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In this article are presented the results of self-consistent calculations based on the density
functional theory (with gradient corrections) applied on ordered binary compounds of Pd
with Mn and Cr. The pure metals Pd, Mn, and Cr are also briefly considered for comparison.
The results concerning the magnetic properties are in good agreement with the experimental
data when they are available and hence suitable for doing predictions on the magnetic
behavior of these binary systems. All four compounds studied present a “giant” moment on
Mn and Cr. The results are interpreted in terms of orbital interactions with a special
emphasis in the evolution of the magnetic moment with the lattice parameter. In an alloy
system the metal—metal interaction is generally weaker than in a pure metal, which explains

the enhanced magnetic moments.

I. Introduction

The alloys of group 10 transition metals such as Pt
and Pd with more electropositive metals play an in-
creasing role in catalysis because they show better
activity and selectivity than the pure metals. The
changes in the structural and electronic properties
brought by alloying is a key point for a better under-
standing of the properties of these materials. When
alloying Pd with a more electropositive metal, a charge
transfer is expected and the change in the electronic
population on an atom can induce important modifica-
tions in the chemisorption properties, as illustrated in
the case of the PtgoFeyo alloy.! The sign and amplitude
of this electronic transfer is hence of indirect relevance
for catalytic reactivity. These materials also show
specific magnetic properties, which originate from the
more or less dispersed Mn or Cr atoms in the Pd. The
understanding of such electronic properties requires
first-principle quantum chemical calculations. This
motivated our interest in the study of binary alloys of
Pd with Mn and Cr, which have been shown recently
to be efficient in the CO + NO reaction? and butadiene
hydrogenation.®

Well-characterized structures are known for these
alloys with formula PdM or PdsM (M = Mn or Cr).
PdMn exists in two phases depending both on the
temperature and on the exact stoichiometry: the high-
temperature 3 phase with a cubic structure (CsCl-type)
and the B, tetragonal one (distorted CsCl structure).*
Above a temperature of ca. 800 K, PdsMn shows a
disordered face-centered cubic structure (CuzAu-type)®
while an ordered tetragonal structure (AlsZr-type) exists

® Abstract published in Advance ACS Abstracts, October 15, 1997.
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Table 1. Mulliken Electronic Populations for fcc Pd, fcc
Mn, bcc Mn, and bcc Cr

S P dXLy2 dz2 dxy dx dyz
fcc Pd 054 035 187 187 179 179 179
fcc Mn 043 073 106 1.06 124 124 124
bce Mn 045 075 1.04 104 124 124 124

spin-up 0.21 037 066 066 069 0.69 0.69
spin-down 0.24 0.38 037 037 055 055 0.55
A —0.03 —-0.01 +0.29 +0.29 +0.14 +0.14 +0.14
bce Cr 034 074 081 081 110 110 1.10

at lower temperature.® PdCr has an ordered tetragonal
structure (AuCu-type).” PdsCr is less well defined:
around 25 at. % Cr, the palladium—chromium system
shows a face-centered cubic (CuszAu-type) structure.®

Addition of small quantities of iron, cobalt, chromium
or manganese to palladium (or platinum) creates a so-
called “giant moment” with the local magnetic moment
exceeding considerably the normal values found in the
pure metals themselves.® In the ordered alloys, large
moments are also found. For example, a magnetic
moment of 4 uB/Mn is found in PdsMn.>0 Some
magnetic measurements made on chromium—palladium
alloys show a large spin polarization on Cr from 10 at.
% Cr with a maximum at 40—50 at. % Cr (4.86 uB/Cr).11

Some theoretical studies have been carried out on
these binary compounds. Two of them deal with the
antiferromagnetic order of Pd;Mn.1213 |In the latter, a
small charge transfer from Pd to Mn is found, which
seems counterintuitive considering the electropositive
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Figure 1. Total density of states (DOS) for fcc Pd, bcc and fcc Mn, and bee Cr at their computed equilibrium geometries. For

magnetic bcc Mn the DOS is projected on each spin.

character of Mn relative to Pd. Two other papers
compare the electronic structure and the magnetic
properties of palladium containing small amounts of Cr,
Mn, Fe, Co, and Ni.* To our knowledge, no calculation
exists for PdMn and for PdCr or PdsCr alloys.

