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The influence of magnetic ordering on the stabilityof Ni-Mn-Ga(-Co-Cu) Heusler alloys is investigatedusing the first-principles
exact muffin-tin orbital method in combination with the coherent-potential approximation. The paramagetic state is described by
disordered local moment approach. In stoichiometd Ni,MnGa alloy, the total energy profile along the tetagonal deformation path
differs between ferromagnetic ground state and pan@agnetic state with high energy, where cubic struare of austenite exhibits lower
total energy than tetragonally distorted structure of martensite. Martensitic structure is stabilizedin ground state by ferromagnetic
interaction. In paramagnetic state it can be stabized by partial substitution of Ni by Co or by partial substitution of Mn/Ga by Cu.
Energy difference between paramagnetic and ferromagetic stateAEpy.ry Can be used for qualitative estimation of Curie teperature
Tc. Since Co doping to Ni sublattice slightly increass AEpy.em, the T¢ should also increase, which corresponds to experéntal
findings. Analogically, Cu doping to Mn sublattice strongly decreaseAEpy.rq, Which corresponds to strong decreasing of ¢ also

confirmed experimentally. For Cu doping in Ga subldtice the decrease i is weaker.

Index Terms— Ab initio calculation, Curie temperature, Ni-Mn-G a, magnetic shape memory alloys.

I. INTRODUCTION

MFIS [6], [7]. Recent electronic structure calcidas predict
orthorhombic structure with four-layered modulatid®) as a

HE functional properties of magnetic shape memoryround state at O K [8] for BNMnGa alloy but so far there is

Heusler alloys originate from the coupling betwdép
ferromagnetic microstructure and ferroelastic nresitéc
microstructure. The Ni-Mn-Ga system is unique imttlit
additionally exhibits extraordinarily high mobilityof
martensitic twin boundaries. That results in intdrey
magnetomechanical effects such as a giant magineltie-
induced strain (MFIS), known also as the magnekiaps
memory (MSM) effect or magnetically induced reotaion
(MIR) [1], [2]. The control of material propertiaglated to
structural and magnetic phase transitions,
martensitic transformation temperaturdy
temperature T¢, is important for potential
applications in actuators, sensors,
harvesters [3], or magnetic refrigeration syste#ijs [

no experimental report.

The exact composition of alloy has a strong infeesan the
structure of martensitic phase and transformatsmnperature
Tu. For example alloys with excess concentration of &
the account of Ga exhibit increasdg, and orthorhombic
lattice with seven-layered modulation (14M marteg)sand
nearly 10% MFIS [9]. Both 10M and 14M martensitéibi
c/a < 1. The third martensitic phase exhibits nonmathd
(NM) tetragonally distorted Li2structure with ¢/a)yy =~ 1.17—

especiall.23 and is typical for larger deviation from stoametry
and Curie whereTy reaches to 400 K [10].

engineering The effect of chemical composition dig is much weaker
vibrational rgne than onTy. The Curie temperature decreases only slightly

with increasing concentration of Ni instead of Mntil it

For stoichiometric NMnGa, the transformation from decreases beloW, at certain composition [11], [12]. Similar
austenite with cubic Li2structure to tetragonal martensite withbehavior ofT¢ has also been observed in the alloys with the
five-layered modulation (10M) occurs B = 202 K, whereas substitution of Mn for Ga [10], [13]. The Curie tparatures

Tc is about 376 K [5]. The 10M martensite exhibitstap%
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may differ for austenite and martensite phase Tz TV.
The effect of composition on each phase is differbacause
TM decreases much faster thafc" with increasing
concentration of Mn [10]. The influence of therégfonality

of martensite on the exchange interactions isiViGa alloy
and subsequently ofr have been discussed by Galanakis and
Sasioglu [14].

