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Structural and magnetic phase transitions in shape-memory alloys Ni21xMn12xGa
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The Heusler-type alloy Ni21xMn12xGa exhibits well defined shape memory properties in a ferromagnetic
state, which means that the martensitic transition temperature is lower than the Curie point of this material. The
change of composition makes these characteristic temperatures approach each other. To study this behavior,
the measurements of specific heat, ac magnetic susceptibility, and dc resistivity were performed. The phase
diagram of the cubic ferromagnet describing possible structural and magnetic transitions is obtained theoreti-
cally. This diagram is compared with experimental data on Ni21xMn12xGa. An estimate is given of the
magnetic-field influence on the temperature of martensitic transformation in the studied alloys.
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I. INTRODUCTION

Some representatives of the Heusler alloy family
known to exhibit a crystallographically reversible, the
moelastic martensitic transformation resulting in the sha
memory effect. In most cases the shape-memory alloys
nonmagneticand the options to influence their shape a
dimensions are restricted to stress and temperature. In
containing Heusler alloys, however, the indirect exchan
interaction between magnetic ions results in ferromagneti
It opens the possibility to influence the shape and dimens
of magneticshape-memory alloys by an external magne
field in addition to stress and temperature. This new po
bility can be realized through the magnetically driven shift
the structural transition temperature. The most promis
means by which to achieve a substantial effect on shape
dimensions of ferromagnetic shape-memory alloys thro
the application of a magnetic field seems to be the merg
of the temperatures of structural and magnetic transitions
this case the application of a magnetic field would result
a martensitic transformation. To realize this effect it is in
tially necessary to determine the correct alloy compositi
Subsequently, it is necessary to define the main physica
rameters of this alloy and to estimate the influence of a m
netic field on the temperature of the structural phase tra
tion.

A Mn-containing Heusler-type alloy, Ni2MnGa, experi-
ences martensitic transformation when in a ferromagn
PRB 590163-1829/99/59~2!/1113~8!/$15.00
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state. The temperatures of ferromagnetic (TC5376 K) and
structural (TM5202 K) transitions differ significantly for the
stoichiometric composition. Altering the composition allow
a change of these characteristic temperatures.

In the present work the partial substitution of Mn with N
increasedTM and decreasedTC , resulting in their coinci-
dence. A complex study of the physical properties
Ni21xMn12xGa alloys in the range ofx50 – 0.2 was
performed. The theoretical analysis of the possible struct
and magnetic phase transitions in the cubic ferromag
was given and the obtained results were compared w
existing experimental data. The possibility of a first-ord
magnetic phase transition in Ni21xMn12xGa is discussed and
estimates of magnetic-field and pressure effe
on the temperature of the structural phase transition
given.

The paper is organized in the following way. Section
contains information on the physical properties of stoich
metric and nonstoichiometric Ni2MnGa and presents th
main parameters of these compounds. The results of the
perimental studies of resistivity, specific heat, and magn
properties of Ni21xMn12xGa alloys are presented in Sec. II
Section IV contains theoretical treatment of structural a
magnetic phase transitions based on Landau’s phenom
logical approach. The effect of a magnetic field on the m
tensitic transition temperature is estimated by using a th
modynamic model. The experimental and theoretical res
are compared in Sec. V.
1113 ©1999 The American Physical Society
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II. FERROMAGNETIC SHAPE-MEMORY ALLOYS
Ni21xMn12xGa

