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Ab initio calculations of the magnetic shape-memory alloy NisoMnxAlso x with 0 x

50 were

carried out using density functional theory and PAW potentials. The alloy is ferromagnetic in the
range from 14 to 31 at.% Mn. The magnetic moment and structural properties are discussedin

terms of the density of states.

Furthermore martensitic phaseswith long-periodic shuing structure were calculated: 2M, 10M,
and 14M. Their stability is discussedin respect to the electronic structure and the lattice dynamics,
whereby phonon dispersion relations in [110] direction for the cubic L2, Heusler structure have been
calculated. The transverse-acousticphonon mode is shown to soften at the wave vector =[1/3 1/3
0] which con rms the tendency of NioMnAl to form modulated structures at low temperatures. The
theoretical results of the modulated martensitic phasescorrespond to experimental data, obtained

from thin Ims near the stoichiometric composition.

PACS numbers: 61.66.-f, 75.50.Cc, 71.15.Nc, 63.20.Dj

I. INTR ODUCTION

Shape-memory (SM) alloys are of great interest from
the technological point of view as sensorand actuator
materials becauseof their inherent large strains and work
capacity. While the SM e ect is convertionally driven
by temperature or applied stress, ferromagnetic (FM)
SM-alloys provide the opportunity to drive a transfor-
mation of martensitic variants by an external magnetic
eld. Thesematerials can be usedwhere high switching
frequenciesare needed(e.g. in actuators) or where the
necessarytemperature changesare not applicable (e.g.
in medical devices).

In this paper we presen theoretical results of the
(ferro)-magnetic SM-alloy Ni-Mn-Al.  This system be-
longs to the group of Heusler-alloys like the Ni-Mn-Ga
alloy, being the most thoroughly investigated magnetic
shape memory material to date, both theoretically (see,
for example, Refs. 1{5) and experimertally (see,for ex-
ample, Refs. 6{10). Recerly, interest in the Ni-Mn-Al
alloy system has grown'*?1 | but only a few theoretical
investigations of this alloy exist sofar,*?? mainly for the
stoichiometric composition Ni;MnAl. The advantage of
Ni>MnAl over Ni;MnGa for technical applications is the
higher ductilit y and the high martensite-austenite tran-
sition temperature of the Al containing alloy. However,
in the Ni-Mn-Al systemseweral modi cations of marten-
site have been obsened!!'® which asksfor a theoretical
clari cation in terms of their structural stability.

Therefore, in this study we investigate the structural
and electronic properties of NispMny Alsg x (with x rang-
ing from 0 to 50 at.%) by ab initio calculations. Due to

FIG. 1: Heusler structure of NioMnAl. Black, gray, and white
circles represent Ni, Mn, and Al atoms, respectively.

the constraints of the Heuslerstructure (L21, seeFig. 1),
it is only applicable to vary the fraction of Mn and Al
on their sublattice, while keepingthe Ni sublattice un-
changedin respect to the stoichiometric L2; structure.
The magnetic momerts, individual site occupation, and
the spin density of states (DOS) are calculated for di er-
ent compositions in this range.

In this classof alloys studied here, martensitic struc-
tures with long periodic modulations are of particular
interest. Experimentally, various modulations with dif-
ferent stacking orders have beenreported. For the theo-
retical investigation, here,the modulations 2M, 10M, and
14M, which are stable near the stoichiometric composi-
tion NioMnAl, were chosen. The stability of thesestruc-
tures is examined in context with the density of states
(DOS) and chargedistribution betweenthe atoms. X-ray
di ractograms are simulated and comparedwith experi-



FIG. 2: Simple tetragonal cell of NioMnAl. Arrows indicate
the spins on the Mn atoms for the AFM structure.

mertal results.

