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Structural and magnetic phase transitions in shape-memory alloys Ni.,Mn;_,Ga
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The Heusler-type alloy Ni.,Mn,;_,Ga 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 op,in,_,Ga. An estimate is given of the
magnetic-field influence on the temperature of martensitic transformation in the studied alloys.
[S0163-182609)09701-5

l. INTRODUCTION state. The temperatures of ferromagnefic € 376 K) and
structural [T, =202 K) transitions differ significantly for the

Some representatives of the Heusler alloy family arestoichiometric composition. Altering the composition allows
known to exhibit a crystallographically reversible, ther- 3 change of these characteristic temperatures.
moelastic martensitic transformation resulting in the shape- |n the present work the partial substitution of Mn with Ni
memory effect. In most cases the shape-memory alloys afiigcreasedT,, and decreased., resulting in their coinci-
nonmagneticand the options to influence their shape anddence. A complex study of the physical properties of
dimensions are restricted to stress and temperature. In MiNj,, . Mn,_,Ga alloys in the range ofx=0-0.2 was
containing Heusler alloys, however, the indirect exchanggerformed. The theoretical analysis of the possible structural
interaction between magnetic ions results in ferromagnetisnhnd magnetic phase transitions in the cubic ferromagnet
It opens the possibility to influence the shape and dimensiongas given and the obtained results were compared with
of magneticshape-memory alloys by an external magneticexisting experimental data. The possibility of a first-order
field in addition to stress and temperature. This new possimagnetic phase transition in Ni,Mn; _,Ga is discussed and
blllty can be realized through the magnetically driven shift Ofestimates of magnetic-ﬁe]d and pressure effects
the structural transition temperature. The most promisingn the temperature of the structural phase transition are
means by which to achieve a substantial effect on shape anglven.
dimensions of ferromagnetic shape-memory alloys through The paper is organized in the following way. Section II
the application of a magnetic field seems to be the mergingontains information on the physical properties of stoichio-
of the temperatures of structural and magnetic transitions. Imetric and nonstoichiometric pMnGa and presents the
this case the application of a magnetic field would result inmain parameters of these compounds. The results of the ex-
a martensitic transformation. To realize this effect it is ini- perimental studies of resistivity, specific heat, and magnetic
tially necessary to determine the correct alloy compositionproperties of Nj . ,Mn; _,Ga alloys are presented in Sec. lll.
Subsequently, it is necessary to define the main physical p&ection IV contains theoretical treatment of structural and
rameters of this alloy and to estimate the influence of a magmagnetic phase transitions based on Landau’s phenomeno-
netic field on the temperature of the structural phase translogical approach. The effect of a magnetic field on the mar-
tion. tensitic transition temperature is estimated by using a ther-

A Mn-containing Heusler-type alloy, BYinGa, experi- modynamic model. The experimental and theoretical results
ences martensitic transformation when in a ferromagnetiare compared in Sec. V.
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Il. FERROMAGNETIC SHAPE-MEMORY ALLOYS =220 K (Refs. 8 and 9and Ty, =284 K (Ref. 10. Signifi-
Niz1xMn;_,Ga cant, though incomplete softening in thg £,0]T A, phonon
branch has been observed at a wave vecer0.33. The
anomaly in the dispersion curve was shown to persist at high
A detailed study of magnetic order and phase transformatemperatures, even above the Curie point. A temperature-
tion in stoichiometric NiIMnGa was performed by Webster dependent peak in the elastic diffuse scattering was also
et al! The intermetallic compound B¥MnGa is a ferromag- present at the wave vectgg, which developed into a Bragg
netic Heusler alloy with L2 structure. Ni ions occupy the peak, representative of an intermediate phase between the
corner sites of the body-centered-cubic structure, while Mrhigh-temperature Heusler and the low-temperature martensi-
and Ga ions occupy alternate body-center sites. Structuréic structures. The intermediate phase transition Tat
phase transition from the cubic austenige=0.582 nm at =265 K in the samgle withT'y, =220 K was confirmed by
T=295 K) to the tetragonal martensita=0.592 nm anc¢:  ultrasonic studie$!** Significant softening of elastic con-
=0.557 nm afT=4.2 K) takes place on cooling beloW,, Stants was found when approaching this temperature. The