A. Stoichiometric composition

A detailed study of magnetic order and phase transfor
tion in stoichiometric Ni2MnGa was performed by Webste
et al.1 The intermetallic compound Ni2MnGa is a ferromag-
netic Heusler alloy with L21 structure. Ni ions occupy the
corner sites of the body-centered-cubic structure, while
and Ga ions occupy alternate body-center sites. Struct
phase transition from the cubic austenite~a50.582 nm at
T5295 K! to the tetragonal martensite~a50.592 nm andc
50.557 nm atT54.2 K! takes place on cooling belowTM
5202 K. This phase transition is hysteretic, but reversi
on heating, showing the shape-memory effect. The meas
ments of magnetizationM of Ni2MnGa revealed behavio
typical of a soft ferromagnet aboveTM . Below this tempera-
ture, however, an abrupt decrease ofM was observed, indi-
cating an increase of the magnetic anisotropy and a reduc
in the number of easy axes of magnetization. Magnetiza
saturates to a value ofM'80 kA/m in the field H
>1200 kA/m. Neutron-diffraction measurements show
that magnetic moments of about 4mB are oriented along the
@111# direction in austenitic phase and are mainly confined
the Mn sites. In contrast, Ni ions possess moments of
then 0.3mB . The Curie temperature for the stoichiometr
composition of Ni2MnGa is TC5376 K. The temperature
of ferromagnetic and martensitic transitions were fou
to be quite sensitive to distances between Mn ions. The
plication of hydrostatic pressure to stoichiometric Ni2MnGa
resulted in the increase of the ferromagnetic transition te
peraturedTC /dP52.8 K/kbar and in the decrease of th
martensitic transition temperaturedTM /dP521.5 K/kbar
~Ref. 2!.

B. Nonstoichiometric composition

Judging by phase-transition temperatures most sam
of Ni2MnGa used in numerous recent studies were
nonstoichiometric compositions. Martensitic transiti
temperature TM ranging between 160 K and 450
have been reported~Refs. 3–13!. The main feature of
these studies was observation of various premarten
and intermartensitic transformations accompanied by
appearance of long-range modulations of the cry
lattice.

A modulated structure constituted by a shifting of~110!
planes along the@11̄0# direction with a periodicity of five
atomic layers has been observed in a martensite produce
cooling through transition.3 Moreover, further structura
transformations were induced by an external stress in
martensitic phase.4 The measurements of diffuse x-ray inte
sity from a single crystal of Ni2MnGa with TM
5160– 180 K have revealed a strong soft-mode behavio
the transverse acoustic phonon branch, withq in the @110#
direction and polarization in the@11̄0# direction in the high-
temperature phase.5 Condensation of this phonon mode r
sulted in the formation of the premartensitic phase in
temperature rangeTM,T,T15220 K ~Refs. 6 and 7!. The
soft mode was also found in inelastic neutron-scatter
measurements of single crystals of Ni2MnGa with TM
a-
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5220 K ~Refs. 8 and 9! andTM5284 K ~Ref. 10!. Signifi-
cant, though incomplete softening in the@z,z,0#TA2 phonon
branch has been observed at a wave vectorz0'0.33. The
anomaly in the dispersion curve was shown to persist at h
temperatures, even above the Curie point. A temperat
dependent peak in the elastic diffuse scattering was
present at the wave vectorz0 , which developed into a Bragg
peak, representative of an intermediate phase between
high-temperature Heusler and the low-temperature marte
tic structures. The intermediate phase transition atT1
5265 K in the sample withTM5220 K was confirmed by
ultrasonic studies.11,12 Significant softening of elastic con
stants was found when approaching this temperature.
behavior of velocity and attenuation in this premartens
phase was found to be consistent with neutron-scatte
data and showed that the premartensitic phase is an ord
modulated phase. In a recent paper13 the martensitic transfor-
mation sequence in two single crystals of Ni-Mn-Ga allo
with a martensite start temperature of about 400 K was
vestigated using multiple experimental techniques. A tw
step thermally induced martensitic transformation dur
cooling and one-step reverse transformation during hea
was found in both alloys, although different modulated m
tensitic phases existed in each of the alloys.

In comparison to the study of structural transformatio
the changes of magnetic properties and the ferromagn
transition in Ni2MnGa itself was less thoroughly invest
gated. In both stoichiometric and nonstoichiometric allo
the transition into martensitic phase is accompanied b
decrease of low-field magnetic susceptibility and by a 1
20% increase in the magnetization of saturationMS ~Refs.
14–16!. The influence of nonstoichiometry~Ni excess! on
the structural and magnetic properties of Ni21xMn12xGa
was studied in Ref. 17. While almost no shift of the Cu
temperature was evidenced atx50.1, no martensitic phas
transition was found for this alloy up toTC .

