 K, Hg=19 kOe (when 3 (i) The magnetic anisotropy constant of the low tempera-
=1), orHs=15 kOe(when=0). All others values used in ture martensitic phase can be evaluated from the magneto-
the course of computations are equal to those reported fatriction of the high-temperature parent phase and the spon-
alloy 1. Alloy 2 is of type(i), but close to typeii) in view of ~ taneous deformation of the cubic lattice accompanying the
the small difference betweefic and T,,. The valueHg  martensitic transformation; the absolute value of the anisot-
=15 kOe is in good agreement with tivi(H) curves mea- ropy constant for the tetragonal martensite wifla=1.2 is
sured recently for the single-variant Ni-Mn-Ga martensitetwo times larger while the magnetoelastic constant is half
with c/a>1.% The substitution of this value into Eg13)  less than for the martensite witia=0.94.

enables the estimation of magnetoelastic parameters and the (i) The volume magnetostriction of the alloy can be
magnetic anisotropy energy of the alloy. In this casa  evaluated from the pressure shift of the Curie temperature;
=1.2, the estimations carried out for the elongated specimethe volume magnetostriction of Ni-Mn-Ga alloy is related to

with D;=6.1 andD,=0.39 give the energy parametei,~ — 0.4 GPa.
(i) The difference in the Curie temperatures of high-
6,=—0.57 MPa, §=-11, A=-0.68 MPa. temperature(austeniti¢ and low-temperaturémartensiti¢

] o . phases can be estimated from the volume change accompa-
Therefore, the magnetoelastic coupling in the alloy withyying martensitic transformation; for the Ni-Mn-Ga alloys
c/a>1 is two times weaker, than in the alloy witla<l. 7 v—Tea=30K.

Despite this, the absolute value of the anisotropy energy is Using the Landau potential and the determined values of
1.7 times larger, due to the large valueada—1. _ energy parameters, a quantitative theoretical treatment of the
It can be concluded, hence, that for the alloys vdfa  magnetization vs temperature dependencies measured in the
>1 the work needed for the martensite variant reorientationatyrating magnetic field for three different Ni-Mn-Ga alloys
is 1.7 times larger while the “efficiency” of the magnetic \yas carried out. The experimentally observed distinctions in
field action on the martensite structure is 2 times smalleryhe magnetic behavior of the martensites witla<1 and
than for the alloys witle/a<<1. It may be considered as one /a1 are explained. First, the drops in the saturation mag-
of the reasons retarding the observation of a giant magnetQetization values are related to the difference in the Curie
strain effect in the alloys witlt/a> 1. temperatures of martensitic and austenitic phases. Second,
Finally, alloy 3, of type(v), with T,,=450K andc/a  the high-temperature “tails” of the magnetization are attrib-
>1, was studied. For this alloy the best fit of the theoreticalyted to the statistical dispersion of the local Curie tempera-
curves to the experimental data was observesyat0.015,  tures in the inhomogeneous martensitic state. As a general
Hs=14 kOe (8=0), and(u;)=0 (see Fig. 4 One can see conclusion it should be emphasized, that the well-elaborated
that this set of the parameters is close to one found above fQrandau approach to the description of the ferromagnetism
alloy 2. phenomenon, in fact, provides an efficient theoretical tool for
the quantitative study of ferromagnetic martensites.
VI. CONCLUSIONS

The set of experimental data needed for the quantitative
description of the magnetic properties of martensitic alloys
in the framework of Landau theory is outlined above. The V.A.C. is grateful to the Institute of Fluid Science, Tohoku
following are shown. University, for financing his stay at this Institute.
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