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Structural studies of Ni,, Mn;_,Ga by powder x-ray diffraction and total energy calculations
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The crystal structure of Ni,, ,Mn;_.Ga has been studied as a function of composition (x) by powder x-ray
diffraction. For Ni,,4Mnj75Ga, where one-fourth of the Mn atoms are replaced by Ni, the experimentally
determined lattice constants are in good agreement with theoretical equilibrium lattice constants calculated by
minimization of total energy using full potential linearized augmented plane-wave method. For 0.15=x
=0.35, a nonmodulated tetragonal martensitic phase is obtained at room temperature, whose lattice constant ¢
increases and a decreases linearly with increasing x following Vegard’s law. A 7M modulated monoclinic phase
is obtained for x=0.2 due to annealing. The small width of the hysteresis of the martensitic transition shows its
thermoelastic nature that is the characteristic of a shape memory alloy. Phase coexistence is observed for
0.1=x=0.15 at room temperature, confirming the first-order nature of the martensitic transition.
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I. INTRODUCTION

Ni,MnGa is a ferromagnetic Heusler alloy, which is of
immense recent interest because it exhibits shape memory
effect (SME) that can be driven by the magnetic field. This
makes it an important candidate for practical applications,
since the response in magnetic-field-driven shape memory
alloy is faster and is more efficient than the conventional
SME driven by temperature or stress."> Ni-Mn-Ga exhibits
the highest known magnetic-field-induced strain of up to
10%. Giant magnetocaloric effect and large negative magne-
toresistance have also been reported for these alloys.>= Thus,
different technological applications such as actuators, sen-
sors, robotics, magnetic refrigeration, and medical use are
being envisaged.!>#

The martensitic transition in Ni,MnGa was first reported
by Webster et al. in 1984.° Ni,MnGa has an L, structure at
room temperature. The structural transition is characterized
by the martensitic start temperature (7,,=202 K), in which
the parent ferromagnetic cubic (austenitic) phase transforms
to the martensitic phase with modulated orthorhombic
structure.” The paramagnetic to ferromagnetic Curie transi-
tion occurs at T-=376 K, which is above T,. In the nonsto-
ichiometric compositions like Ni,, Mn;_,Ga, the martensitic
and magnetic transition temperatures, magnetocrystalline an-
isotropy, enthalpy, and saturation magnetization are highly
sensitive to the composition.®~1? The substitution of Mn with
Ni results in the increase of T), and decrease of T with
increasing x. For the compositions with x greater than 0.2,
T), is larger than T.'b12

Depending on composition, the Ni-Mn-Ga martensitic
phases have been reported to assume complicated mono-
clinic or tetragonal structure with 5M modulation or ortho-
rhombic structure with 7M modulation.>%713-15 The 7M
(5M) phase corresponds to seven-layer (five-layer) modula-

tion of the (110) planes in [110] direction in the austenitic
phase. From a Rietveld analysis of the neutron and x-ray
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powder diffraction data, Brown ef al. and Ranjan et al. have
shown that Ni,MnGa in the martensitic phase has a 7M
orthorhombic structure in the Pnnm space group.”'® How-
ever, a tetragonal phase that does not exhibit any modulation
has been reported for nonstoichiometric Ni-Mn-Ga with Ga
deficiency and Ni and Mn excess.'>!4

Ni,MnGa has been studied theoretically by different
groups.'”?? Godlevsky and Rabe, using local spin-density
pseudopotential calculations, obtained the total energy (E,y)
minimum at ¢/a=1, with other shallow local minima at 1.08
and 1.2.'7 On the other hand, Ayuela et al. reported the E,,
minimum around c¢/a=1.25 and claimed existence of a local
minimum around 0.94.2° We have recently shown that the
martensitic phase, which occurs at lower temperature and is
hence expected to be energetically more stable, indeed has
lower energy compared to the austenitic phase.”” The c/a
value is in good agreement with the experimental value of
0.94.926 However, there are very few studies on nonstoichio-
metric Ni,,,Mn,_,Ga,?"? possibly because of the increase in
computational complexity. MacLaren calculated the density
of states (DOS) for 20% Ni-rich Ni,MnGa using layer
Korringa-Kohn-Rostocker method and correlated the struc-
tural properties with DOS.?” By comparing the photoemis-
sion valence-band spectra with the calculated density of
states of Ni,,sMng75Ga, evidence of Ni clustering and de-
crease in minority-spin DOS near Ej have been found.?