In order to clarify this extremely unclear situation co
cerning the composition dependencies of martensitic
magnetic transition temperatures, we undertook a comp
study of various physical properties of Ni21xMn12xGa in the
range ofx50 – 0.20. Changing the composition results in t
variation of the conduction electrons density. The imp
tance of the conduction electrons in stabilizing the Heus
structure was noted by Hume-Rothery18 a long time ago. It
was suggested19 that the structure is stabilized because t
Fermi surface barely touches the~110! Brillouin-zone
boundary. Comparing the density of states of cubic and
tragonal structures in Ni2MnGa ~Ref. 20!, it was suggested
that the band Jahn-Teller effect causes the lattice transfor
tion in this alloy. Since the exchange interaction involv
the polarization of conduction electrons, any change of
chemical order may directly influence the alloy’s magne
behavior. In order to increase the martensitic transit
temperatureTM and to decrease the ferromagnetic transit
temperature TC we undertook a partial substitutio
of Mn sites with Ni ions. This resulted in an increas
of the electron population as well as in negative chemi
pressure.

III. EXPERIMENTAL RESULTS

A. Samples

The ingots of Ni21xMn12xGa samples of various compo
sitions were prepared by arc melting high-purity~99.99%!



a
re
b

r
o

les
io
is
le
i

pl
an

r
e
vit
ag
o
d

t
iv-
e.
io
ed
le

be
d

sin

ne

ion,
he
pa-
a-

ag-
rro-
first-
ase
her-
en-

osi-
ly

low
ose
t

in in

of
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elements and subsequent homogenization of the ingot m
rial by annealing at 1100 K for 9 days. The ingots we
quenched in ice water. While quenching is considered to
important to obtain the highest degree of chemical orde
also increases the brittleness of the samples. The comp
tion of the samples was characterized by Ni excessx
in the rangex50 – 0.20. The crystal structure of the samp
at room temperature was determined by x-ray diffract
using CuKa radiation. In order to measure electrical res
tivity, specific heat, and magnetic properties, samp
of various shapes were spark cut from the homogenized
gots.

B. Electrical resistivity

Direct current resistivity measurements provide a sim
and effective tool to detect both structural and magnetic tr
sitions. As shown in Fig. 1, atTM the resistivity exhibits a
pronounced jumplike behavior, while atTC only change in
the slope takes place. The steepening of slopes in the fe
magnetic phase can be attributed to the disappearanc
electrons scattering on magnetic fluctuations. Resisti
measurements allow distinction of the martensitic and m
netic transitions, even if their temperatures are in close pr
imity. As Ni content increases,TM gradually increases an
TC gradually decreases until these temperatures merge in
samples withx>0.18. In these samples the jump of resist
ity is directly followed by a steepening of the slop
No hysteresis was observed at ferromagnetic transit
while below the martensitic transition the resistivity show
a marked hysteretic behavior. Surprisingly, in the samp
with high Ni content the hysteresis, as shown in Fig. 2,
comes extremely wide, extending up to several tens of
grees.

C. Differential scanning calorimetry

The hidden heat of transformations was measured u
the differential scanning calorimetry~DSC! technique. The
martensitic transformation was accompanied by well-defi

FIG. 1. Temperature dependencies of dc resistivity
Ni21xMn12xGa (x50 – 0.20).
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peaks in the specific heat due to the hidden heat of transit
which is a characteristic of first-order phase transitions. T
second-order ferromagnetic phase transitions were accom
nied by jumps in the specific heat. The character of anom
lies changed significantly~from jumps to peaks! in the
samples where the temperatures of the structural and m
netic phase transitions merged. This indicates that the fe
magnetic phase transitions in these samples became
order transitions. Both martensitic and ferromagnetic ph
transitions were accompanied by exothermic and endot
mic peaks at cooling and heating, respectively. The dep
dencies observed in the samples of six different comp
tions at cooling are shown in Fig. 3. Due to the relative
large width of the peaks the DSC technique does not al
distinction between the two transitions when they are cl
in temperature. These measurements show, however, thaTM

FIG. 2. Temperature dependencies of dc resistivity
Ni2.16Mn0.84Ga.

