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Magnetic-field-induced superelasticity of ferromagnetic thermoelastic martensites:
Experiment and modeling

V. A. Chernenko
Institute of Magnetism, Vernadsky str. 36-b, Kyiv 03142, Ukraine

V. A. L’vov
Radiophysics Department, Taras Shevchenko University, Kyiv 03127, Ukraine
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The superelastic effect under constant magnetic fields exhibited by the Ni-Mn-Ga ferromagnetic thermoelas-
tic martensites with single-variant and polyvariant microstructure is studied experimentally and theoretically.
The formerly proposed statistical model of the magnetostrain effect in the ferromagnetic martensite is modified
for the theoretical description of the superelastic stress-strain dependence under magnetic field. The mechanical
stress, which is equivalent to the internal stress induced by the magnetic field, is determined by fitting the
theoretical stress-strain curves to the experimental results. A quadratic dependence of the field-induced stress
on the value of the magnetization of martensite is found. This dependence supports the model assumption that
a magnetoelastic interaction causes the magnetostrain effect.
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I. INTRODUCTION

Ferromagnetic thermoelastic martensites, such as th
formed in Ni21X1YMn12XGa12Y Heusler alloys,1 exhibit a
large strain upon application of a magnetic field.2–4 The fer-
romagnetic thermoelastic martensites are characterized
spatially inhomogeneous magnetic ordering coupled
highly mobile twin boundaries by magnetoelas
interactions.5 Very-low-yield stresses,4,6,7 mechanically
driven change of magnetization,8 reversible and irreversible
strains induced by magnetic fields~magnetoelasticity and
magnetoplasticity, respectively!,2–4,6,9 and a magnetic-field-
induced increase of the yield stress~magnetostress! ~Ref. 10!
have been observed and are the subject of current resea

Theoretical studies of the phenomena exhibited by
ferromagnetic thermoelastic martensites a
numerous.4,5,11–18 The essential features of the magnetic18

and magnetoelastic behavior of ferromagnetic martens
were quantitatively described in the framework of a mag
toelastic model.5,13–15According to the model, magnetoela
ticity and magnetoplasticity are caused by spin-lattice in
actions in solids containing magnetic atoms. F
comprehension of the magnetoelastic behavior of ferrom
netic martensites, the concept of magnetic-field-indu
stress was proposed and an equivalence principle was
stantiated thermodynamically for the field-induced and m
chanical stresses.13–15The theoretical value of the conversio
coefficient from magnetic field to mechanical stress e
mated from the magnetoelastic model proved to be in g
agreement with the experimental value.16

The nonlinear irreversible field dependences of both m
netoplastic strain~i.e., strain caused by the irreversible m
0163-1829/2004/69~13!/134410~8!/$22.50 69 1344
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tion of twinning dislocations! ~Ref. 4! and magnetization of
martensite were successfully analyzed using a statistical
tribution of the energy barriers separating the metastable
rangements of martensitic twins.16,17 Thus, a statistical ap-
proach based on the equivalence principle betw
magnetostress and mechanical stress turned out to be a
erful tool to tackle the whole spectrum of problems related
the magnetomechanics of ferromagnetic martensites.

In the present paper, the statistical approach is modi
for a description of the stress-strain characteristics of mar
sites affected by a constant magnetic field. A procedure
the determination of the magnetic-field-induced stress is p
posed and applied to the results obtained for a sing
crystalline specimen of Ni52.0Mn24.4Ga23.6 consisting of only
one martensite domain with two twin variants. The proc
dure is based on a fitting of loops computed using the sta
tical model to the experimental stress-strain loops taken
the presence of a constant magnetic field. The data cle
show aquadratic dependence of the field-induced stress
the magnetization of the alloy. This dependence substantiat
the magnetoelastic model of ferromagnetic martensite.
perimental superelastic loops measured for a second si
crystal containing many martensite and twin variants are a
analyzed, and applicability of the statistical model to mo
complicated twin structures is demonstrated.