The crystal structure and the c¢/a ratio, in particular, in-
fluence both the magnetic and mechanical properties of
Niy, Mn;_,Ga. In fact, the magnetic-field-induced strain is
related to (c/a—1).'* The phenomenological magnetoelastic
model for Ni,MnGa ferromagnetic shape memory alloy?®
and ab initio calculations®* predict a linear dependence of the
magnetic anisotropy parameter of Ni-Mn-Ga on the sponta-
neous strain €;, which is proportional to (¢/a—1). Moreover,
the magnetocrystalline anisotropy is reported to decrease
with increase in c¢/a ratio.®? Thus, the differences in the
martensitic transition temperatures and the magnetoelastic
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properties in the Ni-Mn-Ga system are related to the differ-
ence in the crystal structure of the martensitic phase. In a
rigid band picture, the shift of the Fermi level is related to
ela, where e/a is the ratio of valence electron concentration
per atom. Although the variation of ¢/a as a function of e/a
for different Ni-Mn-Ga compositions has been reported,'* to
the best of our knowledge, no study of the Ni,, Mn,_Ga
structure as a function of x exists in literature. The present
work is devoted to a detailed investigation of the crystal
structures and lattice-constant variation of Ni,, Mn;_Ga in
the composition range 0 <x=<0.35 using powder x-ray dif-
fraction. All-electron ab initio full potential linearized aug-
mented plane-wave (FPLAPW) method has been employed
to determine the equilibrium structure of x=0.25 in both the
martensitic and austenitic phases. In Sec. III A, we determine
the lattice parameters for Ni,,,Mng;5Ga, o, (referred to
henceforth as Ni, ,4Mn75Ga or x=0.24) by Rietveld analy-
sis of the x-ray diffraction (XRD) data and then compare
them with the equilibrium theoretical lattice parameters for
Ni, ,sMn ,5Ga using FPLAPW. The agreement is very good.
Sec. III B deals with the variation of lattice parameters as a
function of composition at room temperature within the mar-
tensitic ferromagnetic tetragonal phase, while in Sec. III C,
we study the structural changes that are induced by thermal
treatment. Section III D deals with the phase coexistence in
the composition range of 0.1 <x=<0.15.

II. METHODS: EXPERIMENT AND THEORY

Polycrystalline ingots of Ni,, Mn;_,Ga were prepared by
arc melting the appropriate quantities of the constituent met-
als of 99.99% purity under argon atmosphere. The subse-
quent homogenization of the ingot material was carried out
by annealing at 827 °C for nine days in sealed quartz am-
pules. The samples were subsequently quenched in ice water.
Since the properties of Ni,, Mn;_,Ga are highly composition
dependent, the composition has been determined by energy
dispersive analysis of x-rays (EDAX) using JEOL JSM 5600
scanning electron microscope with Oxford detector model
No. 6587. EDAX has been performed by estimating the in-
tensities of Ni, Mn, and GaKa characteristic lines
(5.9-9.2 keV) that are well separated and have small back-
ground by averaging over several measurements on the same
specimen with 2% accuracy.

The powder XRD data at room temperature (293 K) were
obtained with Cu K« radiation using a Rigaku x-ray diffrac-
tometer (RUH3R). The data were recorded at the rate of
2°/min with a step size of 0.02°. For XRD, pieces cut from
the ingot were manually ground into powder. Internal re-
sidual stress was removed by annealing the powder at
500 °C for 10 h. Structure refinement was carried out by
Rietveld method using the DBWS-9411 software.? Differential
scanning calorimetry (DSC) was done by using TA Instru-
ments MDSC model 2910 at a scan rate of 10°/min. The
temperature-dependent low-field y,. measurements were car-
ried out using an ac susceptometer at 26.6 Oe rms field and
33.33 Hz frequency.

The ab initio, relativistic, and spin-polarized FPLAPW
calculations were performed using the WIEN97 code.*® Gen-
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FIG. 1. X-ray diffraction (XRD) pattern of Ni,,4Mng75Ga (x
=0.24). The calculated and difference profiles are also shown. The
indices are with respect to the body-centered tetragonal (14/mmm)
cell (see text). The inset shows the exothermic and endothermic
heat flows; arrows indicate the heating and cooling directions.