Dynamical properties of the stoichiometric composi-
tion NioMnAl with the L2, cubic structure are studied
within the supercell approach. Phonon dispersion rela-
tions are usedto discussthe stability of NioMnAl at low
temperatures and the role of modulation shu es in this
system. Elastic constarts are derived from the slopes of
the acoustic modesat the center of the Brillouin zone.

II. COMPUT ATIONAL DET AILS

We used the Vienna ab initio simulation package?®.
This padkage is a complex implemertation of the den-
sity functional theory. Exchange and correlation ener-
gies are threaded by using the generalizedgradient ap-
proximations by Perdew and Wang (PW91)2*. Projec-
tor augmerted wave functions?>26 were used,which have
proved to be superior to ultra-soft pseudo-ptentials in
describing magnetic compounds?®. The plane-wave cut-
0 energyis 337.4eV for all calculations except for the
long-periodic modulated phaseslOM (323.9eV) and 14M
(202.4 eV). For all calculations a simple tetragonal (st)
cell, shaowvn in Fig. 2 wasused. The lattice vectors of this
cella', b, and ¢' are parallel to the [110],[001],and [110]
direction of the Heusler cell, respectively. The usageof
a st cell makesthe generation of o -stoic hiometric and
modulated structures more conveniert. For larger cells
c' is increased. The k-point mesh is generated by the
Monkhorst-Padk schemewith a grid of 8 6 8 for the st
cell, unlessotherwisenoted. (The number of subdivisions
is decreasedwhen increasing the cell size.) A smearing
parameter of 0.2 eV is used. The magnetic momerts are
prede ned by 1 g onthe Ni and Al atom sitesand 3 3
on Mn the atom sites. Anti-ferromagnetic (AFM) struc-
tures are generatedby alternating planesparallel to the
(001) plane of up- and down-spin momerts (seeFig. 2).

The phonon calculations were performed by using the
force-constart method, whereby the Hellmann-Feynman
forces have been computed in the elongated1l 1 5 su-
percell with 40 atoms3233 The supercell was created by
matching v e st cells(seeFig. 2) alongthe [110]direction

of the Heuslercell. This con guration allows for accurate
calculation of the phonon spectrum along [110] in the
Brillouin zonewith v e equidistant points for which the
direct method leadsto exact solutions. The supercellwas
initially optimized so that all forcesexperiencedby the
atoms vanish. The force constarts were calculated for x,
y, and z with individual displacemerts of the Ni, Mn, and
Al atoms. The atoms have beendisplacedin both, posi-
tive and negative directions in order to obtain better ac-
curacy of the forces. The displacemen amplitudes were
30 pm. The plane-wave cuto energy of 353.4eV and
a Monkhorst-Padk k-point generation scheme was used
with a grid of 10 8 2 points in the full Brillouin zone
for the long supercell. The force constarts were tted
to the Hellmann-Feynman forcesby using the PHONON
program®3. The values of the force constarts decrease
from the certer of the supercell to its boundariesin [110]
direction by seweral orders of magnitude which ensures
accurate evaluation of the phonon dispersion.

IIl. RESUL TS AND DISCUSSION

In section 111 A, we present the results of the ab ini-
tio calculations along with the physical properties de-
rived for di erent alloy compositions. The stability and
magnetic properties of these alloys are examined by the
electronic structure and density of statesin sectionlll B.
In section Il C, we examine martensitic structures with
long-periodic modulations. In section |11 D, we discuss
the lattice dynamics of Ni,MnAl in view of the phonon
dispersionrelations evaluated for the cubic L2; structure
in the ferromagnetic state. In section |l E, we presen
elastic constarts derived from phonon calculations.