The alternative way to manipulate the transfornmatio
temperatures is by adding new elements into they.all
Replacing a small fraction of Ni by Co will increas.” but
will decrease Ty [15]. Recent classical Monte Carlo

0018-9464 © 2015 IEEE. Personal use is permittettépublication/redistribution requires IEEE pessibn.
See http://www.ieee.org/publications_standardsipatibns/rights/index.html for more informationngerted by IEEE.)
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simulations in combination with first-principle amach

Il. COMPUTATIONAL METHODS

reveal that T wil also decrease with increasing Co e first principle calculations were carried ostng exact
concentration [16]Replacing part of Mn/Ga by Cu increasesyffin-tin-orbital (EMTO) method [37]-[39]. In conibation
Tw and decreasesTc [17], [18]. Such changes in ith the full charge density (FCD) technique fotaloenergy

transformation temperatures results from the coitipet
between the covalent-like hybridization of Ga-Nida@a-Mn
interactions and the magnetic interaction of Mmeaavhich
is influenced by the presence of dopants [16],-[29]. The
simultaneous Co- and Cu-doping has been successiséd
for tuning of transformation temperatures: The allith
composition NjgCoyMn,,Ga,Cu, exhibits transformation
temperatured,, = 330 K andT¢* = 393 K. Moreover, due to
the dopants, this alloy exhibits reduced latticeagonality

calculations [40], the EMTO method can accuratedgalibe
the total energy with respect to anisotropic lattiistortions
such as tetragonal deformation. The chemical desocdused
by doping as well as magnetic disorder were induoleusing
of the coherent-potential approximation (CPA) [44R]. This
approximation does not take into account short@ang
interactions and atomic relaxations around the rppgitoms,
however, in full Heusler alloys, such short-ranffeas only
have a negligible influence on the total energyl&mape [43].

and 12% MFIS in NM phase, which is the largest MFIgqnyibution of these effects to the total enemyot bigger

reported so far [22], [23].

than 0.05 mRy/atom in case of,NinGa as was shown in our

Ab initio (or first-principles) calculations of electronic previous study [44]. The exchange correlation wescdbed

structure based on density functional theory [325] have
been employed to explain doping effects in Ni-Mn-<yatem.

using the Perdew-Burke-Ernzerhof (PBE) generalgredlient
approximation [45], employing the scalar-relatidsind soft-

Li et al. used exact muffin-tin-orbital (EMTO) method in¢qre approximations. The p, d, andf orbitals were included

combination with coherent potential approximati@PA) for
investigation of site preference and elastic caristd26]. Co
exhibits a strong tendency to occupy the Ni suickatin all

in the EMTO basis sets. The Nid3s’, Mn 3°4¢’, Ga
3d'%s%4p!, Co 31"4%, and Cu 8'%s' were treated as valence
states. The Green’s function was calculated forc8&plex

types of composition and Cu atoms always occupy theergy points distributed exponentially on a seroidar

sublattice of the host elements in deficiency.

contour. In order to obtain the best agreement with

The energy difference between the austenite and tBgneriments for a c(a)us, we introduced an additional

nonmodulated martensite phad#d, v Obtained fromab
initio calculations corresponds to experimentally deteeahi
Tw; larger difference in total energies indicatesighér Ty
[27]. Our previous works [28], [29] analyzed thevel®pment
of calculated total energies along the tetragomdibrination
path for Co- and Cu-doped alloys to findEx vy and explain

optimization of the muffin-tin potential on the Bliblattice as
in [46] and [47] by choosing the atomic radRig" = 1.1(R,s
and overlapping potential spheRg"' = 0.9, WhereR,s is
the average Wigner-Seitz radius. For the otherastités, the
usual setufR,x = Rs was usedThe effect of the charge misfit
on the spherical potential is taken into accourihgighe

changes ily. The analysis shows that doping effects can b&reened impurity model (SIM) by Korzhagial. [48], [49].

well estimated using a linear superposition of dffects of
individual dopants for alloys doped simultaneousyyCo in