II. EXPERIMENT

Single-crystalline Ni52.0Mn24.4Ga23.6 alloy ~denoted as
NMG1! and Ni51.0Mn28.0Ga21.0 alloy ~NMG2! were grown
with the Bridgman method using ingots prepared from
elements by induction melting in vacuum. The characteris
©2004 The American Physical Society10-1
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temperaturesTM5307 K, TA5313 K, andTC5361 K for
NMG1 and TM5314 K, TA5316 K, and TC5370 K for
NMG2 (TM andTA are the forward and reverse martensi
transformation temperatures andTC is the Curie tempera
ture! were obtained from measurements of the tempera
dependence of the low-field magnetic susceptibility. Elect
diffraction at room temperature revealed a five-layer mo
lated tetragonal structure of the martensitic phase withc/a
50.94 for both alloys~c and a denote the values of th
lattice parameters!. Parallelepiped-shaped samples with
faces parallel to$100% of austenite were prepared for magn
tomechanical testing. The specimen dimensions were
33.433.3 mm3 ~NMG1! and 5.433.232.3 mm3 ~NMG2!.
The parallelism of all faces was better than 10mm.

Uniaxial compression tests under an orthogonal magn
field were done at a constant crosshead speed o
31026 m/s in a mechanical testing machine~Zwick, Ulm!
equipped with a 500-N load cell~MTS, Schaffhausen! and
extensometers insensitive to magnetic fields~Heidenhain,
Traunreut!. The resolutions were better than 0.5 N in for
and 10 nm in displacement. The corresponding uncertain
were 0.1 MPa for stress and 231026 for strain. Since the
strain magnitude corresponding to the plateaulike region
the stress-strain curves for the NMG1 specimen is equa
the lattice strain~about 6%!, NMG1 martensite is qualified
as consisting of only one martensite domain, while the
crostructure of NMG2 consisted of many different martens
variants.8 The magnetic field was produced by a permane
magnet system~Magnetic Solutions, Dublin! with better than
1% homogeneity at the position of the sample for fie
strengthH and better than 1° for field direction for any arb
trary direction within the plane perpendicular to the lo
direction. The sample was mounted in such a way that
longest edge was parallel to the mechanical load directio~y
direction!. Thex direction was defined parallel to the shorte
edge of the sample, andx-y-z constitute Cartesian coord
nates. The field direction was constant and parallel to
shortest edge of the sample~i.e., parallel to thex direction!.
The sample was mechanically loaded up to 10 MPa and
loaded at constant field strength starting with 2 T, follow
by 1.6, 1.4, 1.2, 1.0, 0.9,..., 0.1, and 0 T. The unload
process was stopped at some minimal force~2 N! which was
needed to keep the sample in place. Then, the field was
creased to 2 T. During this process, the compressive fo
increased by a few N. The sample was unloaded again d
to 2 N, this time in a field of 2 T. Thereafter, the magne
field was reduced to the value for the next compression t
The second unloading~with 2 T! was performed to reset th
initial state of the specimen.

The room-temperature magnetization curve was meas
on a specimen cut from the same single crystal as NM
~dimensions were 6.531.031.9 mm3; all faces were paralle
to $100%! using a vibrating sample magnetometer VSM-5-
~Toei Industry Co.!. An initial magnetic state of the specime
was set by aligning its long axis along the saturating fiel

III. THEORETICAL MODEL

The microstructure of tetragonal NMG1 martensite can
modeled by alternating~101! twin variants, thec axis being
13441
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aligned with thex andy axes; see Fig. 1. This microstructu
is referred to as thexy domain.

The following assumptions are made for describing
deformation of a martensite withc/a,1 consisting of a
singlexy domain.16,17

~i! The reorientation of martensite variants is caused
the total effective stressseff5sxx2syy which is the sum of
mechanical and magnetic-field-induced stresses. It shoul
noted thatseff is a scalar quantity representing a norm
stress~tensile if positive, compressive if negative! in the x
direction acting in each twin variant. The effective stressseff

is increased if the sample is uniaxially stressed in tension
the x direction or in compression in they direction.

~ii ! The rearrangement of twin boundaries in thexy do-
main under the action of increasing stressseff.0 occurs in
two stages. First a small~quasi!reversible displacement o
the twin boundary takes place. Then the twin bound
moves at high speed across a full twin and merges with
neighboring boundary. Thereby, twin variants with thec axis
parallel to thex direction~x variants! disappear and thec axis
~short axis! is progressively more preferred along they di-
rection until the whole domain is a singley variant.