A. Structural data of NisoMn xAl 50 «

Table| showsthe lattice parametersand magnetic mo-
ments for the calculated NispMnyxAlsg x alloys with x
ranging from 0 to 50 at.% in the FM and AFM struc-
ture. The calculated lattice parameter for NioMnAl is
closeto the experimental value of 0.5818nm.'® One can
assumethat the other lattice parametersalso correspond
to experimental values. We nd that there is no signi -
cart variation in the volume of the cells by substituting
Mn to Al (0.196 0:003nm?). The small deviation from
the expected cubic structure of NioMnAl is probably due
to the unequally balanced k-point mesh. Calculations
with a cubic cell prove this fact. An error of approxi-
mately 1 % in the c/a ratio is also expectedfor the other
compositions. Only tetragonal distortions occurred by
the relaxation of all degreesof freedom. A tetragonal
structure with a c/a ratio well above 1.0 is more stable
for alloys in the AFM state with high Mn concerirations
only. This tetragonal structure can be explained by a
Jahn-Teller e ect: The system lowers its energy by a
tetragonal distortion in the direction of ¢ sothat orbitals



TABLE [ Lattice parameters and magnetic moments for the
calculated NispMnyAlsy x alloys.

System a(nm)| c(nm)| cla g /atom
NisoMnsg FM| 0.5835| 0.5833| 1.000] 2.117
NisoMnai:7Al g3 FM | 0.5807| 0.5896| 1.019] 1.741
NisoMn3z7:5Al 125 FM| 0.5459| 0.6575| 1.205] 1.543
NisoMn33:3Al 16:7 FM | 0.5690| 0.6057| 1.066| 1.397
NisoMn31:2Al 18:8 FM | 0.5780| 0.5836| 1.010] 1.271
NisoMn3p:0Al 20:0 FM | 0.5806| 0.5799| 1.001 1.228
Ni>MnAl FM | 0.5807| 0.5756| 0.991| 1.005
NisoMns:7Al 33:3 FM | 0.5759| 0.5866| 1.019 0.668
NisoMni2:5Al37:5 FM | 0.5766| 0.5838| 1.013 0.495
NisoMnsg AFM | 0.5994| 0.5388| 0.898 {
NisoMna7:5Al12.5 AFM | 0.5316| 0.6742| 1.268 {
NisoMnss.3Al16.7 AFM | 0.5472| 0.6453| 1.253 {
NisoMngzp:0Al20.0 AFM | 0.5421| 0.6592| 1.216 {
Ni>MnAl AFM | 0.5760| 0.5840| 1.014 {
NisoMnis:7Al33.3 AFM | 0.5757| 0.5856| 0.993 {
NisoMni2:5Al37.5 AFM | 0.5773| 0.5833| 1.010 {
Niso Al s0 0.5782| 0.5786| 1.001 {

of neighboring Mn atoms of opposite spin overlap to a
smaller extent.

By scanning over xed volumes around the fully re-
laxed volume Vy the bulk modulus of the compounds can
be obtained. The volume-energypairs are tted with the
Murnaghan equation?’, that connectsthe energy E di-
reoctly to the bulk modulus B and its pressurederivative
B*

BoV Vo B Vo

= + —
E=Eo BYB? 1) V v

1: @@
In Fig. 3 the energydepending on the cell volume s plot-
ted for Ni,MnAl. The calculated values (crosses)corre-
spond to the curve according to Murnaghan. The bulk
moduli for some compositions are given in Table Il to-
gether with other theoretical values. Furthermore, the
cell is distorted uniaxial in the ground state volume. For
scanning over dierent c/a-ratios a 16 12 16 k-point
meshwas used. The energyrelative to the ground state
energyat the cubic structure versusthe c/a ratio is given
in Fig. 4. The slope of the curve attens betweenc/a =
1.15and 1.25, but no further local minimum in E(c/a) is
found, unlike Ayuela et al.?? calculated with the FLAPW
method. However, the tendency for a local minimum
{ found explicitly for Mn-rich compositions { is visible.
Our results are corvergedin respect to the k-point mesh
for the above given precision and basis set.

A tetragonal phaseis only stablein AFM systemswith

TABLE 1I: Bulk modulus B and its pressure derivative B°
for some compositions in the range NisgMnyxAlsg .

