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ELECTRONIC STRUCTURE AND MAGNETIC
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We present the influence of local ordering on the electronic and magnetic
properties of Heusler-type alloys. The band structure and magnetic moments
are calculated by ab initio spin-polarized tight binding linear muffin-tin or-
bital method. The calculated electronic density of states for Pd,TiAl al-
loy is similar to ultraviolet photoelectron spectroscopy measurements. The
self-consistent band calculations showed that the density of states at the
Fermi level in Niz(Nb(1—2)Tiz)Sn and Niz(Nb(;_z)Tas)Sn alloys decreased
with the increase in Ti or Ta concentration. The total and local magnetic
moments in ordered RhoTMSn (TM = Mn, Fe, Co, Ni, Cu) and RhoMnX
(X = Al, Ga, In, Ge, Sb, Pb) Heusler-type alloys are calculated. The differ-
ence between theoretical and experimental results can be connected to the
partial disorder in the samples.

PACS numbers: 71.20.—b, 75.10.Lp

1. Introduction

In the last years the problem of magnetism in new Heusler-type alloys was
studied experimentally and theoretically [1-37]. Two physical problems in the sys-
tems which crystallize in L2;-type structure are particularly interesting. The first
problem is connected to the influence of local environment on the magnetic proper-
ties (e.g. Coa—Ni;TiSn, CoTii_5Al; or Nig(Nb(l_w)Tz)Sn for T = Ti and Ta) and
the second one is the magnetism in the systems whose elements are non-magnetic
(PdyTiX for X = Al, Sn and In). In this paper we present the results of ab initio
self-consistent tight binding linear muffin-tin orbital (TB-LMTO) calculations of
the electronic structures and magnetic moments in the Heusler-type systems and
compare them with the available experimental data. In the TM,TiSn alloys (TM
=V, Cr, Mn, Fe, Co, Ni, Cu and Pd) the magnetism is due to TM atom. The
values of the magnetic moments depend on the position of transition metals in L2
cell. Recently, Pierre et al. [13, 14] studied the electronic and magnetic properties
of Cog_zNi,TiSn and Co;_;NiOTiSn Heusler-type alloys. They observed that
the magnetic moment decreased during the substitution of Co by Ni atoms and in
the NiTiSn alloy the total magnetic moment went to zero. In the Co;_-NiOTiSn
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systems Pierre et al. [13,14] observed the transition from ferromagnetic metallic
system (CoOTiSn) to paramagnetic semiconductor (NiOTiSn). Here the symbol O
denotes the vacancies. The interesting experimental results for Coy_;Ni;TiSn and
Co1-NizOTiSn alloys have been confirmed by ab initio calculations of Tobola et
al. [37] (KKR and KKR-CPA methods) and Jezierski [36] (LMTO method). The
effect of local environment in CoTi; . ;Al, wasstudied by Jezierski and Borstel [33].
The self-consistent LMTO and CPA calculations indicated that in CoTiy_zAl; a
part of the cobalt atoms occupied the Ti or Al position [33, 34].

The organization of this paper is the following. In Sec. 2 we present the out-
line of a method of calculation of the electronic structure. The calculated total and
local density of states for Pd,TiAl are presented in Sec. 3. The electronic structure
and the dependence of the density of states at the Fermilevel in Nig(Nb(l_x)Tz)Sn
for T = Ti and Ta are shown in Sec. 4. Finally in Sec. 5 we present the electronic
and magnetic properties of series RhyTMSn (TM = Mn, Fe, Co, Ni, Cu) and
RhoMnX (X = Al, Ga, In, Ge, Sb, Pb) Heusler-type alloys.

