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The electronic structure of iron-palladium alloys are studied using the self-consistent linear muffin-tin
orbital (LMTO) method. In particular, three compounds are analyzed, namely, Pd;Fe, PdFe, and PdFe,
and their stability investigated with respect to the iron concentration. Results are obtained from fer-
romagnetic calculations for each alloy. Our discussion on internal excess energy shows the PdFe; or-
dered structure to be at best metastable with respect to its disordered alloy, while Pd;Fe and PdFe are
stable compounds. Results for PdFe; show a collapse of its magnetic moment as a function of the lattice

parameter.

I. INTRODUCTION

Alloys of Pd-Fe have been extensively studied both ex-
perimentally and theoretically by many authors. Recent-
ly theories of alloy phase stability, as well as first-
principles calculations of phase diagrams, have been
phrased in terms of the alloy’s underlying electronic
structure.!”® The present work may be considered as a
test of these theories, since here we perform an ab initio
band-structure calculation of Pd,;Fe, PdFe, and PdFe; in
their ordered phases. Pd;Fe has been the object of many
experimental studies of magnetic* and thermal® proper-
ties, as well as of the effect of hydrogenation.® Its elec-
tronic structure was investigated recently from a first-
principle method, both in its ordered’ and disordered®
phase as well as its ordered hydride.’ In its ordered
phase, Pd;Fe has the Cu;Au structure which corresponds
to a fcc lattice, with Fe atoms located in the corners and
Pd atoms at its face centers, and the experimental'” lat-
tice parameter is a =3.849 A. The PdFe-ordered com-
pound has the CuAul superstructure, with Fe atoms lo-
cated at the origin and Pd atoms at (0.0,0.5,0.5). PdFe is
tetragonal'' ™'3 with c¢/a =0.966, and therefore in this
work it was modeled as having cubic structure taking the
experimental lattice parameter a =7.0510 a.u. For
theoretical reasons'* we can suggest the existence of an
ordered structure based on PdFe; and in the present
work it is modeled in the ordered phase as having the
CujAu structure with Pd atoms located at the corners
and Fe atoms at its face centers. This ordered compound
rich in Fe has an electron per atom ratio e/a =8.5 It
has been known for decades that some Fe alloys with e /a
in the range 8.4-8.7 show a very striking behavior
known as the “Invar effect.” This puts PdFe; in the class
of magnetic alloys and compounds that show the Invar
Effect. In the present work it is shown that this com-
pound features a dramatic collapse of magnetic moment
as a function of pressure.

In this work we have employed the spin-density-

46

functional theory for both von Barth-Hedin'® (vBH) and
Vosko-Wilk-Nusair'® (VWN) approximations for the
exchange-correlation energy of the electron gas. This
was done to test the influence of different parametriza-
tions for the exchange correlation in the ground-state
properties of intermetallic compounds, such as magnetic
and bulk properties as were previously done for iron'’ in
its bcc structure. We use the linear muffin-tin orbital
(LMTO) method of Andersen'® to calculate the electronic
structure of Pd;Fe, PdFe, and PdFe;. Since the LMTO
method has been described in great detail in many publi-
cations,'®?® we confine ourselves to a description of par-
ticular details of the present LMTO calculation. The
present calculation includes the combined correction
terms but no spin-orbit interactions. The solutions of the
Schriodinger equation used s, p, d, and f LMTO basis
functions. The self-consistency cycles were carried out
until energy convergence on a scale better than 1 mRy
was achieved. The one-electron potentials were self-
consistently obtained using reciprocal sums with 365k
points. The density of states (DOS) were calculated as a
sum of § functions convoluted with Gaussian functions
for a fixed number of energy mesh points for each case.
Self-consistency was first achieved for the potential on
120k points and 500 energy points. Final DOS were cal-
culated for 1500 energy points. Self-consistent field cal-
culations within the local-density approximation (LDA)
were performed for these three compounds in their fer-
romagnetic phase, for seven lattice parameters for each
compound to obtain a clear understanding of the volume
dependence of the ground-state properties. In the next
sections we present a discussion of the results obtained
for the compounds under study in this work.

II. RESULTS AND DISCUSSION
A. Bonding

Formation and stability of ordered phases can be stud-
ied by calculation of the excess internal energies. For iso-
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structural 4,_, B, binary systems, the excess internal en-
ergy for a given state of order o is given by?>?

AE=E(0,V)—(N,/N)-E V) —(Ng/N)-Eg(Vy) ,

where N, and Ny are the numbers of 4 and B atoms in
the ordered A4,,_ By compound, whose state of order is
o. Vis the volume and E , and Ey are the total energy
functions of the elemental A4 and B solids, respectively, at
their ¥ 4 and ¥V equilibrium volumes. The calculated to-
tal energies for the three compounds as well as the pure
Fe and Pd solids in the fcc structure were obtained as
functions of the lattice parameter using two approxima-
tions for the exchange correlation, giving their theoreti-
cal equilibrium volume.