—202 K. This phase transition is hysteretic, but reversibld?€havior of velocity and attenuation in this premartensitic

on heating, showing the shape-memory effect. The measur@hase was found to be consistent with neutron-scattering

ments of magnetizatioM of Ni,MnGa revealed behavior data and showed that the premartensitic phase is an ordered

. : modulated phase. In a recent papéne martensitic transfor-
typical of a soft ferromagnet abovg, . Below this tempera- . . ; Cea
ture, however, an abrupt decreaseMbfwas observed, indi- mation sequence in two single crystals of Ni-Mn-Ga alloys

- ; ; ) . with a martensite start temperature of about 400 K was in-
cating an increase of the magnetic anisotropy and a red“Ct'Q/rEstigated using multiple experimental techniques. A two-

in the number of easy axes of magnetization. Magnetizatiogye, “thermally induced martensitic transformation during
saturates to a value oM~80 kA/m in the field H  ogling and one-step reverse transformation during heating
=1200 kA/m. Neutron-diffraction measurements showedyas found in both alloys, although different modulated mar-
that magnetic moments of abouu.4 are oriented along the tensitic phases existed in each of the alloys.

[111] direction in austenitic phase and are mainly confined to  |n comparison to the study of structural transformations,
the Mn sites. In contrast, Ni ions possess moments of lesthe changes of magnetic properties and the ferromagnetic
then 0.3tg. The Curie temperature for the stoichiometric transition in NpMnGa itself was less thoroughly investi-
composition of NjMnGa is Tc=376 K. The temperatures gated. In both stoichiometric and nonstoichiometric alloys,
of ferromagnetic and martensitic transitions were foundthe transition into martensitic phase is accompanied by a
to be quite sensitive to distances between Mn ions. The aglecrease of low-field magnetic susceptibility and by a 10—
plication of hydrostatic pressure to stoichiometrigMinGa  20% increase in the magnetization of saturatdg (Refs.
resulted in the increase of the ferromagnetic transition tem14—18. The influence of nonstoichiometiiNi excess on

peratured Tc/dP=2.8 K/kbar and in the decrease of the the structural and magnetic properties of, NiMn, _,Ga
martensitic transition temperatur@T,, /dP=—1.5 K/kbar ~ Was studied in Ref. 17. While almost no shift of the Curie

(Ref. 2. temperature was evidenced»at 0.1, no martensitic phase
transition was found for this alloy up ¢ .
In order to clarify this extremely unclear situation con-
B. Nonstoichiometric composition cerning the composition dependencies of martensitic and

Judging by phase-transition temperatures most sammégagnetic trgnsition temperatures, we u_ndertook a complex
of Ni,MnGa used in numerous recent studies were offtudy Of various physical properties ofNiMn, ,Ga in the
nonstoichiometric compositions. Martensitic ~ transition "&ng€ 0x=0-0.20. Changing the composition results in the

temperature T,, ranging between 160 K and 450 variation of the conduction electrons density. The impor-
have been rglportedRefs 3-13 The main feature of tance of the conduction electrons in stabilizing the Heusler

these studies was observation of various remartensitiSUUCture was noted by Hume-Roth@ry& long time ago. It
P \as suggestéd that the structure is stabilized because the

and intermartensitic transformations _accompanied by th ermi surface barely touches thd10) Brillouin-zone
appearance of long-range modulations of the crysta}, nqary. Comparing the density of states of cubic and te-
lattice. _ . tragonal structures in BinGa (Ref. 20, it was suggested