Our purpose is to describe the electronic structure of
some binary PdMn and PdCr alloys of various stoichi-
ometries, with a special emphasis on the nature of the
electronic transfer between metal atoms and on the
magnitude of the local atomic spin polarization, in
comparison with that of pure metals. The long-range
ordering of spins in ferro- or antiferromagnetic domains
will not be considered. The four alloys PdMn, PdCr, Pds-
Mn, and PdsCr will be considered. The method used is
a self-consistent band calculation based on the density
functional theory in the Kohn—Sham approach.'®> The
one-electron wave functions are developed on a basis
set of atomic orbitals. These basis functions are divided
into a core part (numerical orbitals) and a valence part
(numerical orbitals plus Slater-type orbitals) that is of
double-¢ type (see Appendix). Gradient corrections for
the exchange energy (Becke 1988 or Perdew 1991) and
the correlation energy (Perdew 1986 or Perdew 1991)
are introduced (generalized gradient approximation,
GGA). A spin-unrestricted calculation can be carried
out that allows us to obtain the value of the local

(14) (a) Mohn, P.; Schwarz, K. J. Phys.: Condens. Matter 1993, 5,
5099. (b) Oswald, A.; Zeller, R.; Dederichs, P. H. Phys. Rev. Lett. 1986,
56, 1419.

magnetic moment per atom in an assumed ferromag-
netic state. The use of the nonlocal corrections in the
SCF wave function calculations has been tested on one
example (bcc Mn). It introduces no significant change
in either the optimized lattice constant or in the
electronic properties (orbital occupancies and magnetic
moment). In each case we have first optimized the
lattice parameters with a reduced number of K points
and then calculated the best geometry with a larger
number of K points (from 35 to 75 depending on the
symmetry). The calculation of electronic populations is
based on a Mulliken analysis.

Il. Pure Metals, Palladium, Manganese, and
Chromium

1. Palladium. The geometry optimization of fcc Pd
gives a lattice constant of 4.03 A instead of 3.89 A as
found experimentally. The 4.03 A value corresponds to
a Pd—Pd distance of 2.85 A, slightly overestimated
compared to the experimental value of 2.75 A (+3.6%).
If a LDA exchange-correlation functional is used instead
of the GGA one, the correct optimum (2.75 A) distance
is obtained. However, this has to be associated with
cancellation of errors since the inclusion of relativistic
effects in the GGA calculation also results in a shorter
bond length.*® Other nonrelativistic LDA calculations
obtained 2.79'7a and 2.77 Al as optimum distances.
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Table 2. Mulliken Electronic Populations in PdsMn and PdMn

S p Oy2—y2 dz2 dyy dx, dy, total d total
PdsMn (fcc) Pda 0.64 0.37 1.88 1.85 1.80 1.82 1.80 9.15 10.17
spin-up 0.30 0.18 0.95 0.94 0.92 0.92 0.92 4.65 5.14
spin-down 0.33 0.19 0.93 0.91 0.88 0.90 0.88 4.50 5.03
A -0.03 -0.01 0.02 0.03 0.04 0.02 0.04 0.15 0.11
Mn 0.38 0.58 1.10 1.10 1.11 1.11 1.11 5.53 6.49
spin-up 0.20 0.34 0.98 0.98 0.97 0.97 0.97 4.87 5.39
spin-down 0.18 0.24 0.12 0.12 0.14 0.14 0.14 0.66 1.10
A 0.02 0.10 0.86 0.86 0.83 0.83 0.83 4.21 4.29
PdMn (cubic) Pd 0.73 0.45 1.83 1.83 1.82 1.82 1.82 9.12 10.32
spin-up 0.33 0.22 0.95 0.95 0.93 0.93 0.93 4.69 5.25
spin-down 0.40 0.23 0.88 0.88 0.89 0.89 0.89 4.43 5.07
A —0.07 —0.01 0.07 0.07 0.04 0.04 0.04 0.19 0.18
Mn 0.49 0.63 1.97 1.07 1.14 1.14 1.14 5.56 6.68
spin-up 0.27 0.36 0.99 0.99 0.95 0.95 0.95 4.83 5.46
spin-down 0.22 0.27 0.08 0.08 0.19 0.19 0.19 0.73 1.22
A 0.05 0.09 0.91 0.91 0.76 0.76 0.76 4.10 4.24
a2 This Pd atom lies in the front face in the xz plane (see Scheme 1).
Total DOS for Pd3Mn (without spin) DOS projected on Mn
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Figure 2. Total density of states (DOS) and DOS projected on Mn for non magnetic Pd;Mn.

Scheme 1

fcc PdzMn cubic PdMn

e Mn
o Pd

z

Lo,

As in refs 17a,c, our calculations give a nonmagnetic
state for fcc Pd at the equilibrium geometry.
The orbital occupancies calculated using the Mulliken

approximation are given in Table 1. The configuration
of bulk palladium in therefore 4d%15s9545p035, Such a
dn~1sp! configuration has also been found for the fcc 3d
transition metals.’® Table 1 shows that the d orbitals
are divided in two groups which reflects the symmetry
of the fcc metal (eg and tag).