In the one-center expansion of the full charge ignghe
number of components was truncated at 8. The Biillaone

Ni site and Cu in Ga or Mn site (general formulgyag sampled by a 13 x 13 x 13 unifokpoint mesh without

NisoxCoMnzs_GapsCuy.).
EstimatingT¢ from ab initio calculations [16], [30]-[32] is a

any smearing technique.
The spin polarized version of the density functiaiha&ory

demanding task involving knowledge of pair exchangggs) [25] was employed to treat the FM state. Tépn

interaction parameters [33]. A qualitative predinoti of

disordered magnetic structure of PM state was sitedlusing

changes inc can be done by calculation of energy differencgye disordered local moment (DLM) formalism withihe

between energies of ferromagnetic (FM) and paraetégn
(PM) state [34], [35]. The PM state can be wellragpnated
by the disorder local moment (DLM) formalism withthe
CPA description. In this model the random orietaif local
magnetic moments is described by random distributid
oppositely oriented
concentrations [36].
The purpose of this paper is to reveal how the @b @u
doping and magnetic interaction influences on theasp
stability in austenite as well as in martensitehwihe NM
structure. We present a detailed and compreherfaise
principles investigation of total-energy behavidorg the
tetragonal deformation path for different magnetiates to

local magnetic moments with atqu

CPA, where the magnetic disorder was represented by
randomly distributed Mn, and Ni(Co) atoms with ygnsor
down spin [36]. Beside the magnetic states thidystocludes
also nonmagnetic (NonM) state of stoichiometrigNNiGa
calculated without spin polarization.

Four types of doping were considered based on quevi
theoretical studies and experiments: 2.5 % and 6@odn Ni
sublattice and 5% of Cu in Mn or Ga sublattice. Each
composition we calculated at a corresponding cohs@ume
a series of total energies as a functioncfaf in the range
betweenc/a = 0.9 and 1.4, which describes the tetragonal
deformation of austenite phase with L&ructure ¢a = 1).
Differences between equilibrium volumes of austerdind

find equilibrium NM structure and estimate the @yer nM martensite were neglected, because they havejssiall
differencesAEpu.rv between PM and FM states for differentetfact on calculated total energies. Their averags used

alloy compositions. This parameter is

understanding of doping influence ©a.

important  fo[hstead

[28]. All calculated total energies alonget
deformation path were related to the energy of cghiucture
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for alloy with given composition. antibonding bands. Such high occupation atBhexplains the
high energy of NonM state and its instability. IM KState the
lll. RESULTS occupation at thé&; decreases due to band splitting between

At first we compared the behavior of stoichiometrign@ority and minority spin channels, which sigrditly

Ni,MnGa in ferromagnetic (FM), paramagnetic (PM) and-n Féduces the total energy. In majority spin chanbeth e,
magnetic (NonM) state in order to reveal the effeft bands are pushed to lower energies whereas in iyirsmin

magnetic ordering on the stability of the phases. channel the Mrg, is unoccupied far above tg. However,
Ni-g; band still remains occupied near #ewhich results in

low-temperature instability of FM austenite [51B]5 The
FIG. 1 HERE pseudo gap arising from Ni-Ga covalent interac{iof] can
be clearly recognized in FM minority spin channel in
NonM state approximately 0.08 Ry below the Similar

The total energy along the tetragonal deformatiath pin splitting of e; band as in FM state can be recog_nized glso in
FM state is displayed in Fig. 1. It exhibits a loganimum at PM state. Because Ni atoms carry zero magnetic meme
c/a = 1 which corresponds to austenite, whereas thbagl PM state, which is usual for DLM approach [33], gpitting
minimum at ¢/a)u = 1.256 corresponds to NM marteniste©f & Pand is related only to Mn atoms. The PM stateleteh
Energy difference between the two phaseBayw, is 0.379 the same DOS in both spin channels due to.overat‘ljrm.tlc
mRy/atom. Both minima are separated by a local mawi at moment equal to zero, thus the total occupatiom tek; is
c/a = 1.08 [28]. The occurrence of the minimum withSlightly higher than in FM state. The pseudo gamissing in
tetragonal distortion is usual result obtained jmesly [50]. PM state, due to contribution of electrons fromhbspin

