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Abstract

Relative stability of L1, DO,, and DO, structures as well as magnetic properties are studied in the Pd,Mn antiferromagnet using the
Korringa—K ohn—Rostoker band structure calculations within the local-spin-density approach. The DO,, phase of Pd,Mn is found to be
the most stable from the total energy analysis if accounting for the spin-polarisation. The equilibrium lattice constant in DO,, lies between
a,, of the LZ, and DO,, phases, being about 1% larger than the experimental value. Noteworthy, the total energies of the ferromagnetic
DO,, and DO, phases of Pd,Mn markedly approach, when going down to the experimental lattice constant. In ferromagnetic state of
Pd,Mn the following magnetic moments (in ug;) 4.08, 0.12, 0.16 and 0.15 are computed on Mn and 4c, 4d and 4e sites of Pd,
respectively. In antiferromagnetic state, albeit no magnetic moment on Pd (4d), the KKR values are close to the ferromagnetic results,
namely (in ;) 3.99 on Mn, 0.18 on Pd (4c) and 0.16 on Pd (4e). The electronic structure and magnetic properties of Pd,V and Pd,Fe in
the L1, DO,, phases are aso reported. The KKR calculations show that the ground state of Pd,V is either magnetic (L1,) or
non-magnetic (DO,,). Conversely, Pd,Fe exhibits ferromagnetic properties in both crystal structures with the Fe and Pd magnetic
moments (in ;) 3.28, 0.29 and 3.22, 0.22, 0.26 in LZ, and DO,,,, respectively. Both structural and magnetic properties derived from the
band structure KKR calculations generally correspond well to the experimental data. [ 2001 Elsevier Science BV. All rights reserved.
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1. Introduction the spin-polarisation. However, both methods correctly
predicted a magnetic ordering in Pd;Mn taking into

It is known that the Pd,Mn compound, unlike other account density of states at the Fermi energy N(E;) and the
Pd,T systems (T=3d element), crystallises in the long-
range tetragonal ‘antiphase’ DO,, structure (ZrAl,-type,
SG: 14/mmm) [1] with the lattice parameters close to the

ideal ratio c/a=4. This phase (Fig. 1) is a crystallographic

combination of a simple cubic L1, structure (Cu,Al-type,

SG: Pm3m) and a tetragonal body-centred DO,, structure

(Al Ti-type, SG: 14mm), observed in other Pd,T systems.

A long-range distortion occurring in Pd,_ Mn, at x=0.25 ol, 9o

was first interpreted using a nearly free electron concept of |

‘accommodating’ of the Fermi surface to the Brillouin- S

zone boundaries [2]. The relative stability of the LZ,, DO,, o, %o

and DO,; structures, in view of the band theory, has been o P

primarily studied in the transition metal aluminides MAI, O———0

[34]. As far as Pd;Mn is concerned, earlier electronic . o|, °lo

structure calculations were performed for the cubic struc- & P

ture by the non-self consistent OLCAO method [5] and the 2 D e—=2¢

self-consistent LMTO method [6] but without including a a T a

_ Fig. 1. Crystal structure of the L1,, DO,, and DO,, phases of Pd,T
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Table 1

Crystallographic positions occupied by Pd and T atoms in the L1,, DO,,,
DO,, phases of Pd,T (z,,=0.375 and z,,,=0.125 are used in the KKR
study of the Pd,Mn antiphase)

L1, DO.,, DO,,
Pd 3c:0,*,, ', 2b: 0,0, '/, 4c:0,*1, 0; '/,, 0, 0
4d:0,/1,,'1, 4d: 0,%/,, Y, Y, 0, Y,
4e:0, 0, z,; 0, 0, —z,
T la: 0, 0, O 2a:0, 0, 0 4e:0, 0, z; O, O, —z

Stoner parameters. Recently, the influence of spin-polarisa-
tion on selection of crystallographic structure type (LZ, or
DO,,) in Pd,T (T=3d element) have been examined by
the sophisticated LAPW caculations [7,8]. The total
energy analysis clearly revealed, that the spin-polarisation
was crucia to determine accurately ground state crystal
structures for the Pd,T compounds. Noteworthy, the DO,,
structure of Pd;Mn was not considered in the previous
theoretical works. This inspired us to investigate electronic
structure and magnetic properties of Pd,Mn in a systematic
way, within the L1, DO,, and DO,, phases, using the
Korringa—K ohn—Rostoker (KKR) method [9,10] and the
local-spin-density (LSD) approximation. Furthermore, we
report the electronic structure and magnetism in Pd,V and
Pd,Fe considering both L1, and DO,, structures, making a
comparison with the titled compound.