eralized gradient approximation (GGA) was used for the ex-
change correlation.®! The cutoff for charge density was
G,x=14. The muffin-tin (MT) radii were taken to be as
follows: Ni, 2.012 a.u.; Mn, 2.1472 a.u.; and Ga, 2.012 a.u.
The parameters used were as follows: Ry1K,,.,x=8.5, Ly
=10, l,4c0s=4, and G,,,,=14. 2200 k points were taken in
the Brillouin zone for self-consistent field cycles. All the
other parameters were kept at the default values generated by
the WIEN97 code. The calculations were performed with the
convergence criterion for E, to be 0.1 mRy, i.e., with an
accuracy of +0.085 meV/atom, as in our recent work on
Ni,MnGa.?? The equilibrium lattice constants have been de-
termined by the standard method of minimizing E,.° E,,
consists of the total kinetic, potential, and exchange-
correlation energies of a periodic solid with frozen nuclei.*
For the tetragonal martensitic phase, E\, has been calculated
as a function of c/a for the experimental unit-cell volume. In
the case of the cubic austenitic phase, E, has been mini-
mized as a function of a.

III. RESULTS AND DISCUSSION

A. Structure of Ni,,4Mn,;5Ga: Comparison of XRD and
FPLAPW results

The XRD pattern of Ni, ,4Mn, 75Ga at room temperature
(293 K) is characteristic of a tetragonal distortion of the cu-
bic austenite cell. All the peaks in the pattern can be indexed
by a tetragonal [4/mmm unit cell. The (022) reflection of the
cubic austenitic cell (as will be shown later in Fig. 5 for x
=0.01) is split into two peaks around 26=43.3°, whose indi-
ces are (112) and (020) (Fig. 1). No reflections in the XRD
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FIG. 2. (Color online) (a) The unit cell of Ni, ,4Mn75Ga in the
austenitic cubic phase, (b) the face-centered (F) unit cell, and (c)
the body-centered (I) unit cell in the martensitic phase. The body
centered unit cell is shown by dashed lines in (b). The Ni atom that
replaces Mn is referred to as Ni2, while the Ni atoms in Ni positions
are indicated by Nil.

pattern that indicate the presence of 7M modulation in the
sample have been observed, unlike for the stoichiometric
composition, Ni,MnGa.571>16 The absence of modulation in
Ni, ,4Mny 75Ga is supported by previous structural and theo-
retical studies, where it was found that modulation is absent
for Ni-Mn-Ga compositions with ¢/a>1.131421

The tetragonally distorted martensite has been described
in literature by the tetragonal space group [4/mmm (Z=2)
and also by the orthorhombic Fmmm space group (Z=4)
with a=b.%2° However, the constraint a=»b transforms the
Fmmm space group into the higher symmetry /4/mmm space
group, which is therefore the correct space group. Rietveld
refinement was therefore performed using the /4/mmm space
group. All the atoms occupy fixed high-symmetry special
positions. The Wyckoff positions of the different atoms are
as follows: Nil: (4d) 0, 0.5, 0.25; Mn: (2b) 0, 0, 0.5; Ga:
(2a) 0, 0, 0; and Ni2: (2b) 0, 0, 0.5, where Nil is the Ni atom
at Ni position and Ni2 is the extra Ni (0.25) at Mn position.
Pseudo-Voigt profile function was selected to model the line
shapes of the various Bragg reflections. During the refine-
ment, scale factor, zero correction, shape parameters, half-
width parameters, lattice parameters, and isotropic thermal
parameters were varied. Figure 1 depicts the observed, cal-
culated, and difference plots obtained after the Rietveld re-
finement. There is good agreement between the observed and
the calculated profiles. The goodness of fit is 1.2, suggesting
the correctness of the structural model. The refined cell
parameters are a;=3.846+0.001 A and ¢;=6.563+0.001 A,
where [ stands for the body-centered unit cell [Fig. 2(c)].
However, for ease of comparison of the unit cells of the
austenite and martensite phases, as is evident from Fig. 2, we
express the lattice constants in terms of a larger 16-atom
face-centered unit cell [Fig. 2(b)] rather than the smaller con-
ventional cell for the /4/mmm space group shown in Fig.
2(c). The lattice constants of the body-centered (/) and face-
centered (F) unit cells for the /4/mmm space group are re-
lated by a=ap=y2a; and c=cp=c; Thus, the lattice con-
stants of Niy,,Mng;sGa turn out to be a=5.439 A
(10.282 a.u.) and ¢=6.563 A (12.406 a.u.), with ¢/a ratio of
1.21.