A modulated structure constituted by a shifting(@80  ha¢ the band Jahn-Teller effect causes the lattice transforma-
planes along th¢110] direction with a periodicity of five tion in this alloy. Since the exchange interaction involves
atomic layers has been observed in a martensite produced liye polarization of conduction electrons, any change of the
cooling through transitiod. Moreover, further structural chemical order may directly influence the alloy’s magnetic
transformations were induced by an external stress in thbehavior. In order to increase the martensitic transition
martensitic phas&The measurements of diffuse x-ray inten- temperaturél, and to decrease the ferromagnetic transition
sity from a single crystal of NMnGa with Ty, temperature Tc we undertook a partial substitution
=160-180 K have revealed a strong soft-mode behavior i®f Mn sites with Ni ions. This resulted in an increase
the transverse acoustic phonon branch, wijtin the [110]  Of the electron population as well as in negative chemical

A. Stoichiometric composition

direction and polarization in thiel 10] direction in the high- pressure.

temperature phaseCondensation of this phonon mode re- lIl. EXPERIMENTAL RESULTS
sulted in the formation of the premartensitic phase in the

temperature rang€,, <T<T,;=220 K (Refs. 6 and Y. The A. Samples

soft mode was also found in inelastic neutron-scattering The ingots of Nj, ,Mn;_,Ga samples of various compo-
measurements of single crystals of ,MnGa with Ty sitions were prepared by arc melting high-pur{§9.99%
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FIG. 1. Temperature dependencies of dc resistivity in FIG. 2. Temperature dependencies of dc resistivity in
Ni,. Mn;_,Ga (x=0-0.20). Niz 1MNg gGa.

elements and subsequent homogenization of the ingot mat@eaks in the specific heat due to the hidden heat of transition,
rial by annealing at 1100 K for 9 days. The ingots wereWhich is a characteristic of first-order phase transitions. The

quenched in ice water. While quenching is considered to béecond-order ferromagnetic phase transitions were accompa-
important to obtain the highest degree of chemical order iftied by jumps in the specific heat. The character of anoma-

also increases the brittleness of the samples. The compodies changed significantlyfrom jumps to peaksin the

tion of the samples was characterized by Ni excess Samples where the temperatures of the structural and mag-
in the rangex=0-0.20. The crystal structure of the Samp|esnetic phase transitions merged. This indicates that the ferro-
at room temperature was determined by x-ray diffractionmagnetic phase transitions in these samples became first-
using CuK, radiation. In order to measure electrical resis-order transitions. Both martensitic and ferromagnetic phase
tivity, specific heat, and magnetic properties, samp|e§ransitions were accompanied by exothermic and endother-

of various shapes were spark cut from the homogenized inMic peaks at cooling and heating, respectively. The depen-
gots. dencies observed in the samples of six different composi-

tions at cooling are shown in Fig. 3. Due to the relatively
large width of the peaks the DSC technique does not allow
distinction between the two transitions when they are close
Direct current resistivity measurements provide a simplen temperature. These measurements show, howevefT that
and effective tool to detect both structural and magnetic tran-
sitions. As shown in Fig. 1, afy, the resistivity exhibits a

B. Electrical resistivity

pronounced jumplike behavior, while & only change in Ni Mn Ga
the slope takes place. The steepening of slopes in the ferro- [ 22X X .
magnetic phase can be attributed to the disappearance of 61 — X-0.00 /
electrons scattering on magnetic fluctuations. Resistivity [ e X—0.05

measurements allow distinction of the martensitic and mag- 5F ... X=0.10

netic transitions, even if their temperatures are in close prox-  — X=0.13

imity. As Ni content increasedl,, gradually increases and A —— X=0.16

T¢ gradually decreases until these temperatures merge in the % e X=0.19

samples withk=0.18. In these samples the jump of resistiv- 3t

ity is directly followed by a steepening of the slope. §

No hysteresis was observed at ferromagnetic transition, ol

while below the martensitic transition the resistivity showed I

a marked hysteretic behavior. Surprisingly, in the samples 1k v

with high Ni content the hysteresis, as shown in Fig. 2, be-

comes extremely wide, extending up to several tens of de- ol

grees.