The total density of states (DOS) curve is given on
Figure 1. The bandwidth is about 5 eV, which compares
well with the experimental value of 5.5 eV.*® This DOS
is in good agreement with previously published calcula-

(15) Te Velde, G.; Baerends, E. J. Phys. Rev. B 1991, 44, 7888; J.
Comput. Phys. 1992, 99, 84.
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(b) Janak, J. F. Phys. Rev. B. 1977, 16, 255. (c) Moruzzi, V. L.; Marcus,
P. M. Phys. Rev. B 1989, 39, 471.

(18) Snow, E. C.; Waber, J. T. Acta Met. 1969, 17, 623.

(19) Nordlander, P.; Holloway, S.; Norskov, J. K. Surf. Sci. 1984,
136, 59.

tions,* with the Fermi level lying at the top of the d
band and with a high peak in the middle of that band.

2. Manganese. Manganese exists experimentally in
four different crystal structures depending on the tem-
perature. At low temperatures o Mn (bcc) and 8 Mn
(c) have complex structures (58 and 20 atoms/unit cell,
respectively). To obtain a reference to compare with
alloys, we chose to study y Mn (fcc) and 6 Mn (bcc) that
exist only at high temperatures but have simpler
structures with 4 and 2 atoms/unit cell, respectively.

The geometry optimization of fcc Mn gives a lattice
constant of 3.51 A (significantly underestimated com-
pared to the experimental value of 3.86 A) which
corresponds to a Mn—Mn distance of 2.48 A (2.73 A
experimentally). For bcc Mn, a lattice constant of 2.85
A is found instead of 3.08 A experimentally, which leads
to a Mn—Mn distance of 2.47 A instead of 2.67 A. In
both cases the distances are underestimated by 8.9%.
Several theoretical studies exist on the magnetic struc-
ture of y Mn (fcc) and 6 Mn (bcc).172° The equilibrium
lattice constant has been calculated to be 2.75%%¢d or 2.79

(20) (a) Kubler, J. J. Magn. Magn. Mater. 1980, 20, 107. (b) Fry, J.
L.; Zhao, Y. Z.; Brener, N. E.; Fuster, G.; Callaway, J. Phys. Rev. B
1987, 36, 868. (c) Brener, N. E.; Callaway, J.; Fuster, G.; Tripathi, G.
S.; Jani, A. R. J. Appl. Phys. 1988, 64, 5601. (d) Brener, N. E.; Fuster,
G.; Callaway, J.; Fry, J. L.; Zhao, Y. Z. J. Appl. Phys. 1988, 63, 4057.
(e) Moruzzi, V. L.; Marcus, P. M.; Pattnaik, P. C. Phys. Rev. B,
Condensed Matter 1988, 37, 8003. (f) Moruzzi, V. L.; Marcus, P. M,;
Kubler, J. Phys. Rev. B 1989, 39, 6957. (g) Fry, J. L.; Zhao, Y. Z;
Pattnaik, P. C.; Moruzzi, V. L.; Papaconstantopoulos, D. A. J. Appl.
Phys. 1988, 63, 4060.
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Figure 3. Total DOS and DOS projected on Mn and Pd for magnetic PdsMn.

A7 for bcc Mn and 3.46 A for fcc Mn,17° a little smaller
than ours and farther from the experimental one. It
has been already pointed out that the calculated equi-
librium lattice constants are appreciably smaller than
the experimental ones for the magnetic 3d transition
metal when the spin density functional theory is used.2%2

At our computed equilibrium lattice constants, the
configuration of fcc Mn is 3d>844s%434p073 and that of
bce Mn is 3d584s9454p075 (from Mulliken analysis, see
Table 1).

An unrestricted calculation for fcc Mn at the equilib-
rium lattice constant surprisingly gives no magnetic
moment on the metal atoms. On the contrary, such a
calculation for bcc Mn gives a spin polarization (see

Table 1) which results in a magnetic moment per Mn
atom of 0.95 uB. It is clear from Table 1 that the
magnetic moment mostly originates from the d orbitals.
The closed-shell calculation gives a nonmagnetic state
lying only 0.06 eV above the magnetic solution. The
magnetic properties of the y and 6 forms are not clearly
known from experiment. It is suggested by extrapola-
tion that the y fcc form should have a moment per atom
near 2.4 uB and that 6 bcc Mn is antiferromagnetic with
a moment of about 1 uB.?! These are however only
rough estimates.