However, in PM state described by DLM the g|0baphar_n_1els to DOS. _Both des_crlbed_ effects result ighdr
minimum in total energy is in cubic austenite aies [1.756 Stability of FM state in comparison with PM state.
mRy above the energy of FM austenite. With incregsi The NM martensite in FM state is stabilized by Jakfier
tetragonal deformation, the total energy increase®.070 band effect [S1]-[53]. Lowering of symmetry pustige Ni<,
mRy atc/a= 1.1 and then it remains almost constant ugiao antibonding peak above thE which decreases the total
~ 1.2. Above that it grows continuously again. Thizea ©€nergy. Similar mechanism can be seen also in Nette,
shallow local minimum atc(@)ww = 1.14, which corresponds Put here only the Ne peak is affected by tetragonal

to NM phase. Thus, in PM state the NM martensite f@istortion whereas the Me; remains unchanged. The
destabilized with respect to austenite. occupation near the; is partially lowered which stabilizes the

In nonmagnetic (NonM) state, the spin polarizatisn Martensitic structure, but the total energy remaitiis high

completely neglected. The energies along the tetalg COMPare to both magnetic states. The shift of gNi-

deformation path are approximately 20 mRy/atom dighan antibonding peak in PM state due to tetragonalodish is
energies of FM and PM states. A local maximunw/at= 1, ot so pronounced as in FM and NonM states. Thé ga

indicates that austenite will be unstable with eespto any located exactly at theés, and consequently the PM state
tetragonal distortion. A global minimum is locatatiC/a)y, ~ €XhiPits slightly higher energy in NM martensiteath in
= 1.390, which is significantly higher value tham FM state. austenite. However, very small differences betwB@S of
In addition there is also a local minimumcé = 0.875. The austenite and NM martensite explain a very flaaltenergy

absolute value oAE,yy = —4.155 mRy/atom is significantly Profile along tetragonal deformation path in PMssta
larger compared to other states. This completeffergint Further we will discuss the effect of doping oa gtability.
behavior of total energy points out that PM statenot be The effect of Co doping in FM state has been desdrin our
approximated by simple neglecting of polarizatidoyt, Previous work [28] and main results are summanlzeqa in
instead, some description including random oriémtatof Order to compare with new results. Increasing Co
magnetic moments has to be employed. We additiptiéss concentration with Co replacing Ni - (¥COMN2sGays)
here that total energies along the path for PMessatd FM destabilizes the NM martensite and decreases tleegen

state have been calculated at the same equilibvioiume, Parrier between austenite and martensite. In PNe stee
which is, however, not the case of NonM state whighibits effect is opposite. Without Co the austenite iblst@hase and
about 5% smaller equilibrium volume. NM martensite metastable at 0 K (see Fig. 3(a)rdasing

Co concentration stabilizes the NM martensite alghtty
increases the barrier between the phases. For Z%%
FIG. 2 HERE concentration (NFCo,sMn,sGas), the total energy
landscape is very flat and varies less than 0.0%/ai®m in
interval 0.975 </a< 1.250, i.e both phases have very similar
Different behavior of total energies in differenagmetic €nergies. For 5% Co_con(_:entration mbSM_nZSGaQS) the
states can be understood by analysis of densittatés (DOS) €nergy of NM martensite withchg)nu = 1.215 is lower than
displayed in Fig. 2. In NonM state, the austenitbiltits a austenite by about 0.195 mRy/atom. In any casé>Mestate