In our refinement, we have assumed that the excess Ni
(Ni2) atoms occupy the Mn sites because equivalent number
of Mn sites would be vacant, as is evident from the compo-
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sition Ni,,,Mn;_,Ga. This is supported by photoemission ex-
periments and DOS calculations using FPLAPW, which
show that Ni2 occupies predominantly the Mn position. Ex-
tra states in valence band and DOS appear due to bonding
between 3d states of Nil and Ni2 that are nearest neighbors
(Fig. 2).?® These states can appear in the DOS only if Ni2 is
in the Mn position and are absent if Ga occupies Mn sites.
We also considered other possibilities in the refinement, for
example, Ni2 replacing Ga and the replaced Ga occupying
Mn sites, and antisite defects, i.e., exchange of Ni and Mn
atom positions. The goodness of fit and the lattice constants
remain similar in all these cases, showing that the lattice
parameter is not influenced by these defects. On the other
hand, the possibility of the existence of these defects cannot
be ruled out based on our XRD analysis. However, such
defects have been shown to be small in Ni-Mn-Ga from
neutron-diffraction measurements.”-3

DSC results confirm that Ni, ,sMn, ;5Ga is indeed marten-
sitic at RT (inset, Fig. 1). T,, and martensitic finish (7}, )
temperatures are 434 and 408 K, respectively. The austenitic
start (TA ) and finish (T, ) temperatures are 423 and 447 K,
respectlvely The weak feature around 350 K (=T) in both
the heating and cooling curves is related to the second-order
ferromagnetic to paramagnetic transition. Hence, clearly in
this case the martensitic transition temperatures are well
above T, and occur in the paramagnetic state. Recently,
Khovaylo et al. have reported the existence of coupled mag-
netostructural transition (T,,=T) between x=0.2 and 0.27.!!
This is in disagreement with our result for x=0.24, and this
might be related to the uncertainty in the determination of
the composition. Since the properties are highly composition
sensitive, we have carefully determined the compositions by
EDAX, while Khovailo et al. did not report any such com-
positional analysis.!"'? Alternatively, the discrepancy could
also be partly due to the history of the sample preparation.

We have calculated the equilibrium lattice constants of
Ni, ,sMn(,5sGa by minimizing the total energy using the
FPLAPW method. For the martensitic phase that is ferro-
magnetic and tetragonal (FT), we have used the atomic po-
sitions of the bigger face-centered cell containing four for-
mula units [see Fig. 2(b)]. The Ni2 atom was assumed to
occupy one of the four Mn sites in the calculations. The total
energy (E,,) has been minimized as a function of ¢/a be-
tween 0.88 and 1.4, keeping the unit-cell volume fixed at the
experimental value [Fig. 3(a)]. E,, values are given in a rela-
tive scale assuming the lowest-energy value to be zero. We
find the c/a corresponding to minimum E,, by fitting the
data between c/a=1.05 and 1.4 using the Murunagan fitting
scheme.?* Minimum E, is obtained at ¢/a=1.245+0.005.
The corresponding equilibrium lattice constants turn out to
be a=10.17 a.u. (5.38 A) and ¢=12.67 a.u. (6.70 A). Be-
tween ¢/a=0.93 and 1.05, a shallow local minimum in E, is
observed at 0.95, and a similar local minimum in E; has
been reported earlier for Ni,MnGa.!”-?> Absence of any glo-
bal minimum in this region is in contrast to Ni,MnGa, where
E,,, minimum has been observed at c¢/a=0.97 with a
=11.11 a.u. (5.88 A) and ¢=10.78 a.u. (5.70 A).22 Compari-
son of the lattice constants of Ni,,sMn,75Ga and Ni,MnGa
show that there is a sizable elongation along the ¢ axis (17%)
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FIG. 3. The total energy (E,,) of Nij,5Mng75Ga (x=0.25) in the
martensitic ferromagnetic tetragonal (FT) phase as a function of
c¢/a, and austenitic ferromagnetic cubic (FC) and paramagnetic cu-
bic (PC) phases as a function of a. The solid lines are the fitted
curve, the dashed line joins the data points for FT phase. The arrows
indicate the axis with respect to which the data are plotted and the
bold ticks show the minimum E, position.