~iii ! The critical stress valuesn
eff ~n refers to a specific

twin boundary! initiating the rapid motion of thenth twin
boundary varies across the sample.

~iv! The critical stress values are statistically distribut
around a certain average valuesc with a probability density
pn ~characterizing the rate of the disappearance of one t
of the twin variants! which has a normal Gaussian form

pn5
1

Z
expH 2

~ usn
effu2uscu!2

2s0
2 J ,

Z5(
n

expH 2
~ usn

effu2uscu!2

2s0
2 J , ~1!

wheres0 is a constant parameter describing the width of
distribution andZ is the statistical sum.

For each field value the numberN of disappeared twins
~boundaries jumps! can be found from the conditionuseffu
>usn

effu. This condition results in the expression

N~seff!5N0(
n

pnu~ useffu2usn
effu!, ~2!

whereN0 is the number of twins in the unstressed specim
in the absence of a magnetic field andu is the Heaviside
function, which is introduced to account for condition~ii !.

FIG. 1. Schematic presentation of thexy domain in NMG1 fer-
romagnetic martensite.
0-2



he

e

e
-
d

se
he

e
od

e-
g
y

tio

er
Th
o

ress

g-

ined

en-

eto-
nc-

an
e of

n
in

of
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According to assumption~i!, the valuesseff andN are func-
tions of the components of the mechanical stress tensors ik
and the magnetic fieldH j :

seff5seff~s ik ,H j !, N5N~s ik ,H j !. ~3!

A statistical model based on assumptions~i!–~iv! and Eq.~2!
is developed elsewhere.17 According to this model, the vol-
ume fractionay of y variant in thexy domain affected by the
stationary fieldHix and an increasing mechanical stresssyy
~forward stress path! is given by

ay~syy ,H !55
ay~0,H !@12N~syy ,H !/N0#,

seff,0,

ay~0,H !1@12ay~0,H !#N~syy ,H !/N0 ,

seff>0.
~4!

For the reverse stress path,

ay~syy ,H !5H ay~syy
max,H !@12N~syy ,H !#, seff,0,

ay~syy
max,H !, seff.0,

~5!

where syy
max is the maximal stress value achieved in t

course of the forward stress path.
The normal strain«yy

(xy) parallel to the compressive forc
is

«yy
~xy!52~S21/2!seff~syy ,H !1~c/a21!

3@ay~syy ,H !2ay~0,0!#, ~6!

whereS is the elastic stiffness of detwinned martensite m
chanically stressed in they direction.~The state of the speci
men at zero values of stress and field is taken as the un
torted one.! The term depending on the stiffness expres
the reversible part of the strain while the term involving t
volume fraction is the irreversible part of the strain~for more
detail see Ref. 17!.

To be of any use, Eqs.~1!, ~2!, and ~4!–~6! require the
functionseff(sik ,Hj) to be known. The latter function can b
deduced from the phenomenological magnetoelastic m
of ferromagnetic martensite.13–15 According to this theory,
the Gibbs energy density of a cubic crystal is expressed
~using SI units!

G5Fe2d M2@)~mx
22my

2!u21~2mz
22my

22mx
2!u3#

2m•Hm0M2~s2u21s3u3!/6, ~7!

where the termFe denotes a Helmholtz energy of the d
formed crystal, the term proportional to the phenomenolo
cal magnetoelastic parameterd is a magnetoelastic energ
~M is the magnitude of the magnetization vectorM , andm
5M /M is a unit vector with componentsmx , my , andmz),
the third term is the Zeeman energy describing an interac
between the magnetization and an external magnetic fieldH,
m0 is the free-space magnetic permeability, and the last t
is caused by the mechanical stressing of the crystal.
parameterd is defined in Refs. 15 and 16 and has units
13441
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MPa/T2. The variablesu2 , u3 , s2 , ands3 are linear com-
binations of the diagonal strain (« i i ) and stress (s i i ) tensor
components,

u25)~«xx2«yy!, u352«zz2«yy2«xx ,

s25)~sxx2syy!, s352sxx2syy2szz, ~8!

where the coordinate axesx, y, and z are oriented in the
@100#, @010#, and@001# directions, respectively. Thes i i value
is positive for a tensile and negative for a compressive st
along thei axis.