System Bo (GPa)| B°

NisoMn3z7.5Al 125 FM 169 11.78
AFM 154 6.63
NisoMn33:.3Al 16:7 FM 125 3.57
AFM 156 5.31
Ni2MnAl FM 157 5.07
AFM 141 9.08

FM| (163)

FM| (167)°
NisoMni2:.5Al 375 FM 142 8.94
AFM 162 4.07

2theor., Ayuela et al., Ref. 22
btheor., Godlevsky et al., Ref. 4
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FIG. 3: Energy change relative to the ground state energy
Eo = -25.172eV versuscell volume for the caseof NipMnAl.
The crossesare calculated values, the curve corresponds to
the Murnaghan equation.

high Mn concerrations like Table | reveals. Responsible
for this fact could be an anti-b onding interaction between
the d,. orbitals of neighboring Mn atoms. Through an
expansionin [001] direction these orbitals overlap less,
which stabilizesa c/a ratio > 1.

To c/a ratios < 1 the energy rises steeply. However,
structures with a c/a ratio < 1 are found experimentally .
Additional deformations must therefore be responsible
for the stabilization of thesestructures, e.g. modulations
asdiscussedin part 111 C.

B. Electronic prop erties of NisoMn yAl 5

The magnetic momerts increasefor the FM structures
when Al is gradually replaced by Mn. Mn carries the
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FIG. 4: Energy relative to the ground state energy Eo =
25.172eV versusc/a ratio for the caseof FM Ni2MnAl.
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FIG. 5: Total energy versusthe Mn content for FM and AFM
states. The energy di erence magni ed by a factor of 1000is
plotted with a dashedline.

main magnetic moment of 3.33 g per atom in the case
of FM Ni;MnAl. Ni atoms only cortribute 0.36 g, Al
-0.03 . These values correspond to other theoretical
results: 3.30 g, 0.38 g, and-0.06 g, respectively (Ref.
22). The calculated total magnetic momert of 4.02 g
ts the experimental obsenation of 4.19 g.*

The magnetic ground state for Ni;MnAl is ferromag-
netic. For higher Mn concerrations, the AFM state is
preferred. For lower concerrations, the total magnetic
momert of the compound decreasesand FM and AFM
becomedegenerated.The total energyis plotted in Fig. 5
versusthe fraction of Mn for the FM and the AFM state.
The di erence in energy multiplied by a factor of 1000
is also given. One can determine from this plot, that
the FM state is stable in the range from 14 to 31 at.%
Mn. This fact is important for the application of Ni-Mn-
Al, becauseone can only induce a magnetic driven shape
changein the FM state. In Heusleralloys (X2MnZ) con-
taining X = Ni the interaction betweenMn atomsis me-
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FIG. 6: Change of the magnetic moment with respect to the
individual contributions in the cubic structure versusthe c/a
ratio for NiMnAl (solid line), Ni (2 atoms, dotted line), Mn
(dashed line), and Al (dot-dashed line).

diated by the Ni sublattice asK ubler et al.?8 have shown.
Besides,they found that in the caseof Z = Al the FM
state is further stabilized. In other Heusler alloys, the
interaction is mediated by the Z-atoms, resulting in an
AFM ground state. This can explain the changeto AFM
by replacing Al by Mn atoms.

The magnetic momernts also vary with the c/a ratio.
Although Mn cortributes the main magnetic momert,
the curve shape of the total magnetic momert is deter-
mined by the Ni cortribution (see Fig. 6). This fact
underlines the relevance of the Ni atoms for the cou-
pling of magnetic momerts. The magnetic momert of
FM Nio;MnAl and the Ni contributions have got a mini-
mum at the cubic structure, while the magnetic momerts
of Mn and Al reach a maximum for c/a = 1. The total
magnetic momert rises by a tetragonal distortion, but
drops again for c/a > 1.5, just when the E(c/a) curve
(seeFig. 4) attens. One can seea strong relationship
betweenstructural stability and its magnetic momert.