2. Computational details

We have carried out fully charge and spin self-consistent
KKR computations on Pd,Mn within the LZ,, DO,, and
DO,, phases as well as on Pd,Fe and Pd,V in the L1, and
DO,, phases. The Pd and T atoms occupy the crystallo-
graphic sites in the above-mentioned structures as listed in
Table 1. The tota energy KKR study was done in the
muffin—tin (MT) geometry as follows: non-overlapping
MT radii were assumed to be equal for Pd and Mn atoms,
resulting in a packing ratio (2V,,/Viys) near 74%; the c
lattice parameter was changed coherently with a, fixing the
retio of c/a=2 and c/a=4, in DO,, and DO, respective-
ly. The experimental lattice parameters [11] measured in
the Pd,T compounds (Table 2) justify using the ideal value
of c/a in our electronic structure calculations. The self-
consistent cycles were repeated until maximum difference
between input—output potentials was less than 1 mRy. For

Table 2
The experimental lattice parameter a and c/a in Pd,T (T=V, Mn, Fe)
[1®

Pd,V (DO,,) Pd,Mn (DO,,) Pd,Fe (L1,)
a(A) 3.847 3013 3.848
cla 2,01 (2) 3.96 (4) 1

®ldeal c/a ratio is given in parenthesis.

the final potentials (the exchange-correlation part of the
Barth—Hedin form [12]) total, site- and |-decomposed
(I ,ax =2) DOS were computed on a 601 energy point mesh
using a tetrahedral k—space integration technique [13].
Moreover, from the spin-polarised calculations, accounting
for ferromagnetic and/or antiferromagnetic ordering, mag-
netic moments per Wigner—Seitz cell as well as per MT
sphere were computed in the Pd,T (T=V, Mn and Fe)
compounds. Despite the equilibrium, lattice parameters
were deduced from the total energy parabola for the three
mentioned structures; al DOS spectra and magnetic mo-
ment values, presented here, correspond to the KKR results
obtained at the experimental lattice constants.

3. Results and discussion
3.1 Sructural stability

Fig. 2 shows non-polarised DOS in the three structures
of the Pd;Mn compound. At first sight, we conclude that
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Fig. 2. Non-polarised KKR density of states in the Pd,Mn phases. Solid,
dotted and dashed lines show total, Mn and Pd (average) DOS contribu-
tions, respectively (E: is at zero).
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density of states in the vicinity of E; is markedly increased
in the LZ, cubic structure unlike the tetragonal body-
centred DO,, and DO,, phases. Generally, we notice that
the conduction band is formed basically from d-states on
Mn, being highly pesked in the vicinity of E., and on Pd,
congtituting mostly lower lying bands. Peculiarly, some
features on DOS in the antiphase structure can be related
to the DOS characteristics found in the simple cubic and
tetragonal-body centred structures. A large d-like peak of
Mn-DOS found in the L1, phase also appears, but is less
pronounced, in the antiphase Pd,Mn. Looking at N(E;)
values (in parenthesis in states/Ry/spin/f.u) in the LI,
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Fig. 3. Total energy parabola in the L1, DO,, (c/a=2) and DO,,
(c/a=4) phases of Pd,Mn derived from the KKR method. Below, lattice
constant variations of Mn and Pd magnetic moments (in u;) for the DO,
phase.

(80.5), DO,, (52.0) and DO, (70.1) phases, as well as at
centres of gravity of the conduction band, one concludes
that the antiphase is not predicted correctly as the most
stable structure of Pd;Mn (at T=0 K). This prompted us to
perform the total energy spin-polarised KKR computations
(in ferromagnetic state) at three lattice parameters a in the
above-mentioned crystal phases of Pd,Mn. From the
lowest lying E,,(a) parabola (Fig. 3), corresponding to the
antiphase structure, we deduce the equilibrium lattice
constant a,, = 3.94 A. The theoretical value remai nsin fair
agreement with the experimental value a,,, = 3.913 A [11].
Interestingly, the a,, value gained in DO,, lies between
the corresponding a obtained in the simple cubic (3.95
A) and tetragonal body -centred structures (3.90 A) No-
tably, at the experimental lattice constant the total energies
E.«(DO,;) and E,,(DO,,) are found very close. If analys-
ing in detail contributions to the total energy in these two
structures, no particular differences are noticed as far as
the band term E_,, is concerned (unlike the L1, phasg).
Hence, the preference of the antiphase structure in Pd,Mn
is mainly due to a subtle balance between potential and
kinetic contributions, which are rather different in the DO,,
and DO,, phases. Interestingly, from the KKR computa-
tions of the Pd,;Mn in antiferromagnetic state, we see that
all contributions to the total energy dlightly decrease in
respect to the ferromagnetic state (6 E~8 mRy). Besides,
the E(a) functions in the DO,, and DO,, structures
display rather close curvatures, which indicates close
values of bulk modulus, unlike the L1, phase.

In Fig. 4 the non-polarised DOS for Pd,V and Pd;Fe
both in the L1, and DO,, phases are presented. It seems
intriguing that the P=N(DO,,)/N(L 1,)|¢_factor, defined as
aratio of DOS values at the Fermi energy in the DO,, and
L1, structures, increases in systematic way when filling
d-like states in the Pd,T compounds. Thus, when passing
from Pd,V through Pd,Mn to Pd,Fe, P reaches values of
0.24, 0.64 and 1.01, respectively. These ratios remain in
agreement with the previous LAPW study [7] (P=0.32,
0.63 and 1.06).