and a contraction along a and b axes by 8.3%. The unit-cell
volume of Ni,,sMn ;5Ga is, however, contracted by 0.35%
only with respect to that of Ni,MnGa. For Heusler alloys,
GGA accounts for the density gradients and provides a better
overall agreement with experiment compared to local-
density approximation.’>3¢ The agreement between the ex-
perimental and theoretical lattice constants in the martensitic
phase (expt.: a=5.439 A, c=6.563 A; theory: a=5.38 A, c
=6.70 A) for Ni, ,sMn 75sGa is within 1% for a and 2% for
c. In the case of Ni,MnGa, a and ¢ values are obtained
within 0.7% and 2.5% of the experimental values using GGA
approximation.”? For sake of comparison, we may mention
that the difference in the lattice parameters of Fe obtained by
GGA based density-functional theory and the experimental
value is 3.5%.%7 Similarly, for free-electron-like nonmagnetic
metals (Na, Li), the discrepancy in lattice constants is in the
range of 0.1%-2%.%® Considering that Ni, ,sMn,, ;sGa has a
site disorder related to the doped Ni atoms that is not ac-
counted for in the theory, the agreement between experiment
and theory obtained here might be considered to be good.
This also shows that disorder has a small influence on the
structural parameters. Moreover, the good agreement also in-
dicates that the variation of lattice constants between room
and low temperature is small, since all the calculations are
for ground state at absolute zero, while the lattice constants
have been measured at room temperature. Recent
temperature-dependent measurements of the lattice constants
for near stoichiometric Ni,Mn¢5Gaj g5 indeed show that
their variation is less than 1% between 15 and 210 K.'® It
should be noted that we obtained a ferromagnetic ground
state for Ni,,sMng75Ga with the total magnetic moment of
3.28up, while experimental saturation magnetic moment
from Compton scattering is 2.73uz.>°
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FIG. 4. (Color online) (a) Total and (b) majority- and (c)
minority-spin DOS and Ni 3d PDOS of Ni, ,sMn, 75Ga in the equi-
librium tetragonal structure with ¢/a=1.245 and the cubic phase
with c/a=1.

The stabilization of the tetragonally distorted martensitic
phase in Ni,MnGa has been explained by Fujii ef al. to be
related to band Jahn-Teller effect.!® Using the Korringa-
Kohn-Rostocker method, they showed that a DOS peak at Er
in the cubic phase splits into two peaks below and above Ep
in the tetragonal phase, resulting in a lowering of the total
energy. To understand the stabilization of the tetragonal mar-
tensitic phase of Ni, ,sMny 75Ga (with ¢/a=1.245) compared
to the cubic structure with c¢/a=1, we show the spin-
polarized DOS in Fig. 4. The total DOS is dominated by
Ni 3d-Mn 3d hybridized states centered around —1.5eV
[Fig. 4(a)]. The DOS peak above Ep at 1.5 eV arises prima-
rily from the minority spin Mn 3d states.?” Interesting differ-
ences are observed between Eg (=0 eV) and —0.7 €V in the
minority-spin DOS [Fig. 4(c)]: the states giving rise to the
peaks at —0.2 and —0.5 eV (shown by arrows) in the cubic
structure are shifted to lower energies below —0.7 eV in the
tetragonal structure. These peaks arise primarily from Nil 3d
minority-spin states, as shown in Fig. 4(c). Orbital analysis
shows that the dominant (80%) contribution is from Nil 3d
1, states, with small admixture of Nil 3d e, states. The peak
just above E at 0.15 eV, which also arises from the Nil 3d
I, states, shifts to 0.35 eV in the tetragonal structure. Thus,
we may conclude that a possible reason for the stability of
the tetragonal structure could be the splitting of the Nil 3d
1, states around Ej.

The equilibrium lattice constants (a) for the austenitic
phase in the ferromagnetic cubic (FC) and paramagnetic cu-
bic (PC) phases have been determined by minimizing E,, as
a function of a (Fig. 3, top two curves). Considering first
the paramagnetic phase, which has been identified
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TABLE 1. Composition, x, e/a ratio, lattice constants at room temperature, martensitic start temperature
(Ty), Curie temperature (7), space group, and goodness of fit (S) for the Rietveld fitting for various
specimens of Ni,, Mn;_,Ga. Note that only structural studies have been done for the compositions x=0.07,
0.15, and 0.26. The error in determining the lattice parameters vary from +0.0005 to +0.0015.