In order to obtain a closerinsight into the electronic
properties and the resulting magnetic and medanical
properties, we examinedthe density of statesexempli ed
for Ni,MnAl. Figure 7 shows the DOS of FM Ni;MnAl
including the individual atomic contributions. Mainly
the Ni DOS (dotted line) accourts for the total DOS. But
spin-up and down states are approximately balanced,so
that only a small magnetic momert results from the Ni
atoms. The total magnetic momert is dominated by the
Mn atoms, the electrons of which occupy almost solely
spin-up states. The two main peaksbelow the Fermi level
(Er) in the Mn DOS coincidewith peaksof the Ni DOS,
proving the strong coupling between these atoms. The
exclusive occupation of spin-up states can be explained
by the v esingled-electronsof the Mn atoms. Due to hy-
bridization, the magnetic momert is slightly lower com-
pared to an isolated Mn atom. The Al contribution to
the total DOS and magnetic momert is negligible.
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FIG. 7: DOS of NizMnAl (solid line) with its decomposition
in atomic contributions of Ni (dotted line), Mn (dashed line),
and Al (dot-dashed line). Positive and negative values mean
spin-up and down states, respectively.

C. Mo dulated martensitic structures

The systemNi-Mn-Al isrich in martensitic phases.Be-
low we presen the results for the modulations 2M, 10M,
and 14M. Thesephasesare found experimentally in alloys
near the simulated composition NioMnAl.

The 2M phaseis a monoclinic distortion of the st cell
shown in Fig. 8 (left) with an angle betweena' and ¢’
> 90 . For NioMnAl, the lattice parametersrelax to a'
= ¢'= 0.4288nm and b' = 0.5121nm, 2y = 105. The
angleis a little larger than suggestedby Kainuma et al.'’
from experimental data and also as derived from trans-
mission electron microscopy (TEM) imagesof a sample
with comparable composition (seebelow). The total en-
ergy per formula unit (f.u.) is slightly higher than for the
cubic Heuslerstructure for this composition. But experi-
ments show (see,e.g.,Ref. 17) that the 2M phaseoccurs
at lower Al content (approx. 20 at.%) in bulk material.
It is assumedthat the 2M structure is twinned. Thus,
we performed calculations on a structure of two st cells
attached to ead other in [110] direction with opposed
angle . In fact, the relaxation yields a smaller total en-
ergy per formula unit (E = 38 meV/f.u.). This should
hold for the 10M and 14M structures as well. It should
be mertioned here that twinning is an essetial feature
for the shape memory e ect.

The 10M structure can beregardedasa structure with
the f110g planes displaced in the [110] direction along
a static wavel® The amplitudes of the Al-Mn and Ni
planes relax to 18.3 pm and 20.6 pm, respectively (see
Fig. 9). An equivalent way to describe the 10M phase
is by a 5-layer structure with stacking order (32) (see,
e.g., Morito et al.'6). The calculated lattice parame-
ters read @' = 0.4159nm, b' = 0.5643nm, c' = 2.072
nm resulting in a c/a ratio of 0.961. The cell stays al-
most orthogonal with an angle j1ov = 90:5 . The 10M
phaseis metastablewith the Heuslercubic structure only

FIG. 8: Schematic view of the 2M (left) and 14M (52) struc-
ture (right). Black, gray, and white circles represert Ni, Mn,
and Al atoms, respectively.

FIG. 9: Schematic view of the Al-Mn (left) and Ni planes
(right) in the 10M structure. Black, gray, and white circles
represert Ni, Mn, and Al atoms, respectively.