FIG. 3. Differential scanning calorimetry scans
Ni21xMn12xGa at heating.
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1116 PRB 59A. N. VASIL’EV et al.
andTC merge at compositionx>0.18 and that the tempera
ture of the mixed transition increases. The estimate of
hidden heat of martensitic transition in Ni2.19Mn0.81Ga is Q
543107 J/m3.

D. Magnetic measurements

The temperature dependencies of the low-field ac m
netic susceptibilityx, as shown in Fig. 4, exhibit very shar
changes at martensitic and magnetic transitions. The ma
sitic phase transition from the cubic to the tetragonal str
ture is indicated by the drastic drop ofx. x also sharply
decreases at the Curie temperature when the ferromag
phase is destroyed. WhileTM and TC are still separated in
Ni2.16Mn0.84Ga and two anomalies occur, in Ni2.19Mn0.81Ga
only one anomaly of ac magnetic susceptibility at the mix
phase transition is observed.

The general tendency ofTM to increase and ofTC to
decrease with the change in composition before they me
is illustrated by Fig. 5, where the temperatures of phase t
sitions are presented as the averages of various mea
ments.

In the course of the present study we undertook an
tempt to realize the austenite-martensite transformation

FIG. 4. Temperature dependencies of low-field magnetic s
ceptibility of Ni21xMn12xGa.
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der the influence of pulsed magnetic field up to 24 0
kA/m. To measure the spontaneous striction of this tran
tion, a thin plate of quartz was glued to the surface of
sample. It was found that the magnetostrictive tension
creases inl-like manner when approachingTM ~Ref. 15!,
but every attempt to measure magnetostriction in close p
imity to the martensitic transition temperature ended in
destruction of either the quartz transducer, or the sample
self.

IV. THERMODYNAMIC THEORY

The experimental results presented above show that
temperatures of magnetic and structural phase transitions
proach each other and even merge due to the change of
composition. This behavior can be described within a p
nomenological model based on Landau’s expansion of
energy.

A. Phase diagram of cubic ferromagnet

Let us consider a cubic metal of space groupOh experi-
encing at cooling ferromagnetic and structural pha
transitions. The order parameters responsible for
structure transformation are the combinations of the de
mation tensor componentseik . The magnetic phase trans
tion is described by the components of magnetizationM .
The thermodynamic potential for such a system can be w
ten as

s-

FIG. 5. The composition dependencies of the ferromagn
transition temperatureTC and the martensitic transition temperatu
TM in Ni21xMn12xGa (x50 – 0.20).
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Hereei are the linear combinations of the deformation ten
components eik : e15(exx1eyy1ezz)/), e25(exx
2eyy)/&, e35(2ezz2exx2eyy), e45exy , e55eyz , e6
5ezx , a, b, and c are the linear combinations of th
second-, third-, and fourth-order elastic moduli, respective
a5c112c12, b5(c1112c1121c123)/6A6, c5(c11111c1112
23c112228c1123)/48, m5M /MS , MS is the saturation mag
netization;a1 and d1 are the exchange constants,B1 , B2 ,
and B3 are the exchange magnetostriction and relativis
magnetostriction constants,K1 is the first cubic anisotropy
constant,n is the coefficient of thermal expansion. The ela
tic modulusa5c112c12 tends to zero, while approaching th
structural phase transition temperature, and in the vicinity
phase transition it is described by the equationa5a0(T
2TM). The cubic symmetry of the crystal allows the cons
eration of the third-order term in formulas~1! that will result
in the first-order structural phase transition.