2. Method of calculation

The Heusler-type compounds crystallize in L2;-type structure (Fig. 1). The
L2,-type structure consists of four interpenetrating fcc sublattices based at (0,0,0),
(0.5,0.5,0.5), (0.25,0.25,0.25) and (0.75,0.75,0.75). In Pd,TiAl system, the palla-
dium atoms occupy two fcc sublattices at (0.25,0.25,0.25) and (0.75,0.75,0.75). The
sublattices located at (0,0,0) and (0.5,0.5,0.5) are taken by titanium and aluminum
atoms. In L2;-type structure the distance between Pd atoms is equal to half of
the lattice parameter and each palladium atom has Ti or Al atoms as the nearest
neighbors. In Coa-;NizTiSn, CosTij—zAl; or Nig(Nb(;_;)Tiz)Sn alloys we ob-
serve a disorder in one fcc sublattice. We can consider two effects: substituting one
type of atom by another or change of the position of atoms in cell for the fixed con-
centration. Both effects will be discussed below. The electronic densities of states
of the ordered Heusler (L2;) alloys were calculated by using the spin-polarized
self-consistent LMTO method [38]. The exchange correlation potential was as-
sumed in the form proposed by von Barth and Hedin [39] and Langreth—-Mehl-Hu
(LMH) corrections [40] were included. The self-consistent band calculations were
carried out for 256 k-points (for PdaTiAl, RhyTMSn (TM = Mn, Fe, Co, Ni, Cu),
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Fig. 1. The Heusler L2; structure.




Electronic Structure and Magnetic Properties ... 153

and RhoMnX (X = Al, Ga, In, Ge, Sb, Pb)) in the irreducitle wedge of the Bril-
louin zone. In the case of supercell Nils(Nbs(l_,-,)Tsx)Sns the number of k-points
was 64. In the band calculations we assumed the initial configurations according
to the periodic table of elements. The electronic structures were computed for the
experimental lattice parameter and the values of the Wigner-Seitz radii in the
atomic sphere approximation (ASA) were chosen so as to fill the space completely.

3. Electronic structure of Pd,TiAl

One of the characteristic features of the Heusler alloys is existing magnetic
ordering in the systems which consists of the non-magnetic elements. Neumann
and co-workers [15-19] observed weak ferromagnetism in the new series of ternary
intermetallic PdyTiSn and Pd>TiAl compounds. The self-consistent LMTO band
calculations [27,32)] did not confirm the magnetic ordering in Pd,TiX for X = Al,
Sn and In. The experimental local and total densities of states of Pd;TiAl were
measured by Liddiard et al. [17,18] using ultraviolet photoelectron spectroscopy
(UPS) method. They observed the contribution to the density of states at the Fermi
level from Ti 3d and Pd 4d. The UPS results indicated that Pd 4d band was not
completely full. The band structures of the ordered Pd,TiAl alloy were computed
by spin-polarized LMTO method [38]. The local and total densities of states for
the ordered PdsTiAl alloy calculated for the experimental lattice parameter are
presented in Fig. 2. The Fermi level is located at E = 0 eV. The density of states
(DOS) at the Fermi level is 46.5 (states/eV cell). The DOS consists of three parts:
the lower part gives the contribution from s-states of Al, the middle part contains
mainly the contributions from the d-states of Pd and the part near the Fermi level
shows the d-states of Ti. The gap between s-states of Al and d-states of Pd can be
observed also in other Heusler alloys. The shape of total DOS for Pd,TiAl is close
to experimental UPS result [18]. We observe the peaks in the similar positions as
Liddiard et al. [18]. The plots of the local densities of states (Fig. 2) have shown the
contribution from each atom to the total DOS. Our self-consistent spin-polarized
band calculations based on the LMTO-ASA and the local spin density (LSD)
approximation indicate that there was no magnetic moment either on Ti or on
Pd atom as suggested by magnetic measurements [15,16]. In Fig. 3a and b we
presented the charge densities for Pd,TiAl In Fig. 3a the charge densities for Ti
and Al atoms in plane (0,0,1) are plotted. The charge density for palladium atoms
in plane (0,0.5,1) is visualized in Fig. 3b. The calculations have shown that there
are 10.08 electrons on the palladium atom (n, = 0.66, n, = 0.70 and ng = 8.72
electrons). This result was confirmed by UPS experiment [18].