In the ferromagnetic parent phase~austenite!, the strains
u2 andu3 are caused by magnetostriction. In the ferroma
netic martensitic phase, spontaneous strainsu2

M andu3
M arise,

and therefore, the Gibbs energy of this phase can be obta
from Eq. ~7! by the substitutionu2,3→u2,3

M 1u2,3. For the
cubic-to-tetragonal martensitic transformation,u2,3

M }1
2c/a, and the substitution yields a magnetic anisotropy
ergy

wA56dM2~12c/a!mi
2 ~9!

of the i variant of martensite, and a spontaneous magn
elastic stress of the specimen is characterized by the fu
tions

s2
me56)dM2~mx

22my
2!,

s3
me56dM2~2mz

22my
22mx

2! ~10!

~for more details see the Appendix and Refs. 13–15!. The
rotation of the magnetization vector under the action of
external magnetic field is accompanied by the appearanc
field-induced stresses or magnetostresses4,13

s2,3~H !5s2,3
me~H !2s2,3

me~0!. ~11!

The stresss3 is invariant with respect to the permutatio
x↔y and, therefore, cannot initiate any motion of the tw
boundaries. By contrast, the stresss2 changes sign upon
permutationx↔y and, hence, removes the equivalence
the twin components.

If a static magnetic fieldHix is applied to the specimen
consisting of a singlexy domain, it is perpendicular to the
easy magnetic axisciy of the y variant of martensite and a
field-induced stress

s2~H !5H 12)dM2H2/HS
2, H,HS,

12)dM2, H>HS,
~12!
0-3
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arises owing to the rotation of the magnetization vector
the magnetic field. The valueHS512ud(12c/a)uM is the
magnetic saturation field for the martensitic phase. The m
netic moment of thex variant is aligned along thex axis and,
therefore, cannot be rotated by the magnetic fieldHix.
Therefore,s2(H)50 for thex variant, and thus, the effectiv
field-induced stress is

seff~H !5s2~H !/). ~13!

If d,0, the stresss2(H) is negative, and hence, this is th
case of the field-induced compression of the specimen in
x direction or tension in they direction@see statement~i! and
Eq. ~8!#.

If a compressive stresssyy,0 is applied to the specime
consisting of a singlexy domain, they variant of the marten-
site is compressed along thec axis while thex variant is
compressed perpendicular to thec axis. The compression o
the x variant with stresssyy is equivalent to its elongation
under stresssxx52syy because either stress results in t
sames2 value. Therefore, the effective stress violating t
equivalence of the martensite variants and initiating the t
boundaries motion is

seff[sxx2syy5s2 /)522syy . ~14!

When the magnetic fieldHix and stresssyy are applied to
the specimen simultaneously, the effective stress is the
of the values~13! and ~14!—i.e.,

seff~syy ,H !5s2~H !/)22syy . ~15!

The function~15! differs from the effective stress introduce
in Ref. 17 by the factor of 2 in front of thesyy value. This
difference is immaterial when the specimen is affected o
by the magnetic field or only by the mechanical stress@in the
latter case it results only in a redefinition of the parameter
the statistical distribution, Eq.~1!#. In contrast, the presenc
of the factor of 2 in Eq.~15! is essential for the determinatio
of the equivalent field-induced stress, when both magn
field and mechanical stress are applied to the specimen.

It can be summarized that the factor of 2 in Eq.~15!
results from the fact that the mechanical stress affects b
variants forming anxy domain, while the magnetic fieldHix
stresses only one of them because the magnetic field ro
only the magnetization vector of they variant.17 Moreover, it
should be emphasized that according to Eqs.~1! and~14!, the
average mechanical stress needed for the reorientatio
martensite is equal tosc/2, because in this case the effecti
stress is equal tosc . Nevertheless, thesc value is an ad-
equate characteristic of the pinning energy of twin bou
aries.