150 200 250 300 350 400 450
T (K)

C. Differential scanning calorimetry

The hidden heat of transformations was measured using
the differential scanning calorimetffDSC) technique. The FIG. 3. Differential scanning calorimetry scans of
martensitic transformation was accompanied by well-defined\i, ,Mn,_,Ga at heating.
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FIG. 4. Temperature dependencies of low-field magnetic suseer the influence of pulsed magnetic field up to 24 000
ceptibility of Ni,,,Mn;_,Ga. kA/m. To measure the spontaneous striction of this transi-
tion, a thin plate of quartz was glued to the surface of the
sample. It was found that the magnetostrictive tension in-
and T merge at compositior=0.18 and that the tempera- Creases in-like manner when approachingy, (Ref. 15,
ture of the mixed transition increases. The estimate of th&ut every attempt to measure magnetostriction in close prox-
hidden heat of martensitic transition in NgMn, g;Ga isQ  imity to the martensitic transition temperature ended in the
=4x10" J/n®. destruction of either the quartz transducer, or the sample it-
self.

D. Magnetic measurements IV. THERMODYNAMIC THEORY

The temperature dependencies of the low-field ac mag- The experimental results presented above show that the

netic susceptibilityy, as shown in Fig. 4, exhibit very sharp temperatures of magnetic and structural phase transitions ap-

c_h_anges at marte_:nsitic and magne_tic transitions. The marteB?oach each other and even merge due to the change of alloy
sitic phase transition from the cubic to the tetragonal struc:

ture is indicated by the drastic drop of y also sharply compositior_l. This behavior can be described Within a phe-
. 10menological model based on Landau’s expansion of free
decreases at the Curie temperature when the ferromagne ergy
phase is destroyed. Whilg,, and T are still separated in ’
Ni, 1gMNg g/Ga and two anomalies occur, in NNgMng g:Ga
only one anomaly of ac magnetic susceptibility at the mixed
phase transition is observed. Let us consider a cubic metal of space grddp experi-
The general tendency ofy, to increase and offc to  encing at cooling ferromagnetic and structural phase
decrease with the change in composition before they mergansitions. The order parameters responsible for the
is illustrated by Fig. 5, where the temperatures of phase trarstructure transformation are the combinations of the defor-
sitions are presented as the averages of various measureation tensor components,. The magnetic phase transi-
ments. tion is described by the components of magnetizafibn
In the course of the present study we undertook an atThe thermodynamic potential for such a system can be writ-
tempt to realize the austenite-martensite transformation urten as

A. Phase diagram of cubic ferromagnet

_l 232212223 2_23222i2
<IJ—2(c11+2c12)e1+2a(e2+e3)+2c44(e4+e5+e6)+3be3(e3 3e2)+4c(e2+e3) +‘f381e1m

L o o 1L 2_ 2 1 2+ m2+m?2
+B, 5e2(m1— ms) + %e3(3m3— m-) | +Bs(e,mim,+esmyms+egmsm;) + zal(mﬁ m5+m3)

1
+7 81(mZ+m3+m3)2+ K, (m2m3+ mam3+m3ims) — vTe,. )
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Hereeg; are the linear combinations of the deformation tensoiis stable at

components ey: e =(entey,,te,)/V3, e=(ex
_eyy)/‘/?: €3= (28, €~ eyy): €1=€y, €5=€y;, €
=e,,, a, b, and c are the linear combinations of the
second-, third-, and fourth-order elastic moduli, respectively,
a=C11—C1p, b=(C111~C11o+C129/6\6, C=(CrysrtCrirz
—3C1129— 8C1129/48, m=M/Mg, Mgis the saturation mag-
netization; «; and 6, are the exchange constanB,, B,

and B; are the exchange magnetostriction and relativistic
magnetostriction constantk; is the first cubic anisotropy
constanty is the coefficient of thermal expansion. The elas-
tic modulusa=cq;— ¢4, tends to zero, while approaching the

1117
a=2Bb/\6c, a=<b?/4c,
a b \?
a=b?/4c— \/EE Je— m) .
(3) The cubic ferromagnetic phase,
e;=e3=0, m=my=mz=m/v3, m2=—5_;zq/3,

structural phase transition temperature, and in the vicinity ofs stable atv<0, a=B?/q, whereq=|K]|.

phase transition it is described by the equatmn ag(T
—Twum). The cubic symmetry of the crystal allows the consid-
eration of the third-order term in formuld$) that will result

in the first-order structural phase transition.