4. The electronic structure of Nijs(Nbg(1--)Tsz)Sns alloys

The electronic structures of NipXAl (X = Ti, V, Zr, Nb, Hf and Ta) Heusler
intermetallic compounds were studied theoretically by Liu and Freeman [29].
Recently, Boff et al. [28] presented the specific heat measurements for
Niz(Nb(; -z Tiz)Sn and Niz(Nb(; —5)Ta;)Sn compounds. They observed the lattice
anomalies in all systems. The electronic specific heat v coefficient changed with the
concentration of Ti and Ta atoms. Unfortunately, the large experimental errors did
not give the accurate information about the change of ¥ coefficient with the concen-
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Fig. 2. The total and local DOS for Pd,TiAl. The Fermi level (Er) is marked by

vertical line.
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Fig. 3. The plot of the charge density for Pd>TiAl: (a) origin (0,0,0), (b) origin (0.5,0,0).

tration. In this paper we present the electronic structure for Nijs(Nbg(; —z)Tisz)Sns
and Nip(Nb(;_z)Ta,)Sn alloys for z = 0.125 and 250. The band calculations were
performed for the supercell of 32 atoms in order to change the concentration z
with step 2 = 0.125 (one atom Ti or Ta) and & = 0.25 (two atoms Ti or Ta) in the
supercell. The supercell consists of two L2, type structures with the basic vectors
(200), (010) and (001). The supercell was occupied by 16 Ni, 8 Sn, (8 — 8z) Nb
and 8z Ti or Ta atoms. The Ti and Ta atoms were located at (000) or (100)
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positions. In the case of two Ti or Ta atoms we substituted the Nb atoms by T
atoms in the different sites of Nb sublattice. We found that the structures with
T atoms in the positions (000) and (100) had the lowest total energy. The values
of density of states for the random distributed T atoms in Nb sublattice were
greater than for ordered structures but in those cases the systems were unstable.
It seems that the values of the ¥ coefficient depend strongly on the preparation
of samples. The self-consistent band calculations were performed for NijgNbgSng,
Nils(Nbg(l_x)Tigz)Sng and Nils(Nbg(l_z)Tagx)Sng for z = 0.125 and =z = 0.250.
In Fig. 4 we plotted the total DOS for Ni;gNbgSng, NijgNb;TiSng, Nij¢NbsTisSng,
Ni;gNb7TaSng and NijgNbgTaSng alloys. The Fermi level is located at the valley
on the left side of the peaks. The substitution of one Nb by Ti or Ta atom leads
to the decrease in the density of states at the Fermi level. The density of states
at the Fermi level decreased from 33.95 (states/eV f.u.) for Ni;sNbgSng to 29.53
(28.99) (states/eV f.u.) for NijgNbeTizSng (NijgNbgTazSng), respectively.
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Fig. 4. The total DOS for (a) NijgNbsSns, (b), (c) NiieNbs(1—s)TiszSns,
(d), (e) NizgNbg(;5)Tas,sSns for £ = 0.125 and z = 0.25.
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The measurements of the specific heat [28] indicated that the v coeflicient
decreased with the increase in Ti concentration, however for Ta alloys Bofl et
al. [28] observed the opossite tendency. The experimental results depended strongly
on annealing the samples.

5. Magnetism in Rh,TMX Heusler-type alloys
(TM = V, Mn, Fe, Co, Ni, Cu; X = Al, Ga, In, Ge, Sn, Pb, Sb)

Magnetic properties of the series RhyTMX Heusler-type alloys (where TM

" denotes a transition metal V, Cr, Mn, Fe, Co, Ni, Cu and X is a non-magnetic
element Al, Ga, In, Ge, Sn, Pb, Sb) have been investigated experimentally and
theoretically in the last decade [1-12]. The large group of Heusler compounds
crystallized in the cubic L2; type structure (Fig. 1). For TM = Cr, Fe, Co and
X = Sn, Sb a tetragonal distortion (¢/a = 1.11-1.21) was observed. The values of
the magnetic moments in RhyTMX alloys depend strongly on the type of transition
metal and the sample preparation. The measurements of magnetization, hyperfine
fields, reciprocal susceptibility versus temperature give only information about
the total magnetic moments. The experimental values of the magnetic moments