3.2, Magnetic properties

From experiment, the Pd,V (DO,,), Pd;Mn (DO,;) and
Pd,Fe (LZ,) compounds show paramagnetic, antiferro-
magnetic and ferromagnetic properties, respectively.

The total and site-decomposed DOS in the ferromag-
netic Pd,Mn derived from the spin-polarised KKR calcula-
tions is shown in Fig. 5. We observe that d-states on Mn
are almost completely polarised, giving a large magnetic
moment (4.08 ug). Consequently, the low N(E;) is seen on
Mn site both for up- and down-spin electrons. On the other
hand, the Fermi level lies on the dope of d-states on Pd,
which significantly increases N(E:). Slightly different
values of magnetic moments computed on al Pd sites
(Table 3), reflect subtle modifications of the respective
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Fig. 4. Non-polarised KKR density of states in the LZ, and DO, phases of Pd,V and Pd,Fe. Total DOS is given in states/Ry/spin/f.u. Solid, dotted and
dashed lines show total, T and Pd (average) DOS contributions, respectively (E- is at zero).

Pd-DOS (Fig. 5). Note, that in the considered phases of
Pd,Mn, both palladium and manganese atoms have identi-
ca nearest neighbours in the first shell, namely Pd (8
Pd+4 Mn) and Mn (12 Pd). Thus, some changes of
electronic structure and magnetic properties observed in
the L1, DO,, DO,, structures correspond to the next
nearest neighbours effects. Furthermore, from the calcula-
tions in Pd;Mn at various lattice constants, we conclude
that u,,, and upy vary in opposite ways when a increases

(Fig. 3).

In the antiferromagnetic state computations a magnetic
cell as refined in Ref. [1] has been taken into account.
Thus the tetragonal body-centred symmetry is no more
valid, and the tetragonal simple structure has been used.
The magnetic moment on Mn (3.99 ;) is close to the
value computed in the FM state (Table 3). However, the
Pd magnetic moments 0.18 u, and 0.16 u, are observed
only on the (4c) and (4e€) sites, unlike the (4d) one, being
cancelled due to the symmetry of surrounding w,,,. Our
KKR results remain in excellent agreement with the earlier

Table 3
Magnetic moments and DOS at E (in states/Ry/spin/f.u) Pd,T (T=V, Mn, Fe) derived from the spin-polarised KKR method®

Pd,V Pd,Mn Pd,Fe

L1 DO,, LL DO,, DO,, LL DO,,
Mo —0.03 0 0.11 2b: 0.22 4c: 0.12 (0.18) 0.29 2b: 0.22

4d: 0.21 4d: 0.16 (0) 4d: 0.26
4e: 0.15 (0.16)

M 134 0 3.98 4.08 4.03 (3.99) 3.25 3.22
Heot 1.29 0 4.35 4.80 451 (0) 4.07 3.93
N, (E.) 725 233 29.1 10.4 21.3 (26.1) 9.2 6.7
N_(E-) 38 233 294 24.3 28.1 (26.1) 36.6 28.2

®The antiferromagnetic results for Pd,Mn (DO,,) are given in parenthesis.
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Fig. 5. Spin-polarised total and site-decomposed KKR DOS in the
Pd,Mn antiphase (FM, ferromagnetic; AFM, antiferromagnetic). A
vertical line marks E.

neutron diffraction studies in Pd;Mn (4.0 ug, 0.2 wg [1]
and 4.1 ug, 0.15 py [14]). However, later experimental
studies have detected more complex magnetic structures in
this compound [15].

Pd,V in the considered structures is found near the
magnetic instability, according to an analysis of E,,(a) and
non-polarised DOS spectra (Fig. 4). In the L1, phase of
Pd,V, electronic bands split upon inclusion of the spin-
polarisation due to a large d-DOS at E; on V (Fig. 4),
resulting in a total magnetic moment of 1.29 ug (u, =1.34
Mg, Mpg= —0.03 ug). Conversely, in the tetragonal body-
centred phase of Pd,V, rather low non-polarised DOS at E.
(Fig. 3) gives a non-magnetic ground state.

The KKR calculations in Pd,Fe show that magnetic
properties should appear both in L1, and DO, structures,
with the total magnetic moments: 4.09 u; and 3.93 g,
respectively.

The local magnetic moments in the DO,, of Pd,Fe are
found (in ug) 3.21, 0.21 and 0.27, on Fe, Pd (2b) and Pd
(4d), respectively. The values are rather close to those
calculated in the L1, phase: 3.25 u, (Fe) and 0.29 u, (Pd).
As Pd in LZ, and Pd (4d) in DO,, have the same next
nearest atomic neighbours, the close values of the respec-
tive magnetic moments are calculated.
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