(21) Goodenough, J. B. Phys. Rev. 1960, 120, 67.
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Table 3. Mullikan Electronic Populations in Pds;Cr and PdCr
S p dy2—y2 dz2 dyy dx. dy, total d total
PdsCr (fcc) Pda 0.64 0.35 1.85 1.87 1.81 1.78 1.81 9.12 10.11
spin-up 0.30 0.17 0.92 0.94 0.90 0.86 0.90 4.52 4.99
spin-down 0.34 0.18 0.93 0.93 0.91 0.92 0.91 4.60 5.12
A —0.04 -0.01 -0.01 0.01 -0.01 —0.06 -0.01 —0.08 -0.13
Cr 0.19 0.72 1.01 1.01 0.91 0.91 0.91 4.75 5.66
spin-up 0.11 0.43 0.90 0.90 0.77 0.77 0.77 4.11 4.65
spin-down 0.08 0.29 0.11 0.11 0.14 0.14 0.14 0.64 1.01
A 0.03 0.14 0.79 0.79 0.63 0.63 0.63 3.47 3.64
PdCr (cubic) Pd 0.67 0.35 1.85 1.85 1.81 1.81 1.81 9.13 10.14
spin-up 0.30 0.17 0.97 0.97 0.90 0.90 0.90 4.64 5.10
spin-down 0.37 0.18 0.88 0.88 0.91 0.91 0.91 4.49 5.04
A -0.07 -0.01 0.09 0.09 -0.01 -0.01 -0.01 0.15 0.07
Cr 0.34 0.73 0.98 0.98 0.94 0.94 0.94 4.78 5.86
spin-up 0.18 0.44 0.92 0.92 0.81 0.81 0.81 4.27 4.89
spin-down 0.16 0.29 0.06 0.06 0.13 0.13 0.13 0.51 0.96
A 0.02 0.15 0.86 0.86 0.68 0.68 0.68 3.76 3.93
aThis Pd atom lies in the in front face in the xz plane (see Scheme 1).

Scheme 2

Mn Pd Mn Pd
spin-up spin-down

The calculated results are in good agreement with this
estimate for ¢ bcc Mn but disagree for the y fcc form.
The magnetic moment is rather sensitive to the value
of the lattice constant. Our spin-unrestricted calcula-
tions at the experimental lattice constants (3.86 A for y
fcc Mn and 3.08 A for 6 bcc Mn) give the following
results. The change is only small for bcc Mn with a
magnetic moment of 1.26 4B per atom (instead of 0.95).
This is in agreement with other calculations?%°<2! where
a smooth increase of the magnetic moment with the
lattice constant is found until 3.12 A. For fcc Mn the
difference is important and we find two different states
at a lattice constant of 3.86 A, one low-spin and one
high-spin (1.21 and 2.09 uB, respectively), the latter
being more stable by 0.07 eV. The high-spin value is
in agreement with the experimental estimate.

The DOS curves for non magnetic bcc Mn and for fcc
Mn at their equilibrium geometry are drawn in Figure
1.

3. Chromium. The geometry optimization of bcc
chromium gives a lattice constant of 2.87 A which leads
to a Cr—Cr distance of 2.485 A. The experimental
values are 2.885 and 2.498 A, respectively, which
correspond to an error of 0.5%. Our values are in
agreement with those previously calculated2e22ad where
an equilibrium lattice constant of 2.78 and 2.85 A,
respectively is found. The orbital occupancies shown
in Table 1 give the configuration 3d*924s0344p%74 for bcc
Cr. At this calculated equilibrium value, bcc Cr is found
to be nonmagnetic. The corresponding DOS is given in

(22) (a) Moruzzi, V. L.; Marcus, P. M. J. Appl. Phys. 1988, 64, 5598.
(b) Rath, J.; Callaway, J. Phys. Rev. B, 1973, 8, 5398. (c) Skriver, H.
L. J. Phys. F.: Met. Phys. 1981, 11, 97. (d) Kubler, J. J. Magn. Magn.
Mater. 1980, 20, 277.

Figure 1. In fact, Cr has been found experimentally to
be antiferromagnetic with an incommensurate spin
density wave.?% Such a complex spin state cannot be
addressed by our calculations. The authors estimated
the maximum Bohr magneton number to be 0.59,
corresponding to an average magnetic moment of 0.46
us per atom. Nevertheless our results are in agreement
with previous calculations20¢:222 where it is shown that
Cr becomes magnetic for a lattice constant of 3.33 A.
We observe also an abrupt transition to a magnetic state
for a lattice constant of 3.35 A. The magnetic moment
which was 0 at 3.30 A is now 2.36 uB.

The results on the three pure metals mostly agree
with the experimental data and are very close to
previous calculations. Therefore we estimate that this
method is trustworthy for studying the electronic prop-
erties of the alloys of these metals.