Figure 1 shows the internal excess energy AE for the
compounds as a function of the lattice parameter for the
VWN exchange correlation. A comparison between these
results with a calculation using the vBH approximation
does not show a great deal of difference, but these two
different approximations give equilibrium lattice parame-
ters which differ slightly as well as differences in bulk
modulus and internal excess energies at equilibrium.
From Fig. 1 it is clear that Pd;Fe and PdFe are stable
compounds, whereas PdFe; is at best a metastable com-
pound as its internal excess energy at the minimum
(which corresponds to the equilibrium volume) is almost
zero. The calculated minima data points in Fig. 1 corre-
spond to the following lattice parameters: a =7.2759,
7.1201 and 6.9904 a.u. for Pd;Fe, PdFe, and PdFe;, re-
spectively, which, as can be seen from Table I, do not
differ appreciably from those obtained through an analyt-
ical fitting of the calculated total energies.

The equilibrium lattice parameters, which are obtained
by fitting the calculated total-energy data points to a
third degree polynomial, the bulk modulus, and the ener-
gy formation for the compounds, are given in Table I.
The results are shown for the vBH and VWN approxima-
tions to the LDA. We can observe that the lattice pa-
rameters differ slightly from one to the other approxima-
tion. The theoretical equilibrium volume for Pd;Fe
agrees very well with the experimental one, the deviation
in the lattice parameter being less than 0.5%. The same
is true for the PdFe-ordered compound in which the devi-
ation in the lattice parameter is about 1%. The bulk
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FIG. 1. Calculated internal excess energy, for seven lattice
parameters, of Pd;Fe, PdFe, and PdFe; ordered compounds.

modulus (B) shows a weak dependence on the type of ap-
proximation used for the exchange correlation. The
values for the bulk modulus in Table I are obtained from
a numerical five points differentiation of the calculated
total energies. An analytical calculation by fitting the to-
tal energies with a third degree polynomial gives practi-
cally the same values for B. These results show
differences which are much less pronounced than the re-
sults for pure elemental metals studied by Jansen, Hatha-
way, and Freeman!’ (Table I). The internal excess ener-
gies, which are given in Table I for these compounds,
show the stability of the Pd;Fe and PdFe-ordered com-
pounds and the metastability of the PdFe; compound.
The results for AE in the case of PdFe, are close to zero
and have a difference depending on the approximation
used (VBH or VWN), which is of the order of their
values, and therefore do not permit a clear cut statement
on the stability of this compound. It can be said that it is
either metastable or instable to the formation of its or-

TABLE I. Results for the three compounds Pd;Fe, PdFe, PdFe;. Here, a is the equilibrium lattice
parameter, B is the bulk modulus (in Giga Pascal) and AE is the internal excess energy. The results
given are for two different approximations for the exchange correlation (von Barth—Hedin and Vosko-

Wilk-Nusair).

Pd;Fe FePd Fe,Pd

BH VWN BH VWN BH VWN
a(a.u.) 7.300 7.290 7.140 7.150 6.990 6.970
AE(kcal/at g) —4.15 —4.00 —6.50 —6.20 —0.53 —0.16
B(GPa) 184 182 216 214 206 205

Pd Fe

BH VWN BH VWN
a(a.u.) 7.493 7.476 6.498 6.490
B(GPa) 179 185 318 320
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dered structure since it is so near the instability (AE ~0)
value.

B. Results for Pd;Fe

This section discusses results of a ferromagnetic self-
consistent calculation for Pd;Fe within the VWN approx-
imation. The lattice parameter used here (@ =7.2759
a.u.) gives the minimum for AE (Fig. 1) and is the experi-
mental value for this compound. The Wigner-Seitz
spheres around the atoms are taken to be of equal size,
with radii s =2.84343 a.u. The results obtained are
shown in Table II. The magnetic moment at Pd sites
agrees very well with the experimental value which is
0.57 bohr magnetons.?> On the other hand, at Fe sites,
the theoretical value for the magnetic moment is smaller
than in the experiment, which is 2.70u5.2 In Fig. 2 we
can see that the total magnetization for this compound is
a smooth increasing function of its volume. This behav-
ior is due to a continuous increase of the magnetic mo-
ment at Pd sites with the volume, since at Fe sites the
magnetization practically does not vary. The relative
lower value obtained for the magnetic moment at Fe sites
is related to the degree of population of the spin-down d
states. The main contribution for the DOS at the Fermi
level (Ep) is due to d electrons, and at Fe sites the spin-
down states give a higher value for the DOS at Er. This
leads to a greater value for the electronic specific-heat
coefficient than the experimental® value 8.17 mJ/mol K2.