a ¢ Ty T¢ Goodness
Composition X ela (A) (A) (K) (K) Space group of fit (S)
Ni,Mn, 0sGag os 0 7463  5.820 5820 207 360 Fmdm 1.15
Ni, 91 Mng 99Ga 0.01 7.508 5.820 5.820 205 365 Fm3m 1.26
NiypsMngosGa 003 7513  5.821 5821 205 376 Findm 1.30
Niy 7Mng¢;Ga; g, 0.07 7.533 5.826 5.826 Fm3m 1.28
Ni, ;Mn ¢Ga 0.1 7.575 5.813 5.813 276 344 Fm3m, 14/ mmm 1.24
Ni, 13Mnyg,Ga; g 0.13  7.613 5.811 5.811 292 339 Fm3m, I4/mmm 1.17
Niy sMnggGa  0.15 7.603 5.795,5.501 5.795, 6.469 Fm3m, 4/mmm 1.6
Niy oMnggGa  0.19 7.653  5.494 6484 329 331 14/ mmm 1.30
Ni, 2oMny sGa 02 7.650  5.482 6488 334 334 14/ mmm 1.24
NiyMng,sGa g 024 7.678  5.439 6.563 434 351 14/ mmm 1.21
NiyeMng73Ga g 026 7.693  5.440 6.566 14/ mmm 118
Niy3oMnggGa gy 032 7738 5422 6.605 508 331 14/ mmm 1.30
Niy3sMngeeGagog  0.35 7.765  5.404 6.649 537 320 14/ mmm 121

experimentally,'? we find that E,,, minimum of the PC phase
is 253 meV/atom higher than the E,,, minimum of the mar-
tensitic phase. This energy difference is in agreement with
that obtained in Ref. 12 (39+210=249 meV/atom), where
the E, has been calculated using the experimental lattice
constants. The reason for higher energy of the paramagnetic
phase has been related to reduced hybridization between the
Ni and Mn 34 states.!>!” For the FC phase, E,,, minimum is
higher by 11.4 meV/atom than that of the FT phase. The
equilibrium lattice constant is a=10.95 a.u. (5.80 A) in the
FC phase, while it is somewhat smaller in the PC phase:
10.79 a.u. (5.71 A). The lattice constant for the austenitic
phase that exists above 434 K (see Table I) has not been
reported in literature. However, the calculated a for
Ni, »sMng -sGa FC phase is close to a=5.81 and 5.82 A for
Ni,MnGa FC phase obtained from theory??> and XRD, re-
spectively. Thus, in the austenitic phase, the lattice constant
is less sensitive to x.

B. Structural variation of Ni,, Mn;_.Ga with composition

Room-temperature XRD profiles for Ni,, Mn;_,Ga for
different x along with the calculated and difference profiles
obtained by Rietveld analysis of the XRD data are shown in
Fig. 5. The agreement between the observed and calculated
profiles are quite satisfactory, as shown by the difference
profiles and the goodness of fit (S) values. All the peaks can
be indexed and the intensities of the peaks can be simulated
with the space groups used. For x=0.01, the XRD pattern
can be indexed with the cubic L, structure with Fm3m space
group, since at room temperature it is in the austenitic phase.
For x=0.13, the emergence of a peak at 43.2° indicates the
appearance of a tetragonal martensitic phase with 14/mmm
space group. Table I shows the compositions, lattice param-

eters, Ty, Tc, space groups used for the Rietveld analysis,
and the goodness of fit (S).

A close look at the XRD patterns in Fig. 5 indicates a
systematic change of the lattice constants in the martensitic

Ni,, Mn, ,Ga
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FIG. 5. X-ray diffraction pattern (solid line) of Ni,, ,Mn;_,Ga
for different x at room temperature. The calculated profiles obtained
by Rietveld refinement (dashed lines) and the difference profiles are
shifted along the vertical axis for clarity of presentation. A and M
indicate the austenitic and martensitic phases, respectively. The
panel on the right side is multiplied by 5.
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phase at room temperature. Straight lines (solid line) have been
fitted to a(x) and c(x). Lines through c¢/a and unit-cell volume are
derived from the straight lines fitted to a and c.

phase. For example, for x=0.15, the separation between the
(112) and (020) peaks increases gradually with increasing x
from 3.5° to 3.6°. a, ¢, c¢/a ratio, and the unit-cell volume
obtained by the Rietveld fitting of the XRD patterns are
shown in Fig. 6. Between x=0.15 and 0.35, the unit cell is
elongated along the ¢ direction by 2.7% and compressed
along the a and b axes by 1.75% with increasing x. The
increase in c/a ratio increases the transformation strain due
to the lattice distortion. The spontaneous strain, given by
(c¢/a-1), increases from 17.6% to 23% between x=0.15 and
0.35. There is a small decrease by about 0.8% in the unit-cell
volume, since the decrease in a and b is not fully compen-
sated by the increase in c.