1. Binary Alloys of Palladium and Manganese

1. PdsMn. As said in the Introduction, PdsMn
crystallizes in a disordered fcc structure above 800 K
and in an ordered tetragonal one below this tempera-
ture.® It is based on the CuzAu type of order with
periodic antiphase domains!© which leads to a unit cell
containing 16 atoms. We have considered here the
simple fcc unit cell of CuzAu type, which retains the
basic features such as the atom coordination.

The geometry optimization gives a lattice constant of
4.03 A, as found for pure Pd which represents the same
overestimation relative to the experimental value (3.90
A at room temperature®13). Therefore, Pd which is the
larger and the more numerous species in the cell
imposes its lattice structure. The electronic structure
is given in Table 2. In such a crystal, a Mn atom has
12 Pd and a Pd atom has 4 Mn and 8 Pd as nearest
neighbors (Scheme 1). Therefore the Mn atoms have
the same symmetry as in pure fcc Mn, which is reflected
by the division of the d orbitals in two groups, d;2 and
dyx2—y2 on one hand, dyy, dy,, and dy, on the other hand.
On the contrary, for the Pd atom in the xz plane for
example, only the d,y and dy, orbitals have the same
symmetry.

Two conclusions can be extracted from Table 2. First,
from a Mulliken population analysis, Mn has lost 0.51
e~ relative to its valence number 7 and each Pd atom
has received 0.17 e~ (valence number 10). Hence there
is an electron transfer from Mn to Pd in agreement with
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Figure 4. Total density of states (DOS) and DOS projected on Mn and Pd for magnetic PAMn (cubic).

the more electropositive character of Mn and in opposite
to the result obtained in ref 13. Mulliken populations
are qualitative and diffuse orbitals in the basis set can
induce artifacts in the charge. However, such very
diffuse orbitals that are frequent in atomic and molec-
ular calculations are not necessary for the dense solids
and are not used here. The electrons come mainly from
the Mn d-orbitals (compare Tables 1 and 2) and go
mainly in the Pd s orbital. Second, a magnetic moment
appears both on Pd (weak: 0.11 4B) and on Mn
(strong: 4.29 uB). The magnetic moment on Mn is
hence much larger than that in bulk Mn and this
illustrates the “giant moment effect”, while a small spin
polarization is induced on Pd. These values agree well

with the experimental ones obtained from neutron
diffraction measurements: 0.2 uB/Pd and 4.0 uB/Mn.56

The DOS curves drawn in Figure 2 correspond to a
calculation for the nonmagnetic state which lies 2.3 eV
above the magnetic one. This curve looks like those
previously published'?13 with a high narrow peak at the
top of the band. The density of states N(EF) is large.
The interactions between Mn and its Pd neighbors are
less strong than in bulk fcc Mn: this is evident if the
total DOS for fcc Mn (Figure 1) and the DOS projected
on Mn for non magnetic PdsMn (Figure 2) are compared.
In the former the bandwidth is larger (ca. 6.75 vs 5 eV)
and the band is equally distributed. In the magnetic
case (Figure 3) the high narrow peak is pushed far above
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the Fermi level by magnetic coupling. The DOS on each
spin for Mn and Pd look like those obtained for a system
where Mn is considered as an impurity in palladium.4
Indeed these systems are equivalent for Mn if only first-
neighbor interactions are considered. In free Mn atom
the spin-up d-band is totally full and the spin-down
d-band totally empty. For Pd atoms, both bands are
full.

The interactions between spin-up and between spin-
down orbitals of Pd and Mn are depicted in Scheme 2,
where only one spin—orbital of each type is considered.
The interactions between the spin-up orbitals of Mn and
Pd being weaker than between two Mn atoms give
bands which remain almost entirely under the Fermi
level as can be seen in Figure 3 and the spin-up d-bands
are almost full (4.87e~ and 4.65e~ for Mn and Pd,
respectively). The spin-down orbitals of Mn are pushed
toward higher energies (compare Figures 2 and 3) by
interaction with the spin-down orbitals of Pd. This
weak interaction leads to a small contribution of the
occupied spin-down orbitals of Pd to vacant levels and
of the vacant spin-down orbitals of Mn to occupied
levels. Hence the spin-down electronic population of Pd
is reduced and only a small spin-down occupation
appears on Mn. These occupations are 4.5e~ and 0.66e",
respectively. This analysis explains why Mn has a
larger magnetic moment in PdzMn than in pure metal
and why a small moment appears on Pd.