The thermodynamic potenti§l) describes both the case
of T\, andT¢ coincidence and the case ©¢ andT,, sepa-
ration. In the first case the magnetic moment changes in
magnitude and direction at phase transition. In the second
case(for Tc>Ty) the structural phase transition is accom-
panied mainly by a change in the magnetic moment direc-
tion.

The most interesting case, the close proximityTefand

(4) The tetragonal angular ferromagnetic phase,

2 2 1 (44 +Be3
M=M= "3 5-293" J6q'
mo_L_« 2Be
®  36-4d3 |faq

b+ b%—4c(a—B?/q)
6220, 63:_ y

2c

Ty, Will be considered below. The minimization of the ther- is stable at

modynamic potentiall) with respect to the deformation ten-
sor component®,, e,, €5, andeg leads to the following
equation:

1 1 1
O=Py+ Ea(e§+ e3)+ §be3(e§—3e§)+ Zc(e§+ e3)?

+B, iez(mz—m2)+ ie3(3m2—m2)
V3 1 2 3

V6
+£ 2 2 2 35 2 2 2\2
2a(m1+m2+m3)+4 (m3+m5+m3)

+K(m2m3+ m3ms+ m3m?),

2
where a=a;+ vB,T/[3Yc 1+ 2¢15)], 6=8,—B2/[6(Cq;
+2Cq19) ], K=K ;— B§/2c44 are the exchange constants and
the first cubic anisotropy constant renormalized by magneto-

striction. We assume that the exchange-interaction parameter

a decreases linearly when approaching the Curie point, i.e.,
o= a’o(T_ Tc) .

The minimization of the thermodynamic potentié)
with respect to the rest of the variables, e;, m;, m,, and
m; makes it possible to determine all feasible structural and
magnetic phases. As a result the following phases of the
ferromagnet and their stability conditions are fouir this
consideration it is assumed that-0, K<O0, andB,=B).

(1) The cubic paramagnetic phase,

m1:m2:m3:0, 6226320,

is stable atv=0, a=0.

a<—\6bB(5-4q/3)/4cq, a<b?4c+B?/q,

b2+52 \Fq @ ML 2
>+ — —_
a 3Bo—-4a3 V" o5

4c ¢
(5) The tetragonal collinear ferromagnetic phase,

Jc

_ ,  (at4Be/\6)
m;=m,=0, m3——f,

2 3 2 2
e,=0, ae;t+bestce;+ 3 Bm°=0,

is stable at

b2 B?
a<0, as—+——

4c q

2
29 a b
\[§§ 5=aqi Ve 2\/5)

and at

b2 a b \?
=0, asR—<\/EE\/E——).

2\c

In the above formulas we assum&d<0. Thus, in the

cubic ferromagnetic phasg@®) the magnetizatiorM is ori-
ented along the crystallographic akikl1]. In the tetragonal
angular ferromagnetic phasé) the magnetization direction
varies from axig111] to [001] with temperature change. In
the tetragonal collinear ferromagnetic ph#Sg magnetiza-

(2) The tetragonal paramagnetic phase,

b+ \b’—4ac

m1:m2:m320, GZZO, e3:_ 2c

tion M is oriented along the crystallographic ak@01]. Be-
cause the crystallographic axg301], [010], and[100] are
equivalent, equal amounts of differently oriented tetragonal
phase domains emerge. For the same reason, differently ori-