The thermodynamic potential~1! describes both the cas
of TM andTC coincidence and the case ofTC andTM sepa-
ration. In the first case the magnetic moment changes
magnitude and direction at phase transition. In the sec
case~for TC.TM! the structural phase transition is accom
panied mainly by a change in the magnetic moment dir
tion.

The most interesting case, the close proximity ofTC and
TM , will be considered below. The minimization of the the
modynamic potential~1! with respect to the deformation ten
sor componentse1 , e4 , e5 , and e6 leads to the following
equation:

F5F01
1

2
a~e2

21e3
2!1

1

3
be3~e3

223e2
2!1

1

4
c~e2

21e3
2!2

1B2S 1

&
e2~m1

22m2
2!1

1

A6
e3~3m3

22m2!D
1

1

2
a~m1

21m2
21m3

2!1
1

4
d~m1

21m2
21m3

2!2

1K~m1
2m2

21m2
2m3

21m3
2m1

2!, ~2!

where a5a11nB1T/@31/2(c1112c12)#, d5d12B1
2/@6(c11

12c12)#, K5K12B3
2/2c44 are the exchange constants a

the first cubic anisotropy constant renormalized by magn
striction. We assume that the exchange-interaction param
a decreases linearly when approaching the Curie point,
a5a0(T2TC).

The minimization of the thermodynamic potential~2!
with respect to the rest of the variablese2 , e3 , m1 , m2 , and
m3 makes it possible to determine all feasible structural a
magnetic phases. As a result the following phases of
ferromagnet and their stability conditions are found~in this
consideration it is assumed thatb.0, K,0, andB25B!.

~1! The cubic paramagnetic phase,

m15m25m350, e25e350,

is stable ata>0, a>0.
~2! The tetragonal paramagnetic phase,

m15m25m350, e250, e352
b1Ab224ac

2c
,

r

,

c

-

f

-

in
d

-

o-
ter
.,

d
e

is stable at

a>2Bb/A6c, a<b2/4c,

a>b2/4c2S A6
a

4B
Ac2

b

2Ac
D 2

.

~3! The cubic ferromagnetic phase,

e25e350, m15m25m35m/), m252
a

d24q/3
,

is stable ata<0, a>B2/q, whereq5uKu.
~4! The tetragonal angular ferromagnetic phase,

m1
25m2

252
1

3

a

d24q/3
1

Be3

A6q
,

m3
252

1

3

a

d24q/3
2

2Be3

A6q
,

e250, e352
b1Ab224c~a2B2/q!

2c
,

is stable at

a<2A6bB~d24q/3!/4cq, a<b2/4c1B2/q,

a>
b2

4c
1

B2

q
2SA2

3

q

B

a

d24q/3
Ac1

b

2Ac
D 2

.

~5! The tetragonal collinear ferromagnetic phase,

m15m250, m3
252

~a14Be3 /A6!

d
,

e250, ae31be3
21ce3

31A2

3
Bm250,

is stable at

a<0, a<
b2

4c
1

B2

q
2SA2

3

q

B

a

d24q/3
Ac1

b

2Ac
D 2

and at

a>0, a<
b2

4c
2S A6

a

4B
Ac2

b

2Ac
D 2

.

In the above formulas we assumedK,0. Thus, in the
cubic ferromagnetic phase~3! the magnetizationM is ori-
ented along the crystallographic axis@111#. In the tetragonal
angular ferromagnetic phase~4! the magnetization direction
varies from axis@111# to @001# with temperature change. In
the tetragonal collinear ferromagnetic phase~5!, magnetiza-
tion M is oriented along the crystallographic axis@001#. Be-
cause the crystallographic axes@001#, @010#, and @100# are
equivalent, equal amounts of differently oriented tetrago
phase domains emerge. For the same reason, differently
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1118 PRB 59A. N. VASIL’EV et al.
ented angular phase domains emerge in phase~4!. In these
phases the elastic deformations are equal to

e2
253e3

2 ; e352
b1Ab224c~a2B2/q!

2c
. ~3!

Because phases~4! and ~5! are both tetragonal, the phas
transitions between them are isostructural.