2. PdMn. As recalled earlier, PdMn exists in a high-
temperature cubic structure of CsCl-type with a = 3.174
A. It can also exist as tetragonal (distorted CsCl)
structure with a c/a ratio depending on the exact
stoichiometry of Mn in the alloy.* The optimization of
the cubic structure gives a lattice constant of 3.179 A,
close to the experimental value with a Pd—Mn distance
of 2.753 A. The optimization of the tetragonal structure,
first at constant c/a, then by varying c/a until 1, leads
to a smaller c/a ratio than the experimental one (1.124
instead of 1.245 for 50% at. Mn) with a = 3.048 A and
¢ = 3.455 A. The tetragonal structure is more stable
than the cubic one by 0.16 eV, and such a relative
stability is expected from the experimental phase dia-
gram.

For symmetry reasons, the cubic structure is easier
to study and the interpretations will be simpler. More-
over, the two structures give very similar results in
what concerns the electron transfer between Mn and
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Pd and the magnetic moments. Hence we will focus on
the cubic structure in the following. The electronic
structure is given in Table 2. Each atom of one metal
has 8 nearest neighbors of the other metal (Scheme 1)
and hence the orbitals are divided in two groups both
for Mn and Pd, d,2 and dy2-y2 on one hand (eg), dyy, dx,
and dy, on the other hand (tyg) as in bcc Mn. As in
Pds;Mn there is an electron transfer from Mn to Pd (0.32
e~) and a magnetic moment both on Mn (4.24 uB) and
on Pd (0.18 uB). The electron transfer is again mainly
from 3d Mn orbitals to the 5s Pd orbital. It is smaller
than in PdsMn because the electronic population trans-
ferred from each Mn is concentrated on one Pd atom
instead of being distributed on three Pd atoms. The
variation of the magnetic moment is small compared to
Pds;Mn despite the fact that the concentration in Mn
varies from 0.25 to 0.5.

In PdMn, a Mn atom is less isolated than in PdsMn.
Indeed, even if all the neighbor atoms are still Pd, it
has only 8 Pd as neighbors instead of 12, and the other
Mn atoms are not so far away (3.18 A instead of 4.03
A) so that the interactions between Mn atoms are not
negligible. Each interaction between a Mn and a Pd
atoms is also stronger because the Pd—Mn distance is
shorter (2.75 vs 2.85 A). The result is that the band
projected on Mn is not as narrow as it was in PdsMn
(compare Figures 3 and 4), especially the part above the
Fermi level, which was almost a simple peak in Pdz;Mn
and is here relatively broad. On the contrary, a Pd atom
has 8 Mn as first neighbors instead of 4 Mn and 8 Pd
in PdsMn. Hence the global interaction of a Pd atom
with its first neighbors is smaller despite the shorter
distance and the d-band projected on Pd is narrower
than for PdsMn. For both Pd and Mn, one observes that
the occupied part of the d-band is farther from Eg
relative to PdsMn owing to an increase of the Fermi
level energy (higher concentration in Mn). The interac-
tions between the spin-up and between the spin-down
orbitals of Mn and Pd are of the same kind as before
(see Scheme 2). Since a Pd atom is more isolated in
PdMn than in PdsMn and since its global interaction
with its neighbors is smaller, the antibonding interac-
tions of the spin—orbitals of Pd and Mn are less
destabilized (see Scheme 2). Therefore the spin-up
occupation of the Pd d orbitals is slightly increased
compared to PdsMn (4.69e~ versus 4.65e™) and, on the
contrary, its d spin-down occupation is reduced (4.43e~
versus 4.50e7). This results in a slightly larger mag-
netic moment on Pd (0.18 vs 0.11 uB).

Concerning Mn atoms, let us consider for comparison
a PdsMn structure with the same Pd—Mn distance as
in PdMn (2.75 instead of 2.85 A), for which the Mn
magnetic moment is 4.15 instead of 4.29 uB. The
interactions of a Mn atom with its first Pd neighbors
are less numerous in PdMn than in PdsMn (8 instead
of 12 neighbors). This results in a weaker total interac-
tion and hence in a larger moment (4.24 vs 4.15 uB).
The fact that u is larger for PdsMn at the equilibrium
geometry is due to the larger Pd—Mn distance.

IV. Binary Alloys of Palladium and Chromium

1. Pd3Cr. The Pd—Cr system is not as well-known
as the PdMn one. Nevertheless, a study of the Pd—Cr
solid solutions by varying the percentage of Cr shows
that around 25 at. % Cr the structure is fcc (CusAu type)
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Figure 6. Total density of states (DOS) and DOS projected on Cr and Pd for magnetic PdsCr.

with a lattice parameter of 3.865 A% or 3.874 A.7 After
geometry optimization, our calculations give a lattice
constant of 4.03 A as for PdsMn and pure Pd with a
similar overestimation compared to the experimental
values.