Equation~6! describes the deformation of martensite co
sisting of a singlexy domain. The polydomain martensiti
structure of the NMG2 specimen8 may be modeled by a mix
ture of xy, zy, andzx domains. The volume fractions of twi
components in azydomain depend ony and/orz components
of the field, both being equal to zero in the case under c
sideration. Therefore, the deformation of azy domain is
13441
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«yy
~zy!52~S21/2!seff~syy ,H !1~c/a!@ay~syy,0!2ay~0,0!#.

~16!

For azx domain, the strain component«yy is independent of
the volume fractions of the twin componentsax and az .
Therefore, the deformation of this domain is

«yy
~zx!52~S21/2!seff~syy ,H !. ~17!

The average deformation for a mixture of the different tw
structures is

«yy5b~xy!«yy
~xy!1b~zy!«yy

~zy!1b~zx!«yy
~zx! , ~18!

whereb ( i j ) denotes the volume fraction ofij domains in the
experimental specimen.

It should be emphasized that Eq.~18! provides only the
simplest approach to the problem, disregarding the ela
interaction between the spatial domains of martensite oc
pied by twins belonging to different domains~i.e., the inter-
nal stresses of the martensite are neglected!.

IV. APPLICATION TO EXPERIMENTAL RESULTS

From fits of theoretical stress-strain curves calcula
from the model equations@Eqs.~6! and ~15!# for a series of
s(H) values to the experimental stress-strain loops obtai
by mechanical cycling of the specimen in stationary ma
netic fields, the magnetic-field-induced stress can be
tained. Experimentally, the value

syy
eq5s2~H !/2) ~19!

is most indicative, because this value is equal to the m
chanical stress needed for the compensation of stress ind
by the magnetic field on the martensitic structure@see Eq.
~15!#. Thus, the valuesyy

eq can be referred to as the equivale
stress.

Figure 2 shows some of the experimental stress-st
loops obtained for NMG1 together with the fitted theoretic
curves andsyy

eq values providing the best fit~the valuesc/a
50.94, sc53.0 MPa, ands050.75 MPa were used!. The
field dependence of the equivalent stress obtained from
fitting procedure is shown in Fig. 3 together withay(H) and
syy

eq(H) calculated from Eqs.~4!, ~12!, and ~19!. The curve
syy

eq(H) was calculated using a magnetization valueM
50.6 T andd521.5 MPa/T2 for the magnetoelastic con
stant estimated from the magnetostriction of the austen
phase5,15 and resulting in a reasonable theoretical va
m0HS'0.8 T for the saturation field.

Figure 3 demonstrates satisfactory agreement between
field dependence of the equivalent stress extracted from
experimental stress-strain curves and quadratic depend
on magnetic field strength inherent to the magnetoela
model in the field range 0,m0H,500 mT. The maximal
‘‘experimental’’ value syy

eq>3 MPa is close to the value
s2(HS)/2)53.45 MPa resulting from Eq.~12!.

For comparison of the ‘‘experimental’’ values of th
equivalent stress with the experimentalM (H) dependence
~Fig. 4! measured for the different specimens of the NMG
alloy, syy

eq values are plotted in Fig. 5 together wit
0-4
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FIG. 2. A series of experimen
tal ~solid line! and theoretical
~dashed line! stress-strain loops
obtained at different constan
fields for the single-crystalline
NMG1 specimen consisting o
a single martensiticxy domain.
Compression stress is applie
along @010# while Hi@100#.
The values of the magnetic field
and experimentally determine
equivalent stress are indicated o
the graphs.
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jM2(H/HS) obtained from the experimentalM (H) depen-
dence~a constant scaling factorj58 MPa/T2 was used! as
functions of the reduced magnetic fieldH/HS and the square
(M /MS)

2 of the reduced magnetization. Figure 5 demo
strates clearly the direct proportionality between the equ
lent stress and the square of the magnetization and, there
the magnetoelastic nature of the magnetostrain effect in m
tensite@see Eq.~10!#. It becomes clear that the observed fie
dependence of the equivalent stress is not exactly quad
for fields larger than ca. 500 mT~in Fig. 3 indicated by
vertical dotted line! because for this field range the field d
pendence of magnetization is not linear~see Fig. 4!.