The phase diagram of a ferromagnet ona-a coordinates is
schematically shown in Fig. 6. The lines of phase transiti
were determined from the conditions of the phases equilib
From the paramagnetic cubic phase~1! the following phase
transitions are possible. TheAB line represents the first
order structural transition to the tetragonal paramagn
phase~2!. TheCE line represents the second-order isostr
tural phase transition to the cubic ferromagnetic phase~3!
with M i@111#. The lineEA represents the combined ma
netic and structural first-order phase transition to the tetr
onal ferromagnetic phase~5!. The second-order isostructur
phase transition occurs on theAD line from the tetragona
paramagnetic phase~2! to the tetragonal ferromagnetic pha
~5!. The first-order combined structural and magnetic reo
entational phase transitions occur on lineHH8 from the cu-
bic ferromagnetic phase~3! to the tetragonal phase~4! and
on line HE to the tetragonal phase~5!. At last, the second-
order isostructural magnetic reorientation phase transi
occurs on lineHK from the tetragonal phase~4! to the te-
tragonal phase~5!. The loss-of-equilibrium lines are show
in Fig. 6 by dotted curves: for phase~1! it is CO andOO8
lines, for phase~2! it is MM 8 andMD lines, for phase~3! it
is CF andFF8 lines, for phase~4! it is GG8 andGK lines,
for phase~5! it is KL, LP, andPD lines. The specific points
of this phase diagram have the following coordinat
A(8bB/3A6c,2b2/9c), E(0,2b2/9c14B2/3d), H(22bB(d

24q/3)/A6cq,2b2/9c1B2/q), G(2A3
8 bB(d24q/3)/cq,

b2/4c1B2/q), L8(0,b2/4c14B2/3d), M (2bB/A6c,
b2/4c), F(0,B2/q).

In order to compare the results of calculations with e
perimental data, thea-a phase diagram can be represen
on T-X coordinates. For this purpose we assume simple
ear dependencies:

FIG. 6. Schematic phase diagram of a cubic ferromagnet on
a-a coordinates. The numbers denote different phases. The
lines are lines of the phase transitions. The dotted lines represen
lines of the loss of equilibrium.
s
a.

ic
-

g-

i-

n

:

-
d
-

TM5TM022b2/~9ca0!2B2/~qa0!1kX, TC5TC02gX,
~4!

whereTM0 andTC0 are the temperatures of martensitic a
ferromagnetic phase transitions for the stoichiometric co
position (X50).

The lines of the main phase transitions onT-X coordi-
nates are

~1!⇔~2!: T5TM02B2/~qa0!1kX; ~5!

~1!⇔~3!: T5TC02gX; ~6!

~3!⇔~4!: T5TM02kX. ~7!

The phase diagram onT-X coordinates is shown in Fig. 7
The characteristic points ofT-X phase diagram are

A:XA5@TC02TM018bB/~3A6ca0!

1B2/~qa0!#/~k1g!,

TA5$k@TC018bB/~3A6ca0!#

1g@TM02B2/~qa0!#%/~k1g!;

E:XE5@TC02TM01B2/~qa0!24B2/~3da0!#/~k1g!,

TE5$kTC01g@TM02B2/~qa0!14B2/~3da0!#%/~k1g!;

H:XH5@TC02TM022bB~d24q/3!/~A6cqa0!#/~k1g!,

TH5$k@TC022bB~d24q/3!/~A6cqa0!#1gTM0%/~k1g!.

The best agreement of the theoreticalT-X diagram with the
experimental one~Fig. 5! is reached at the following value
of the parameters:TC0'375 K, TM0'200 K, a05d/TC0 ,
a05b/TM0 , b/c;0.1, b;1011 J/m3, d/q;10, d
;106 J/m3, B;106 J/m3, g'295 K, k'800 K.