The electronic occupations, as obtained from a Mul-
liken analysis, are given in Table 3. One observes an
electron transfer of 0.34e~ from the Cr atom to the three
Pd atoms in agreement with the electronegativity dif-
ference of the two metals. As for Pds:Mn, the main
transfer occurs between the d-orbitals of Cr and the
s-orbital of Pd, nevertheless the s orbital of Cr plays a
nonnegligible role. A strong magnetic moment exists
on Cr (3.64 uB). The palladium atoms also have a small

magnetic moment but the spin polarization is opposite
to that in Pd3Mn (—0.11 uB). The same spin polariza-
tion is found for Pd atoms in calculations where Cr is
only an impurity in the Pd lattice.’* In these works,
the magnetic moment on Cr has been calculated to be
2.86 and 3.14 uB, respectively.

The examination of the DOS curves for Pd;Cr (Fig-
ures 5 and 6) shows that the same explanation as for
Pds;Mn is valid in what concerns the magnetic moment
on Cr atoms. For the opposite polarization of Pd atoms,
the following explanation is proposed. The element Cr
has more expanded d-orbitals than Mn, and thus the
overlaps with Pd orbitals are better for Cr than for Mn.
This leads to a better interaction between Pd and Cr
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atoms resulting in a larger d band in the DOS for PdsCr
than for PdsMn (compare Figures 2 and 5). The
difference in d bandwidth is about 0.45 eV. If we
consider now Scheme 2, the better interaction between
the spin-up orbitals of Pd and Cr has the consequence
that the antibonding part of the band is partly pushed
above the Fermi level instead of being entirely below
this level as it was in the case of PdsMn (compare the
spin resolved DOS projected on Pd in Figures 3 and 6).
Hence the spin-up d-orbitals of Pd atom are less
occupied in PdsCr relative to PdsMn (4.52e~ versus
4.65e~ from Table 3). In what concerns the spin-down
orbitals, the better interaction of the occupied spin-down
d-orbitals of Pd with the empty spin-down d-orbitals of
Cr lowers the former more than in the case of PdsMn,

and hence the major part of the spin-down d-band of
Pd is below Er (compare Figures 3 and 6). Therefore
in the case of PdsCr, the spin-down occupation of Pd d
orbitals is larger than in Pd;Mn (4.6e~ versus 4.5e~ from
Table 3). As a result for the d-orbitals of Pd, the spin-
down occupation becomes larger than the spin-up one,
which explains the inverse polarization of Pd in PdsCr
if one neglects the s- and p-orbitals. Of course the
d-orbital, which is the most responsible for the spin
polarization, is dy, (—0.06) since that is the one which
has the better interaction with the Cr atoms in a fcc-
type structure (see Scheme 1). It represents half of the
total Pd spin polarization (Table 3).

2. PdCr. PdCr has a well-defined tetragonal struc-
ture of AuCu-type, which can be described by a body-
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centered tetragonal (bct) unit cell with a = 2.74 A and
¢ =3.80 A7 The c/a ratio of 1.39 is close to the limit
value of c/a = +/2(1.41) which gives a fcc lattice with
parameter ¢. Since for PdMn we have studied a cubic
structure of CsCl type, we have also envisaged such a
structure for PdCr. The geometry optimization of cubic
PdCr gives a lattice constant of 3.19 A which corre-
sponds to a PdCr distance of 2.76 A. Then, the geometry
optimization of the tetragonal structure at constant c/a
(1.39) gives a = 2.83 A and ¢ = 3.92 A, which represents
an overestimation of 3.2%. By varying c/a from 1.39
to 1, which corresponds to the cubic value, one obtains
the best geometry for a = 3.0 A and ¢ = 3.59 A with
c¢/a = 1.19. This structure is 0.3 eV more stable than
the previous one (c/a = 1.39) and 0.1 eV more stable
than the cubic one. As in the case of PdMn, the
optimized c/a value is underestimated. However the
trend of a larger c/a for PdCr than for PdMn is correctly
reproduced.

In both the tetragonal and the cubic structures, there
is an electron transfer of 0.14e~ from Cr to Pd, smaller
than for PdsCr (as in PdMn compared to PdsMn). The
magnetic moment on Cr is large (3.85 uB for tetragonal
and 3.93 uB for cubic). To our knowledge, only one
experimental determination exists for the magnetic
moment in PdCr:!! the spin quantum number found is
2.08, corresponding to a magnetic moment of 4.16 uB.
The spin polarization on Pd is small (0.03 uB for
tetragonal and 0.07 4B for cubic) but positive, contrary

to what happens in Pd;Cr. As for PdMn, the difference
between the tetragonal and cubic structures is small,
and we will concentrate on the cubic one which is
simpler for symmetry reasons. Its electronic structure
is given in Table 3.