1.2 meV/atom lower in energy The explanation of the
metastability of the 10M phase (with a c/a ratio < 1.0)
can be found in the electronic structure. In Fig. 10, the
DOS around Eg for the 10M structure comparedto the
Heusler cubic structure and a tetragonal structure with
c/a = 0.950near c/a(10M) is shown. The distortion into
10M moves states just below Er to lower energiesand
states just above Er to higher energies. This suggests
additional binding mecanismsin the 10M structure. To
analyze this bonding further, we investigatedthe charge
distribution in the Ni planes (see Fig. 11). While the
charge density is distributed symmetrically around the
Ni atomsin the cubic L2; structure (Fig. 11 bottom), in
the 10M structure there are jaggedbandsof elevated den-
sity between a certain con guration of Ni atoms. This
fact suggestsadditional covalent bonding betweenthese
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FIG. 10: DOS around the Fermi level for the 10M structure
of Ni2MnAl (solid line) in comparison with the cubic (dotted
line) and a tetragonal structure with c/a = 0.950 (dashed
line).

FIG. 11: (Color online) Charge distribution in a Ni plane of
the 10M structure (top) in comparison with the L2; structure
(bottom) of Ni2MnAl. The charge density is shown in the
range from -190to -410 eV/nm 3.

atoms and seemsto be responsible for the stabilization
of the 10M phase.

In the 14M structure, consecutie f 110g planes build
up the stacking sequencg52), asshawn in Fig. 8 (right).
The lattice parametersrelax to a' = 0.4076 nm, b' =
0.4733nm, and c' = 2.8386nm. From this follows a =
0.575nm and ¢ = 0.4733nm resulting in c/a = 0.82.
The 14M cell is orthorhombic with  1am = 954 . The
calculated lattice constarts are slightly smaller than the
experimental ones by Kainuma et al.,'' however, they
examined o -stoic hiometric compositions with Al < 20
at.%. The total energy of the 14M phasesuggeststhat

FIG. 12: TEM micrograph of Nis;Mn3;Al17 with electron
diraction imagesof the bright (left) and dark strip es(right).
The strip esare approximately 20 nm in width.

FIG. 13: High-resolution TEM image of a dark stripe from
Fig. 12. Bright dots show single atoms. The display window
is approximately 6 nm 6 nm.

it is only metastable but it is not possible to directly
compare with the energiesof the calculated structures
above as the precision for the simulation of 14M had to
be decreaseddue to computational limitations.

The 2M and 14M phasesare indeed found experi-
mentally side by side in a thin Im sample produced
by molecular beam epitaxy (MBE) with a composi-
tion around Nis;Mn3;Al17.2° Cross-sectional TEM mi-
crographs of the sample show stripes of two dierent
martensitic phases(see Fig. 12). Electron diraction
provesthe existenceof the 2M phasein the bright stripes
and of the 14M phasein the dark strip es. High-resolution
images of the dark areasreveal the stacking sequence
(52), which complieswith 14M (seeFig. 13).

With the calculated lattice parameters X-ray dirac-
tograms can be simulated. For this purpose,we usethe
powder crystallography software Rietveld.3! In Fig. 14,
the calculated di ractograms of the 2M and 14M phase
of NiMnAl are shown in comparison with the experi-
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FIG. 14: X-ray diractogram of a Nis,Mn3z; Al 17 sample (solid
line) in comparison with the calculated di ractograms of the
2M (dotted line) and 14M phases (dashed line). Vertical
markers indicate the positions of the re exes after adjusting
the lattice parameters (seetext for details).