A precise adjustment of the theoretical stress-strain
pendences to the experimental curves obtained for
NMG2 alloy is not possible in view of the complicated tw
microstructure of the martensite in this specimen, but ne
theless, its magnetomechanical behavior can be unders
taking into account the following features of the experime
tal stress-strain curves~Fig. 6!:

~i! The maximal strain resulting from the reorientation
martensite variants under the effect of mechani
stress is about 2%.
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~ii ! The maximal strain weakly depends on the strength
the applied magnetic field.

~iii ! Some reversible deformation is observed even in
absence of any magnetic field.

Feature~i! indicates thatxy, xz, and yz domains occupy
approximately equal volumes of the specimen~i.e., b (xy)

5b (xz)5b (yz)51/3) and the initial volumes of twin compo
nents are approximately equal to each other@i.e., ax(0,0)
5ay(0,0)5az(0,0)51/2].

Feature~ii ! results from the statistical model when th
parameteruscu appreciably exceeds the maximal value of t
field-induced stress.

Feature~iii ! shows that the martensitic state of the spe
men is internally stressed. As the analytical form of the
ternal stress is not clear, this feature cannot be describe
the framework of the statistical model in its present state

Figure 6 shows experimental and theoretical stress-st
loops obtained for the martensitic alloy NMG2. The valu
of equivalent field-induced stresses were taken equal to th
determined above for NMG1 martensite. In accordance w
the features listed above, the parametersb ( i j )51/3, a i(0,0)
0-5
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51/2, uscu54 MPa, ands051.1 MPa were taken for the
theoretical curves. The calculated dependences reason
illustrate an evolution of the stress-strain loops accompa
ing variation of the magnetic field. A comparison of the e
perimental loops with the theoretical dependences clearly
dicates the presence of internal stresses opposing the ap
stress; the reversible part of the deformation observed exp
mentally exceeds the calculated reversible deformation
all field values.

The close fit of the model to experiments~Figs. 3 and 5!
supports the statistical approach to twin boundary motion
remains to find the micromechanistic origin of the statisti
nature of the critical stress@assumption~iv! of the model#.
On the microscopic scale, twin boundaries move by the m
tion of twinning dislocations.19,20The magnetic field and the

FIG. 3. Field dependence of the equivalent stress for sin
crystalline NMG1 martensite determined theoretically by the
scribed fitting procedure~solid line! and experimentally from the
stress-strain data~open circles! in comparison with the quadrati
function resulting from the magnetoelastic model~dashed line!. The
volume fraction ofx variant in thexy domain is shown for illustra-
tion ~dash-dotted line!.

FIG. 4. Experimental magnetization curve taken in a magn
field parallel to the shortest edge of the VSM specimen of
NMG1 alloy.
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applied mechanical load exert magnetic and mechan
forces on a twinning dislocation.4,10 The magnetic force is
the origin of the magnetic-field-induced stress.4 Dislocations
themselves are sources of internal stresses which give ris
dislocation-dislocation interactions. The force on a twinni
dislocation that results from the surrounding dislocatio
strongly depends on the dislocation structure—i.e., the s
tial distribution of dislocations. The net force on the disloc
tion controls, on the microscopic scale, the onset and di
tion of dislocation motion and, on the macroscopic scale,
onset and direction of deformation.10 Since one of the con-
tributions to the net forces—namely, that which results fro
dislocation-dislocation interaction—is spatially inhomog
neous, the critical contribution of the remaining magne
~resulting from the applied magnetic field! and mechanical
~resulting from the applied mechanical stress! forces is spa-
tially inhomogeneous, too. This critical contribution to th
net force on the twinning dislocation is reflected on the m
roscopic scale by the critical stress for the boundary moti
Thus, the statistical nature of the dislocation structure
rectly results in the statistical distribution ofseff. As the den-
sity of twinning dislocations is larger in a polyvariant cryst
than in a single-variant crystal, the width of the distributio
of internal stresses~and thuss0) is expected to be larger in
polyvariant crystal than in a single-variant crystal. This ag
is in agreement with the results for NMG1 and NMG2.