1118 A. N. VASILEV et al. PRB 59

2 Tw=Tmo—2b%(9cay) —B?(qag) + kX, Tc=Teo— ¥X,
® c @
________________ G @ whereTy o and Tcq are the temperatures of martensitic and
G /,/T“\\\\ ferromagnetic phase transitions for the stoichiometric com-
i MM position (X=0).
H H/ . N The lines of the main phase transitions ©nX coordi-
7 nates are
A A B
® ) (1) (2): T=Two—B¥(qag) + kX; (5)
F !
® | o (1) (3): T=Teo— ¥X; (6)
6 | @
/x e (3)=(4): T=Tyo—kX. W)

The phase diagram oh-X coordinates is shown in Fig. 7.
FIG. 6. Schematic phase diagram of a cubic ferromagnet on thd he characteristic points df-X phase diagram are
a-a coordinates. The numbers denote different phases. The solid
lines are lines of the phase transitions. The dotted lines represent the A:Xa=[Tco—Tmo+8bB/(3 \/60010)
lines of the loss of equilibrium.

+B?/(qag) ]/ (k+ ),
ented angular phase domains emerge in plidsen these _
phases the elastic deformations are equal to TA_{K[TCO“LSbB/(?’\/gCao)]
b+ VbZ—4c(a—BZq) +y[Tuo—B(qa0) I}/ (x+7);

es=3e3; e;=— (3)
2 E:Xe=[Tco— Two+ B (qag)—4B%/(38a0) I/ (x+7),

Because phase@) and (5) are both tetragonal, the phase

transitions between them are isostructural. Te={xTco+ Y[ Tmo— B?/(qay) +4B?/(35a0) 1}/ (x+ ¥);
The phase diagram of a ferromagnet@a coordinates is

schematically shown in Fig. 6. The lines of phase transitions H: Xy =[Tco—Tmo—2bB(5—40a/3)/( V6cqag)1/(k+ ),

were determined from the conditions of the phases equilibria.

From the paramagnetic cubic phade the following phase Tr={x[Tco— 2bB(5—4q/3)/(\/6cqag)]+ yTumol (k+ 7).

transitions are possm_le_. ThaB line represents the first- The best agreement of the theoretitak diagram with the
order structural transition to the tetragonal paramagnetic

phase(2). The CE line represents the second-order isostruc-eXpe”memalI oneFig. 5) is reached at the foIIovgng values
i, . . of the parametersTco~375 K, Tyo~200 K, ag= /T,
tural phase transition to the cubic ferromagnetic ph@e = 1
: : . ap=b/Tyo, blc~0.1, b~10"J/m?, 6/qg~10, &
with MII[111]. The lineEA represents the combined mag- —10F I B~10F IR v~295 K. x~800 K
netic and structural first-order phase transition to the tetrag- ' Y K '
onal ferromagnetic phag8). The second-order isostructural

phase transition occurs on tieD line from the tetragonal B. The influence of a magnetic field

paramagnetic phag@) to the tetragonal ferromagnetic phase  The influence of a magnetic field on the temperature of a
(5). The first-order combined structural and magnetic reori<irst-order structural transition can be estimated using the
entational phase transitions occur on lidél’ from the cu-  thermodynamic Clapeiron-Clausius approath.

bic ferromagnetic phase) to the tetragonal phas@) and At the phase equilibrium thermodynamic potentidis,

on line HE to the tetragonal phag®). At last, the second- andd®, of martensitic and austenitic phases, as the functions

order isostructural magnetic reorientation phase transitionf temperatureT, magnetic fieldH, and pressuré®, are
occurs on lineHK from the tetragonal phas@) to the te-  equal

tragonal phasé5). The loss-of-equilibrium lines are shown
in Fig. 6 by dotted curves: for phas#) it is CO andOO’ Ou(T,H,P)=D,(T,H,P). (8)
:!Sngslé E’;C?E?S,é"zr)légsfx ';Ihazgi)lviltDishgeé; f;r: dpgisﬁﬁlzlst This equation defines the surface of phase transitions in the
for phase(5) itis KL, LP, andPD lines. The specific points Zﬁ:ﬁgff;';‘\/; ﬁttaleeflﬁ?[iopnomﬁm » Po, Ho=0 this

of this phase diagram have the following coordinates: 9 y q

A(8bB/3\6¢,2b%/9c), E(0,2b%/9c+4B?/38), H(—2bB(s

(93 19T — 0 o JIT)AT + (3D 19H — o o /oH) AH
—4q/3)/\Bcq,2b%/9c+ Bq),  G(—\/2bB(6—4q/3)/cq,

b24c+B2q),  L'(0b%4c+4BZ35),  M(2bBIy6c, T (9P /IP=dPalIP)AP=0, ©)
b%/4c), F(0,B%q). whereAT=T—Ty, AP=P—P,,