mentally obtained diractogram of the aforemertioned
thin Im sample. The theoretical results reveal that
the experimertal di ractogram consistsof a mixture of
the 2M and 14M phases. A mixture was expected be-
causethe X-ray beam averagesover a spot size of about
0.5 mm in diameter and hits seweral stripes of both
phases(see Fig. 12). The experimentally obsened re-
ex at 2 46 is very small in the simulated di rac-
togram. This could be due to comparing highly oriented
grains typical for MBE martensitic Ims 72%30 with pow-
der simulation and/or due to the chosen atomic form
factors. However, the positions of the re exes reveal cor-
rect information. The experimentally obsened re exes
are shifted to smaller angles,which can be explained by
o0 -stoic hiometry and lower ordering in the lattices. Both
factors lead to higher monoclinic angles and larger lat-
tice constarts. Thus, spacingsof atomic planesincrease,
which results in smaller anglesin the X-ray di raction.
In order to show these e ects, the length of the lattice
vector c¢' for the 14M structure was elongatedby 1% and
the angle .y was reducedto 101 . Accordingly, the
positions of the re exes are shifting to lower anglesasin-
dicated by the vertical markersin Fig. 14, matching the
experimental di ractogram.

D. Lattice dynamics

Phonon-dispersion curves calculated for the [110] di-
rection of the Heusler L2; structure of ferromagnetic
NioMnAl are shown in Fig. 15. A complete softening
of the transverse-acousticTA, phonon mode is found in
the range between = 0:25and = 0:4. This soft-
ening characterizesthe instabilit y of the cubic structure
with respect to a sheardisplacemen of the atoms. The
character of the soft mode correspondsto the pattern of

FIG. 15: Phonon-dispersion curvesfor the cubic L2; structure
of Ni>MnAl.

TABLE I111: Theoretical ultrasound velocities (propagating in
the [110] direction) of Ni2MnAl in comparison to those of
Ni>MnGa, calculated and experimental. The theoretical val-
ues have beenobtained from the initial slopes of the acoustic
phonon branchesat ! 0.

( 10° cm=9) NizMnAl NiMnGa? Ni;MnGa®
VL 6:26 5:23 5:4
VTA, 3:90 3:35 35
VTA, 2:20 1:02 1:0

atheor., Zayak et al., Ref. 34
bexp., Zheludev et al., Ref. 36

atomic displacemerts of the modulations 2M, 10M and
14M. The wave vector = 0:25 represens a modulation
with a period of 8 atomic planes (2M structure), while

= 0:4 characterizesthe 10M modulation. Finally, the
14M modulation can be characterized by the wave vec-
tor = 2=7 which alsoliesin the rangebetween = 0:25
and = 0:4. In addition, we note that the coupling of
the acoustic modes TA; and LA with low-lying optical
modesof Ni isimportant with respectto the formation of
the modulated phases.This was analyzed earlier for the
caseof Ni,MnGa®*. The origin of the phonon softening
in Fig. 15 can be explained in terms of strong electron-
phonon coupling and the Kohn anomaly®.

E. Elastic constan ts

The calculated phonon dispersionrelations allow to es-
timate the sound velocities propagating in the crystal.



TABLE 1V: Theoretical elastic constants of NioMnAl in com-
parison to those of NiMnGa, calculated and measured. The
theoretical values have beenobtained from the sound veloci-
ties listed in Tab. 111 using relations of the elastic constants
taken from Ref. 37.

(GPa) Cu Ci2 Cas CL

Ni2MnAl 193 129 102 263
NiMnGa? 1394 122.6 91 222
Ni,MnGaP® 152 143 103 250

atheor., Zayak et al., Ref. 34
bexp., Worgul et al., Ref. 37

The two transverseand the longitudinal sound velocities
of NioMnAl have been obtained from the initial slopes
( ! 0)ofthe acousticmodesTA1, TA;, and LA, respec-
tively. Thesevaluesare listed in Table I11 in comparison
with the corresponding sound velocities of Ni;,MnGa. To
our knowledge, there are no data in the literature about
phonon and elasticity measuremets for Ni,MnAl. Our
phonon calculation gives accurate results for the sound
velocities obtained from the TA; and LA phonon modes.
While in the caseof the soft mode TA, we found it dif-
cult to de ne the initial slope of the curve. One can
expect a variation of the value due to the uncertainty of
the slope in the rangeof 20%. The di erence in sound
velocities of Ni;MnAIl and Ni;MnGa can be explained by
the lower atomic mass of the aluminum atoms in com-
parison to gallium, leading to higher lattice frequencies
and faster sound velocities.