The same differences exist between the DOS curves
of PdCr and Pds;Cr as between those of PdMn and
PdsMn (compare Figures 7 and 6) and for the same
reason. The total d-band is broader for PdCr and
especially the empty part of the DOS projected on Cr,
which was very narrow in PdsCr. On the contrary, the
Pd-projected band gives a much narrower band. How-
ever, the differences between the two alloy stoichiom-
etries are amplified compared to the Pd—Mn alloys
because of the greater extension of the Cr orbitals which
implies stronger interactions between Cr and Pd.

The Cr magnetic moment is much larger than in
PdsCr (3.93 vs 3.64 uB) and even larger if one considers
a PdsCr structure with the same Pd—Cr distance (3.2
uB). The explanations are the same as previously for
the Pd—Mn alloys: the interactions between Cr and Pd
are less numerous in PdCr relative to Pds;Cr, but the
effects are enhanced by the strength of the Pd—Cr
interaction compared to the Pd—Mn one.

The different behavior of the e4 (d,2 and dy2-y?) and
tog (dyy, dxz, dy;) sets of Pd orbitals is shown in Figure 8
for d2 and dy,. The tyg set is well directed to interact
with the Cr atoms of the corners and a fraction of the
spin-up orbitals is therefore pushed above the Fermi
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level. This lowers the population of the spin-up tyg set,
which finally results in a negative spin polarization. On
the contrary, the eg set interacts less strongly with the
Cr atoms and all the spin-up orbitals remain below the
Fermi level, resulting in a positive spin polarization.

V. Conclusion

The results obtained in this work on alloys are in good
agreement with the experimental data. The method
used, based on first principle LCAO periodic calculations
using the DFT theory at the nonlocal level, is suitable
for such systems and can be successfully compared with
other methods based on the APW approach for studying
ferromagnetic states. An advantage of the method is
that it allows an easy analysis of the interactions
between atomic orbitals. Hence we can discuss the
qualitative features of the electronic structure and the
appearance of the magnetic moment with an atomic
orbital viewpoint.

Some general results are obtained:

(i) The alloying of Pd with more electropositive
elements such as Mn or Cr results in an electron
transfer from these metals to Pd. The transfer is
smaller for the Pd—Cr alloys reflecting that Cr is
slightly less electropositive than Mn.

(i) This alloying induces a magnetic moment, very
strong on Mn or Cr compared to pure metal and small
on Pd, which is nonmagnetic when it is not alloyed.
Hence there is an important spin polarization due to
the alloying. Our calculations are thus in agreement
with the “giant” moment found experimentally in such
alloys.

(iti) The Mn magnetic moment varies little when the
concentration in Mn changes from 0.5 to 0.25 (4.24 to
4.29 uB). Similar calculated values are obtained for
systems where Mn is an impunity in Pd (31 Pd atoms
around 1 Mn atom)! since the values obtained are
3.962 and 4.13 u4B.1*" The same observation has been
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made in the study of the series CozPt, CoPt, CoPt3.23

The variation of the Cr magnetic moment with the
concentration of Cr is larger for the Pd—Cr alloys (3.93
to 3.64 uB) and such a difference also exists for the
system where Cr is an impurity in Pd (2.86%2 and 3.14
uB™b).  An interesting result for the Pd—Cr alloys is
that the Pd moment is opposite to that of Cr when the
concentration of Cr is not too large (PdsCr and Pd lattice
with Cr impurities). All these different properties of
the Pd—Cr alloys compared to the Pd—Mn alloys are
explained and related to the stronger Pd—Cr interaction.

The key for obtaining such a large magnetic moment
is that the potentially magnetic atom (here Mn 3d°4s?
or Cr 3d°4s?) is sufficiently isolated in the middle of
atoms of other types (with different energy position and
orbital expansion). The interactions with the environ-
ment are then minimal, compared to the degenerate
interaction in the case of pure metal, and hence the
atom is as close as possible to its atomic state.

Appendix
Slater exponents used in this work:

Pd  4s:3.85; 4p: 3.15; 4d: 1.5; 5s: 1.85; 5p: 1.85

(simple {)
Mn  3s:3.5; 3p: 3.0; 3d: 1.2; 4s: 2.0; 4p: 1.5

(simple g)
Cr  3s:3.25,3p:2.85;3d: 1.7;4s: 1.9; 4p: 1.3

(simple ¢)
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