In order to compare the results of calculations with ex-
perimental data, the-a phase diagram can be represented IDM1IT— 9P plIT=Spy—Sy=0Q/ Ty, (10

on T-X coordinates. For this purpose we assume simple lin-
ear dependencies: AP IIH= 0D ol IH=MpAVpA—MyVu, (11
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&q)M/&P—&q)A/ﬂP:VM—VA, (12) T

whereS is entropy,Q is the hidden heat of martensitic phase €

transition atTy, , M5 y @andV, \ are the magnetizations and

the volumes of austenite and martensite, correspondingly.
Combining Egs.(10—(12) with Eq. (9), one can deter-

mine the magnetically driven shift dfy at a constant pres-

sure,

AT:(MMVM_MAVA)HTM/Q, (13) H

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

K
AT=(Ty/Q)(Vo—Vy)AP. (14 "
Equation(13) describes the change ®f, in the_ case of both FIG. 7. Phase diagram of a cubic ferromagnet onTihé coor-
austenite and martensite being ferromagnetic. dinates.

In the case wheil,>T. both austenite and martensite at

structural transformation are paramagnetic. Thus, the varia- ] )
tion of Ty, is (5) increases with concentration The appearance of an

additional anomaly of low-field magnetic susceptibilityTat
AT=(xuVm—xaVa)H2T/2Q, (15  =~260 K for stoichiometric compositiofFig. 4) can be as-
where y is the magnetic susceptibility. cribed to the transition from the cubic ferromagnetic phase
Evidently, the most pronounced effect of the magnetic3) 10 the tetragonal angular phagb (see Figs. 4 and)7It
field on Ty, can be achieved during the transition from para-'S possible that this transition corresponds to premartensitic

magnetic austenite to ferromagnetic martensite: transition accompanied by the softening of tha, phonon
mode with wave vectofr1/3,1/3,0 (Refs. 5-12 The sharp
AT=MyVyHTu/Q. (16)  drop of y at T~202 K is due to orientational transition from