B. The influence of a magnetic field

The influence of a magnetic field on the temperature o
first-order structural transition can be estimated using
thermodynamic Clapeiron-Clausius approach.21

At the phase equilibrium thermodynamic potentialsFM
andFA of martensitic and austenitic phases, as the functi
of temperatureT, magnetic fieldH, and pressureP, are
equal

FM~T,H,P!5FA~T,H,P!. ~8!

This equation defines the surface of phase transitions in
variablesT,H,P. At the fixed pointTM , P0 , H050 this
surface is given by the equation

~]FM /]T2]FA /]T!DT1~]FM /]H2]FA /]H !DH

1~]FM /]P2]FA /]P!DP50, ~9!

whereDT5T2TM , DP5P2P0 ,

]FM /]T2]FA /]T5SA2SM5Q/TM , ~10!

]FM /]H2]FA /]H5MAVA2M MVM , ~11!
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]FM /]P2]FA /]P5VM2VA , ~12!

whereS is entropy,Q is the hidden heat of martensitic pha
transition atTM , MA,M andVA,M are the magnetizations an
the volumes of austenite and martensite, correspondingl

Combining Eqs.~10!–~12! with Eq. ~9!, one can deter-
mine the magnetically driven shift ofTM at a constant pres
sure,

DT5~M MVM2MAVA!HTM /Q, ~13!

and the pressure-induced shift ofTM under a constant mag
netic field,

DT5~TM /Q!~VA2VM !DP. ~14!

Equation~13! describes the change ofTM in the case of both
austenite and martensite being ferromagnetic.

In the case whenTM.TC both austenite and martensite
structural transformation are paramagnetic. Thus, the va
tion of TM is

DT5~xMVM2xAVA!H2TM/2Q, ~15!

wherex is the magnetic susceptibility.
Evidently, the most pronounced effect of the magne

field onTM can be achieved during the transition from pa
magnetic austenite to ferromagnetic martensite:

DT5M MVMHTM /Q. ~16!

The shifts ofTM when subject to a magnetic field or pressu
can be thus compared:

DP5VMM MH/~VA2VM !. ~17!

The latter expression is valid for the case of transit
between ferromagnetic martensite and paramagnetic au
ite.

V. DISCUSSION

In general, the results of these experimental studies
respond to each other and establish the general tenden
martensitic transition temperatureTM to increase and Curie
temperatureTC to decrease with Ni excess in Ni2MnGa. The
composition dependencies ofTM and TC obtained from the
measurements of specific heat, magnetic susceptibility,
resistivity are shown in Fig. 5. It appears that the charac
istic temperatures in Ni21xMn12xGa merge at x
50.18– 0.20. In the samples of this composition range
profiles of the observed singularities of every physical pr
erty changed qualitatively.

It can be seen that the experimentally obtainedT-X phase
diagram~Fig. 5! is in a qualitative agreement with the ca
culated one~Fig. 7!. The detailed comparison of theory wit
experiment can be made on the basis of low-field magn
susceptibility measurements. It can be seen that differen
quences of phase transitions can be realized
Ni21xMn12xGa of different compositions. According t
Figs. 4 and 5 the temperature of magnetic phase trans
from the cubic paramagnetic phase~1! to the cubic ferromag-
netic phase~3! linearly decreases with concentrationx. The
temperature of the phase transition from the cubic ferrom
netic phase~3! to the tetragonal ferromagnetic phases~4! and
a-

c
-

en-

r-
of

nd
r-

e
-

ic
e-

in

on

g-

~5! increases with concentrationx. The appearance of a
additional anomaly of low-field magnetic susceptibility atT
'260 K for stoichiometric composition~Fig. 4! can be as-
cribed to the transition from the cubic ferromagnetic pha
~3! to the tetragonal angular phase~4! ~see Figs. 4 and 7!. It
is possible that this transition corresponds to premarten
transition accompanied by the softening of theTA2 phonon
mode with wave vector@1/3,1/3,0# ~Refs. 5–12!. The sharp
drop ofx at T'202 K is due to orientational transition from
phase~4! to phase~5!.