V. DISCUSSION AND CONCLUSIONS

The present experimental and theoretical studies of
superelastic behavior of Ni-Mn-Ga martensite in a const
applied magnetic field have led to a consistent model
scribed in this paper. In this model, magnetoelastic stres
responsible for both ordinary magnetostriction and detw
ning of the microstructure. During detwinning, the magne
elastic stress performs a mechanical workw}6dM2(1
2c/a) per surface unit of the jumping interface. The prese
work shows that ordinary magnetostriction seems to be
ficient to trigger the detwinning of the specimen. This co
clusion is supported, e.g., by the data of the mechan

-
-

ic
e

FIG. 5. The equivalent stresssyy
eq ~circles! and square of mag-

netizationjM2 ~solid line! as a function of the reduced fieldH/HS

for NMG1 martensite. The equivalent stress is also presented
function of the square of the reduced magnetization (M /MS)2

(MS50.6 T): experiment~crosses! and linear fit~dashed line!.
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stress-strain test presented in Fig. 2~a!. This figure demon-
strates that during unloading, the detwinned martensite
forms linearly. From the slope of the stress-strain curve,
elastic compliance of 1.131024 MPa21 is obtained. This
means that a stress of 1.8 MPa, causing complete detwin
of the martensite, induces a comparatively small ela
strain « (el)'231024. According to Ref. 21, this deforma
tion exceeds the sustainable misfit for the different varia
of a tetragonal lattice and results in the spatial rearrangem
of twins. The ordinary magnetostriction measured in the a
tenitic phase of Ni-Mn-Ga alloy slightly exceeds the val

FIG. 6. A series of experimental~solid line! and theoretical
~dashed line! stress-strain loops obtained for the NMG2 single cr
tal.
13441
e-
n

ng
ic

ts
nt

s-

l521024 ~see Fig. 3 in Ref. 2! and is comparable to« (el)

~there is a tendency to magnetostriction increases on
proaching the martensitic transformation temperature!. Thus,
one can conclude that the magnetostrictive deformation t
gers the jumps of the twin boundaries and, hence, can
responsible for the detwinning of the martensite.

The statistical model presented here describes quan
tively the magnetic-field-induced superelastic behavior of
ferromagnetic martensite in Ni-Mn-Ga single crystals.

From a fit of theoretical stress-strain curves to the exp
mental ones, it becomes possible to determine the mech
cal stress which is equivalent to the internal stress indu
by the magnetic field. The experimental and theoretical
sults show that the field-induced stress is proportional to
square of the magnetization, supporting the theory that
magnetoelastic interaction is the fundamental source of
large strain caused by the field-driven twin rearrangemen

A comparison of theoretical stress-strain curves for
Ni-Mn-Ga single crystalline specimen containing differen
twinned domains with experimental ones demonstrates
presence of internal stresses caused by the elastic intera
between the differently twinned spatial domains of marte
site.
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APPENDIX

The Helmholtz energy of the cubic phase, involved in E
~7!, is

F5
1

6
C8~u2

21u3
2!2dM2@)~mx

22my
2!u2

1~2mz
22my

22mx
2!u3#, ~A1!

whereC8 is the shear modulus. The substitutionu2,3→u2,3
M

1u2,3 with u2,3
M }12c/a results in

F5
1

6
C8~u2

21u3
2!16dM2~12c/a!mi

22dM2@)~mx
2

2my
2!u21~2mz

22my
22mx

2!u3#, ~A2!

for the i variant of the tetragonal phase, corresponding to
linear approximation for a small parameter 12c/a. In this
approximation, the magnetic anisotropy energy correspo
to the tetragonal symmetry, while the elastic and magne
elastic energies of the tetragonal phase coincide with thos
the parent~cubic! phase. The ‘‘tetragonal corrections’’ to th
elastic and magnetoelastic energies are proportional to
2c/a)2 and are disregarded.

Using

s ik5~]F/]« ik!T , ~A3!

-
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we defines ik in terms ofu2,3:

s2,35~]F/]u2,3!T . ~A4!

Equations~A2! and ~A4! result in

s216d)M2~mx
22my

2!52C8u2 ,

s316dM2~2mz
22my

22mx
2!52C8u3 , ~A5!
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