very high peak at the Fermi levell;, which arises from the €xhibits energies approximately 2 mRy/atom higihent FM
occupation of Mre, bands with contribution of N states. Increasing Co concentration in FM state décreases
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the equilibrium ¢/a)yv [28]. In contrast, in PM state, the decreases slightly from 2.203 mRy/atom to 2.190 fayn
equilibrium E/a)yw slightly increases with increasing after adding of 5% Co (BCosMn,sGas).
concentration of Co. When Cu is added instead of Ga&Epy.ry Of austenite
remains almost constant and thus Curie temperatanebe
expected to be constant. On the other hand, Cu m M
FIG. 3HERE sublattice results in steep decreasé\Bfy.rv, Which can be
interpreted as sharp decreaségf. Both types of Cu doping
decreaseAEpy.ry in NM structure, while the effect is much
Stabilization of NM martensite in PM states is ewveare stronger for doping in Mn sublattice than for dapim Ga
pronounced for Cu doping (see Fig. 3(b)). The ¢ffestrong sublattice. Our prediction agrees with experimental
for Cu replacing Ga (MiMn»sGas,Cu,) and moderate for Cu observation, because decreaskd was observed in alloys
replacing Mn (NioMn,s,Ga:sCu). In both cases there is awhich contain Cu [17], [18].
distinct global minimum on energy profile alongrégonal Because simultaneous doping by Co and Cu showsrrath
deformation path atc{a)yy = 1.265 for Cu replacing Ga andindependent effects okE yv and subsequently ofy [28] or
at (c/a)ym = 1.235 for Cu replacing Mn. Contrary to Co dopingequilibrium lattice parameters, desired propertien be
both PM and FM states exhibit the same qualitableavior obtained by proper linear combination of dopantSimilar
with NM phase stabilized by increasing Cu concditina As  effects can be expected also fdEpy.ry and subsequently for
the NM structure has higher energy than austenifgM state, T.. Thus the combination Co replacing Ni and Cu repka
decreasing of its energy is larger. However, thergyn Ga should result in increasd@” due to major contribution
differencesAE,ny are still smaller than for FM states andfrom Co. In addition the same combination shouklltealso
thus the martensitic transformation temperatiifg,could be in increased Ty and reduced c(@)yvw [29], which was
theoretically lower in PM state. confirmed in experiments on NCo,Mn,,Ga,Cu, alloy [22],
Related to FM austenite the energies of NM strectare [23].
close to each other for both types of doping dusttonger
stabilization effect of Cu in Ga sublattice. Theimdifference
between introducing Cu in Ga sites and Cu in Massg in FIG. 5 HERE
energy differenceAEpy.ry, between PM and FM states of
austenite ¢/a = 1). The doping by 5% Cu instead of Ga
(NisoMnysGaoCus)  exhibits AEpyrey = 1.761 mRy/atom,

which is almost the same as without doping. In @stf the IV. CONCLUSION
same amount of Cu in Mn sites gin,Ga:Cus) results in The NpMnGa and Co- and Cu- doped,MinGa alloys have
smallerAEpm.pv = 1.097 mRy/atom. been studied using the EMTO-CRab initio technique. The

ferromagnetic state has been confirmed as a grstane along
whole tetragonal deformation path for all studied
FIG. 4 HERE compositions. Moreover we show that ferromagnetaenis
critical for stabilization of NM martensite bothogthiometric
o . ] Ni;MnGa as well as in Co and Cu doped material. Algou
The stabilization of NM structure in PM state bypdw@ can  cq doping can increase tfie of austenite, there is clearly no

also be explained from DOS. The mechanism is rqudie 4y to increase the: of NM martensite by neither Co nor Cu
same for all kinds of doping studied in this wdtikjs only the doping.

effect of Co in Ni sites will be explained in détaihe NM
structure in PM state exhibits the &jj-antibonding peak ACKNOWLEDGMENT
exactly at thes; for stoichiometric composition BiMn,5Gaps,
which destabilizes this structure. Replacing soamt @f Ni by v
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