TablelV givesalist of the elastic constarts of NioMnAl
assciated with the sound velocities by:

p p
vi = CL= = (Cpiu+Cp2+2Csu)=2 ; (2)
p___
vra, = (Ci1 Cp2)=2 ; 3
p___
Vra, = (Cas)= 4

The density is derived from the calculated lattice con-
stantsto = 6.722g/cm?3. The valuesare givenin com-
parison with those of Ni,MnGa. Again one can expect
somedeviation from the valuesfor the constarts C4; and
Ci12 which are de ned by the soft phonon mode TA,,
while the C_ and C44 might be asaccurate as the calcu-
lated phonon spectra.

IV.  SUMMAR Y

In this paper, we present results of ab ini-
tio calculations of the magnetic shape-memory alloy
NisgMnyAlso x in the range 0 X 50 for FM and
AFM structures. We found that the cell volume doesnot
change much by varying the Mn content, the c/a ratio

8

stays closeto 1. Only for AFM structures with high Mn
concernrations a c/a ratio > 1.2 is more stable than the
cubic structure.

We estimated compressionmoduli for the alloys by cal-
culating the energiesfor dierent xed cell volumesand
tting the energy-wlume pairs to the Murnaghan equa-
tion. The valuesare closeto former theoretical moduli,
where available.

The magnetic ground state for NioMnAl is FM, con-
sistert with other theoretical and experimental results.
The FM structure remainsthe ground state in the range
from 14 to 31 at.% Mn. For higher Mn concerirations,
the AFM structure is preferred. For lower Mn concerira-
tion, the state of AFM and FM is almost degenerated.
This result is important for the application of Ni-Mn-Al
becauseonly the FM structure can be usedasa magnetic
driven shape-memory device.

The magnetic momert is located mostly at the Mn
atom siteswith > 3 . Ni hasonly a small magnetic
momert, Al is almost negligible. But Ni atoms are re-
sponsible for the FM coupling of the Mn momerts in the
ordered Heusler structure. The magnetic momerts can
be explained by the DOS of NioMnAl: While Ni states
are almost equally distributed in spin-up and down com-
ponerts, the bonding Mn (3d) states are almost all lo-
cated in the spin-up part.

The modulated martensitic structures 2M, 10M, and
14M are simulated for NioMnAl. All these phasesare
metastable at this composition and have c/a ratios < 1.
As shawn for the 10M structure, the stabilization of these
phasescan be explained by additional (covalent) bonding
betweencertain Ni-atoms, as expressedby the DOS and
the charge distribution in the Ni planes.

Simulated X-ray diractograms of the martensitic
structures are compared with experimertal ones and
give additional evidence of the co-existenceof the 2M
and the 14M phasein thin Ims with a composition of
Nis,Mn3; Al 17, deposited by MBE. Cross-sectionalTEM
investigations provide further proof for this fact.

The calculated phonon dispersion relations for the
[110] direction show that the cubic L2; structure is un-
stable with respect to atomic displacemens leading to
the modulations 2M, 10M, and 14M. We conclude that
the modulations simulated in this work have their origin
in two physical phenomena: The Kohn anomaly, which
makesthe cubic structure unstable, and the stabilization
of thesemodulations due to chargetransfer related to the
covalent bonding in the sublattice of Ni mediated by the
p electronsof Al

Elastic constarts are calculated from the initial slopes
of the acousticmodes. The valuesare in good agreemen
with theoretical and experimental data of Ni,MnGa. Ex-
perimentally derived elastic constarts for Ni,MnAl de-
sene further investigation.

Our results show that the ab initio theoretical ap-
proach is a valuable tool to identify and characterize un-
known and complex crystallographic structures in exper-
imental samples.
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