Straight line fit to the data shows that a and ¢ vary lin-
early with x [Figs. 6(a) and 6(b)]. Linear variation of lattice
constants in alloys can be explained by Vegard’s law, which
states that in the absence of strong electronic effects, the
variation of the lattice parameters is linear with composition
in a true three-dimensional solid solution.*® This is a conse-
quence of the way a solid solution reduces strain by expan-
sion or by compression when atoms of different sizes are
involved. Denton and Ashcroft provided a theoretical basis to
Vegard’s law by applying density-functional theory to ran-
dom binary alloy systems to show that the linear variation of
lattice constant is expected if the ratio of the atomic radii is
sufficiently close to unity.*! Linear variation of lattice con-
stants with composition has been observed in many systems
such as metallic solid solutions,*” diluted magnetic
semiconductors,* and quaternary semiconductors.** For
Ni,, Mn;_,Ga, both a and ¢ do not exhibit any systematic
deviation from the straight line, as is evident from the resi-
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due of the linear fit. Thus, Vegard’s law is obeyed over the
composition range of 0.15=x=0.35. This is expected be-
cause both Ni and Mn are 3d elements with similar elec-
tronic configuration and small size difference; the atomic ra-
dii of Ni and Mn are reported in literature to be 1.35 and
1.40 A, respectively, and their ratio is close to 1 (0.96). The
compositions prepared by us for higher x, such as x=0.5,
have not been considered because they exhibit the presence
of an additional Ly, phase corresponding to Ni;Ga.

A scrutiny of the literature for lattice parameters
with compositions similar to ours reveals good agreement
with previous studies.!3*-%7 For example, Pons et al.
show that the Ilattice constants of NisgsMn;s59Gaysg
(Ni, 33,Mng 64Ga, o3) are a=7.6 A and ¢=6.54 A3 Their
a value appears to be different from what we report for
a very similar composition Ni,;,MngeGa (a=5.422 A,
¢=6.605 A). However, this apparent disagreement arises
because they use a bigger unit cell (L1,), while we have
used L21‘ For comparison, their a needs to be divided by \5,
giving a=5.375 A that is close to our value.

The variation of T, and T, for different compositions is
given in Table I. Between x=0 and 0.2, our data are in agree-
ment with Vasilev et al., where T decreases and T, in-
creases with x before they merge at around 0.2. For x>0.2,
T, continues to increase while T~ decreases, and thus T,
becomes larger than 7. This means that the martensitic tran-
sition occurs in the paramagnetic phase.'!"!?

C. Structural modifications due to annealing

For the stoichiometric Ni,MnGa, a 7-layer modulation
(7M) of the structure has been reported.®”!>1® However,
structural and theoretical studies on various nonstoichiomet-
ric compositions of Ni-Mn-Ga have shown that the modula-
tion is absent for structures with ¢/a>1.'31%2! Lanska et al.
showed that for specimens with T, between 325 and 355 K
(or with e/a between 7.61 and 7.715), both the nonmodu-
lated and a 5M modulated phase could coexist.'"* Above
T =355 K (or e/a=7.715), the modulation is absent. In
general, annealing of the powder removes the internal re-
sidual stress produced by mechanical grinding and results in
sharpening of the Bragg peaks without any structural change.
However, to study the possibility of structural change driven
by the energetics, we have studied three compositions x
=0.2, 0.26, and 0.35 after annealing at 500 °C for 10 h in
high vacuum followed by cooling to RT. The XRD patterns
before and after annealing the samples are shown in Fig. 7.
As expected, all the Bragg peaks become sharper on anneal-
ing. Surprisingly, however, for x=0.20, additional reflections
appear after annealing, suggesting an irreversible structural
phase transition. The annealed pattern of x=0.20 can be in-
dexed with respect to a monoclinic cell with lattice param-
eters a=4.202 A, b=5.497 A, and ¢=29.341 A with B
=92.9°. Since c/a=7, the structure corresponds to the
seven-layer modulated 7M phase. This 7M monoclinic struc-
ture for x=0.2 is different from that reported for the structure
of the martensite phase of the stoichiometric composition
Ni,MnGa, which has orthorhombic symmetry.”-'® These ad-
ditional peaks are not observed for x=0.35 and are barely
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FIG. 7. Room-temperature x-ray diffraction pattern of
Niz'zMHO‘gGa ()C = 02) . Niz‘zéMn0‘73Ga (.X= 026), and
Ni, 35Mng 66Gag og (x=0.35) before annealing (lower pattern) and
after annealing at 500 °C for 10 h (upper pattern). The indices are
with respect to a 7M monoclinic cell (see text).

visible for x=0.26, and the structure remains unchanged.
This shows that for x=0.35 (T),=537 K, e/a=7.765), the
nonmodulated tetragonal phase is stable and is not affected
by annealing. On the other hand, for x=0.2 (7},=334 K,
e/a="7.65), we obtain a structural transition in the martensi-
tic phase from the nonmodulated to the 7M modulated phase
at room temperature. This shows that although the composi-
tion is the same, the lattice constants might be different due
to the appearance of modulation in the structure depending
on the details of thermal history of the specimen. Conversion
of nonmodulated to modulated crystal structure at room tem-
perature has not been reported in literature so far.