phase(4) to phaseg5).
The phase diagram of a ferromagnet was analyzed above
in the absence of external stress and a magnetic field. Also,
AP=VyMyH/(Va—Vy). (17) the domain structure of the samples was no@ taken i_nto ac-
count. Appearance of structural and magnetic domains can
The latter expression is valid for the case of transitionresult in the formation of domain phases with nonuniform
between ferromagnetic martensite and paramagnetic austeghistribution of magnetization. The first-order structural phase
ite. transition presupposes the coexistence of high-temperature
austenite and low-temperature martensite. This coexistence
V. DISCUSSION occurs in a specific temperature range due to elastic strains
that accompany the nucleation of the martensitic phase. The
In general, the results of these experimental studies cokoherent and partially coherent conjugation of the phases on
respond to each other and establish the general tendency afistenite-martensite boundaries results in the quasiperiodic
martensitic transition temperatufig, to increase and Curie structure of the martensitic domains. The formation of the
temperaturdl ¢ to decrease with Ni excess inJMnGa. The  martensitic domains is necessitated by the need to decrease
composition dependencies ®f, and T obtained from the the energy of elastic strains on the boundaries. The tetrago-
measurements of specific heat, magnetic susceptibility, andal distortions of the cubic lattice occur with the same prob-
resistivity are shown in Fig. 5. It appears that the characterability along each of the crystallographically equivalent axes
istic temperatures in  Ni,Mn;_,Ga merge at x [001]. Hence, statistically equal amounts of differently ori-
=0.18-0.20. In the samples of this composition range the&nted macrodomains appear in the sample. If the magnetic
profiles of the observed singularities of every physical propproperties of the martensite and the austenite differ, the mag-
erty changed qualitatively. netic energy of each macrodomain will depend on its orien-
It can be seen that the experimentally obtaifiled phase tation with respect to an external magnetic field. The mag-
diagram(Fig. 5 is in a qualitative agreement with the cal- netic energy of a martensitic plate oriented along the
culated ongFig. 7). The detailed comparison of theory with magnetic field will be lower than that of a normally oriented
experiment can be made on the basis of low-field magnetimartensitic plate.
susceptibility measurements. It can be seen that different se- In a low magnetic field aff<T,, the lowering of the
guences of phase transitions can be realized irenergy of demagnetization occurs via the formation of mag-
Ni>Mn;_,Ga of different compositions. According to netic domains. Wheif,, and T are close to each other it is
Figs. 4 and 5 the temperature of magnetic phase transitioenergetically favorable to create the intermediate state con-
from the cubic paramagnetic phadg to the cubic ferromag- sisting of alternating ferromagnetic martensite and paramag-
netic phase3) linearly decreases with concentratisnThe  netic austenite domains. It is possible even in the absence of
temperature of the phase transition from the cubic ferromagelastic strains on phase boundaries. At martensite-austenite
netic phas€3) to the tetragonal ferromagnetic phasésand  phases coexistence, the additional increase of magnetization

The shifts ofT), when subject to a magnetic field or pressure
can be thus compared:
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occurs due to the magnetically induced transition of the re--80 kA/m atH==800 kA/m, the temperature of martensitic
sidual austenite into martensite. . transformationT,~ 300 K, the hidden heat of transitioQ

The experimental data obtained allow an estimate of some. 4% 107 J/m® we obtainAT~5 K in accordance with Eq.
important physical parameters of the investigated alloys. Be¢13). Assuming that the relative change of the volume at
cause the magnetization saturateddat 160 KA/m whenT  artensitic transformation isVy — Va)/Vy~10"2, let us
>Ty , the same value determines the field of magnetocrySastimate the pressure that results in the same change of tran-
talline anisotropy in the cubic phase. Let us estimate the fieldjtion temperature as the saturating magnetic field. Using ex-
of magnetic anisotropy resulting from spontaneous deformapression(l?) we obtain AP~10® Pa. This estimate is in

tions in the martensitic phase. The magnetoelastic part of thgyalitative agreement with experimental resultsRéf. 2:
thermodynamic potentiall) is ®yg=GNAe~10* I/n?, dTy /dP=—1.5 K/kbar.
whereG is the shift modulus of about 10J/n?, A~10"°is In conclusion, it was shown that the tetragonal phase of
the magnetostrictiome is the elastic deformation of about N;,, Mn,_,Ga can be suppressed by Ni excess. The in-
10"2. The estimated field of magnetic anisotropy appears t@rease of Mn-Mn distances accompanying Ni excess reduces
be AH =P ye/Ms~8 kKA/m. the Curie temperature of these alloys. The temperatures of
The magnetization of the tetragonal phase saturatés at martensitic and magnetic transitions merge at Ni exoess
>800 kA/m. This is comparable to the demagnetizing field=(.18—0.20. Determining the correct composition of a mag-
47M of the martensitic domains. This indicates that thenetica”y driven Shape_memory a"oy is 0n|y the first Step in
magnetization of crystal occurs through the reorientation ofealizing the effect described above. Further investigations
magnetic moments in unfavorably oriented macrodomainsgre required to overcome the brittleness of this compound
Thus, the large value of the field of saturation in tetragonahnd to establish the relationship between martensitic and
martensite cannot be explained by the increase of a magngnagnetic domain structures.
tocrystalline anisotropy only. The effective field of anisot-
ropy AH,~8 kA/m appears to be much lower than the de-
magnetizing field. ACKNOWLEDGMENT
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