. for the similar systems depended on the method of measurements and sample
preparation. In this paper we present the systematical study of the electronic
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Fig. 5. The total density of states in RhoMn(Ge, Sb, Pb).
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TABLE I

The lattice parameters and the magnetic moments in
RhoMnX alloys.

z Al Ga In Sb Ge Pb
a [a.u] 11.35{11.44 | 11.86 | 11.15 | 11.33 | 11.97
c/a 1.0 1.0 1.0 1.17 1.0 1.0

my [uB] | 4.04 | 4.10 | 4.11 | 4.29 | 4.36 | 4.54
mgn [p] | 0.35 | 0.36 | 0.34 | 0.31 | 0.37 | 0.40
mMn (8] | 3.38 | 3.42 | 3.45 | 3.67 | 3.61 | 3.74
mg [pp] | -0.04 [ -0.04 | -0.01 | 0.01 | 0.01 | 0.01

TABLE II

The lattice parameters and the magnetic moments in
RhoTMSn alloys.

T™ Mn Fe Co Ni Cu
a [a.u.] 11.80 | 13.07 | 13.06 | 11.80 | 11.62
efa=1.0 1.0 1.18 | 1.19 1.0 1.0
my [uB] 4.51 | 4.60 | 3.20 | 0.79 0.0
mgn [us] | 0.38 | 0.52 | 0.52 | 0.19 0.0
mrMm [#B] | 3.77 | 3.59 | 2.21 [ 0.42 0.0
msn [up] |-0.02|-0.05 | -0.06 | -0.01| 0.0

structure and magnetic properties of the series of RhyTMSn and RhoMnX (for
TM = Mn, Fe, Co, Ni, Cu and X = Al, Ga, In, Ge, Sb, Pb) ordered alloys by
spin-polarized self-consistent TB-LMTO method [38]. Our attention is focused on
the dependence of the local magnetic moment at rhodium atom on the type of
transition element in RhoTMX alloys. The band calculations were performed for
the experimental lattice parameters. As example in Fig. 5 we presented the total
densities of states for RhyMn(Ge, Sb, Pb) ordered alloys. The solid lines present
the DOS for the majority spin bands, and the broken curves show the DOS for
the minority spin bands. The Fermi level Er is denoted by the vertical line. In all
systems we observe a gap between s-band of X-element and s-, p-, d- bands of TM
metals. Such a gap is a characteristic feature of the Heusler alloys and the values
of the gap depend on the type of system. In RhoMnX alloys there is a deep valley
in the majority spin band and the Fermi level is located on the right side of the
valley. The values of lattice parameters in the atomic units (a.u.), the total and
local magnetic moments are listed in Table I and II. The spin-polarized TB-LMTO
calculations have shown that the magnetic moment in RhoMnX (X = Al, Ga,
In, Ge, Sb and Pb) was localized on manganese atom and changed from 3.38 to
3.79up (Table I). The magnetic moment on rhodium atom was small (0.3-0.4uz).



158 A. Jezierski et al.

The total magnetic moment in RhaTMSn for TM = Mn, Fe, Co, Ni, Cu decreased
from 4.6up (Fe) to zero for Cu (Table II).

6. Conclusions

The electronic and magnetic properties of Heusler-type alloys depend strongly
on the distribution of atoms in unit cell. We considered in this paper the ef-
fect of disorder at Nb-Ti(Ta) sublattice in Nij¢Nbg(; - ,,)T&Sns alloys for T = Ti
and Ta. The difference. between experimental and theoretical results can be con-
nected with the samples preparation. Our self-consistent TB-LMTO results for
Pd;TiAl alloy have shown the strong correlation between UPS measurements and
ab initio calculations.
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