D. Phase coexistence in Ni,, . Mn,_,.Ga

The coexistence of phases, which is characteristic of first-
order phase transition, is expected if the measurement tem-
perature (300 K) lies in the hysteresis region. We indeed find
that the austenitic and martensitic phases coexist at RT in the
composition range 0.1<x=<0.15 (Fig. 5). The martensitic
and austenitic peaks are marked in the x=0.13 XRD pattern,
and the mole fraction of the martensitic phase is 36%. The
percentage of the martensitic phase increases with x in the
phase coexistence region from 24% (x=0.1) to 92% (x
=0.15). For x=0.15, the specimens are in fully martensitic
phase.

DSC data for x=0.13 show that at RT the sample is not in
fully austenitic phase, and this corroborates with the exis-
tence of the martensitic phase from XRD measurements (see
the heating curve in Fig. 8). The transition temperatures (T
and Ty,), determined from DSC and y,,, are very sensitive to
composition and increase with x (Table I). These are in
agreement with the values reported in the literature and the

recently published phase diagram of Ni,, Mn,_ Ga’!L12
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FIG. 8. The exothermic and endothermic heat flows for x
=0.03 and 0.13; arrows indicate the heating and cooling directions.
Inset shows the latent heat variation as a function of x.

The increase in the fraction of the martensitic phase with x
and, finally, occurrence of the fully martensitic phase at RT
can be explained by the increase of T, with x. For x=0.03,
DSC shows the hysteresis region to be well below RT and so
the sample is in the austenitic phase. For x=0.03 (0.13), T,
TMf, Ty, and Ty are 205 (292), 189 (270), 216 (281.5), and
234 (304) K, respectively. The width of hysteresis, which we
define as the difference between (T, +7,)/2 and (Ty
+TM)/2 12 turns out to be 28 K for x=0.03 and 11.8 K for
x=0. 13 The small width of hysteresis shows that the mar-
tensitic transition is truly thermoelastic, i.e., the driving force
is small and the interface between the austenitic and marten-
sitic phases is mobile upon heating and cooling. In the inset
of Fig. 8, we show the latent heat variation as a function of x.
For x=<0.2, the latent heat increases  from
0.37 to 2.8 kJ/mole, as reported earlier.!? Latent heat data
for higher Ni compositions do not exist in literature. For x
=0.24, the latent heat drops to 1.97 kJ/mole and decreases
further for still higher compositions. This decrease in latent
heat is related to the occurrence of the martensitic transition
in the paramagnetic phase for x=0.24.1?

IV. CONCLUSION

We report the variation in crystal structure of
Ni,,, Mn,;_,Ga as a function of composition (x) at room tem-
perature. The lattice constants of Ni,,4Mn,;5Ga have been
compared with theoretical equilibrium lattice constants cal-
culated by minimization of the total energy using full poten-
tial linearized augmented plane-wave (FPLAPW) method.
The theoretically calculated lattice constants are in good
agreement with the experimental values. This shows the re-
liability of density-functional theory based all-electron calcu-
lations using generalized gradient approximation to describe
the structural properties of such complicated nonstoichiomet-
ric ternary alloys. In the composition range of 0.15<x
<0.35, a nonmodulated tetragonal martensitic phase is ob-
tained, where with the increase in x, the unit cell is elongated
along the ¢ direction and compressed along the a and b axes.
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The unit-cell volume decreases with increasing x. Increase in
c/a with x results in the increase of strain by lattice distor-
tion. Vegard’s law is obeyed over this composition range. We
find that annealing of x=0.2 specimen at 500 °C transforms
the structure from the nonmodulated tetragonal phase to a
7M modulated monoclinic phase at RT. The coexistence of
the austenitic and martensitic phases is observed at room
temperature in the composition range of 0.1 <x=<0.15. The
fraction of the martensitic phase increases with x because of
the increase in 7). The small width of the hysteresis of the
martensitic transition obtained from DSC shows its ther-

PHYSICAL REVIEW B 75, 104107 (2007)

moelastic nature that is characteristic of a shape memory
alloy.
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