The phase diagram of a ferromagnet was analyzed ab
in the absence of external stress and a magnetic field. A
the domain structure of the samples was not taken into
count. Appearance of structural and magnetic domains
result in the formation of domain phases with nonunifo
distribution of magnetization. The first-order structural pha
transition presupposes the coexistence of high-tempera
austenite and low-temperature martensite. This coexiste
occurs in a specific temperature range due to elastic str
that accompany the nucleation of the martensitic phase.
coherent and partially coherent conjugation of the phases
austenite-martensite boundaries results in the quasiperi
structure of the martensitic domains. The formation of t
martensitic domains is necessitated by the need to decr
the energy of elastic strains on the boundaries. The tetra
nal distortions of the cubic lattice occur with the same pro
ability along each of the crystallographically equivalent ax
@001#. Hence, statistically equal amounts of differently o
ented macrodomains appear in the sample. If the magn
properties of the martensite and the austenite differ, the m
netic energy of each macrodomain will depend on its ori
tation with respect to an external magnetic field. The m
netic energy of a martensitic plate oriented along
magnetic field will be lower than that of a normally oriente
martensitic plate.

In a low magnetic field atT,TM the lowering of the
energy of demagnetization occurs via the formation of m
netic domains. WhenTM andTC are close to each other it i
energetically favorable to create the intermediate state c
sisting of alternating ferromagnetic martensite and param
netic austenite domains. It is possible even in the absenc
elastic strains on phase boundaries. At martensite-auste
phases coexistence, the additional increase of magnetiza

FIG. 7. Phase diagram of a cubic ferromagnet on theT-X coor-
dinates.
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occurs due to the magnetically induced transition of the
sidual austenite into martensite.

The experimental data obtained allow an estimate of so
important physical parameters of the investigated alloys.
cause the magnetization saturates atH5160 kA/m whenT
.TM , the same value determines the field of magnetoc
talline anisotropy in the cubic phase. Let us estimate the fi
of magnetic anisotropy resulting from spontaneous defor
tions in the martensitic phase. The magnetoelastic part of
thermodynamic potential~1! is FME5GlDe'104 J/m3,
whereG is the shift modulus of about 1011 J/m3, l;1025 is
the magnetostriction,De is the elastic deformation of abou
1022. The estimated field of magnetic anisotropy appear
be DHA5FME /MS'8 kA/m.

The magnetization of the tetragonal phase saturatesH
.800 kA/m. This is comparable to the demagnetizing fie
4pM of the martensitic domains. This indicates that t
magnetization of crystal occurs through the reorientation
magnetic moments in unfavorably oriented macrodoma
Thus, the large value of the field of saturation in tetrago
martensite cannot be explained by the increase of a ma
tocrystalline anisotropy only. The effective field of aniso
ropy DHA'8 kA/m appears to be much lower than the d
magnetizing field.

Using the data obtained it is possible to estimate the s
of martensitic transition temperature in a saturating magn
field. Assuming the magnetization of saturation to beMS
ak
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;80 kA/m atH5800 kA/m, the temperature of martensit
transformationTM;300 K, the hidden heat of transitionQ
;43107 J/m3 we obtainDT;5 K in accordance with Eq.
~13!. Assuming that the relative change of the volume
martensitic transformation is (VM2VA)/VM;1022, let us
estimate the pressure that results in the same change of
sition temperature as the saturating magnetic field. Using
pression~17! we obtain DP;108 Pa. This estimate is in
qualitative agreement with experimental results of~Ref. 2!:
dTM /dP521.5 K/kbar.

In conclusion, it was shown that the tetragonal phase
Ni21xMn12xGa can be suppressed by Ni excess. The
crease of Mn-Mn distances accompanying Ni excess redu
the Curie temperature of these alloys. The temperature
martensitic and magnetic transitions merge at Ni excesx
50.18– 0.20. Determining the correct composition of a ma
netically driven shape-memory alloy is only the first step
realizing the effect described above. Further investigati
are required to overcome the brittleness of this compo
and to establish the relationship between martensitic
magnetic domain structures.
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