Charge transfer is very small (Table II) for the equilib-
rium lattice parameter, leaving 0.00168 electrons as ex-
cess charge at Fe sites. Charge transfer at iron sites as a
function of the lattice parameter is displayed in Fig. 3.
Charge transfer decreases with increasing volume; there-
fore the electron transfer from one site to the other has a
strong dependence with the lattice spacing between Fe-
Pd atoms. As electrons are transferred to Fe sites they
occupy the empty states at these sites, which moves the
Fermi energy to higher values, and as Fe atoms lose elec-
trons those states remain empty, decreasing the Fermi
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FIG. 2. Total magnetization (per unit formula) as function of
lattice parameter, for the three ordered compounds.

level. This corresponds to a broadening of the d band-
width in the first case (electron excess at Fe sites) and a
narrowing of the bandwidth in the second case (electron
deficiency at Fe sites), while the Fermi energy moves
from one side of a valley in the DOS to another side of
the valley. That is, the value of the DOS at Ej is in-
creased in both cases (see below).

The density of states at Pd and Fe sites for both spin
directions is shown in Figs. 4 and 5. The spin-up d elec-
trons form a common d band [Figs. 4(a) and 5(a)]. At Fe
sites, the spin-down electrons are almost excluded from
these sites, which results in the formation of localized
magnetic moments out of completely delocalized elec-
trons. This fact was reported in a prior calculation’ on

TABLE II. Calculated parameter for ferromagnetic Pd;Fe using the self-consistent potentials, with

Vosko parametrization for exchange correlation.

Pd m Fe m
n(electrons/spin) 4.70 5.30 0.60 2.98 502 204
ng(electrons/spin) 0.29 028 —0.01 0.32 0.33 0.01
n,(electrons/spin) 0.31 0.30 —0.01 0.36 0.37 0.01
ng4(electrons/spin) 4.06 4.67 0.61 2.25 427 2.02
ns(electrons/spin) 0.04 0.05 0.01 0.05 0.05 0.00
N(Er)(states/spin Ry) 9.29 3.65 4337 147
N,(Eg)(states/spin Ry) 0.07 0.23 0.25 0.27
N,(Ep)(states/spin Ry) 0.41 0.35 0.37 0.35
N,(Eg)(states/spin Ry) 8.59 3.06 42.72 0.84
N/(Eg)(states/spin Ry) 0.22 0.01 0.03 0.01
N(Ef)(states/atom Ry) 12.94 44.84
N(Er)(states/unit cell Ry) 83.66
y(mJ/mol K?) 14.42
Er(Ry) 0.600
AQ(electrons) —0.00056 0.00168
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the ferromagnetic Pd;Fe and by Kubler, Wllliams, and
Sommers?* for Heusler alloys. The projected densities of
states [Figs. 4(a) and 5(a)] show that for up-spin states
this contribution is very low at Er. Spin polarization re-
sults in a splitting of up and down bands, putting the Fer-
mi level in a valley between the DOS of up and down
spins as shown in Fig. 6 for the total DOS for ordered
Pd;Fe. This reduces the density of states N(Ey) tending
to put it in agreement with the measured linear coefficient
of the specific heat. Here our calculation gives a greater
value for ¥ than in a previous calculation’ of the DOS.
From the total DOS shown in Fig. 6 it is clear that the
value of N(Ef) is increased if the Fermi level moves in
the direction of low or high energies, and this is exactly
what happens when volume is increased or decreased.
Clearly this is not only a simple rigid shift of the DOS; on
the contrary, as the volume changes, the general features
of the DOS are subtly altered, and since there is no dras-
tic alterations we do not make more comments about this
fact here. For PdFe; we analyze the behavior of the DOS
as a function of the pressure.

C. Results for PdFe

This section discusses the results of the calculation for
the case of ordered PdFe. The lattice parameter used,
a=17.1201 a.u., gave the minimum data point in Fig. 1
(equal-size Wigner-Seitz spheres with radii s =2.7825
a.u.) and produced the results displayed in Table III,
where the VWN approximation was used for the ex-
change correlation. It shows an increase in the magnetic
moments at Pd and Fe sites. The total magnetization for
PdFe is a smooth increasing function of the volume, as
seen in Fig. 2. Here, contrary to the Pd;Fe compound, it
shows a small variation of the magnetic moment at Fe
sites (as a slightly increasing function), but again, the
most important contribution for the behavior of the total
magnetization is due to changes in the magnetic moment
at Pd sites. This shows that the magnetization at Pd sites
is most sensitive to lattice spacing variation (volume
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FIG. 7. Total density of states (in states/spin Ry) calculated
at equilibrium volume: (a) spin-up and (b) spin-down electrons
at the Pd site for PdFe.

effects). From Table III we note that the main contribu-
tion to N(Ey) is due to d electrons for both sites. But
now there is an abrupt decrease in N(E) for spin-down
d electrons at Fe sites; this fact is discussed below in

TABLE III. Calculated parameters for ferromagnetic PdFe (CuAu structure) using the self-
consistent potentials, with Vosko parametrization for exchange correlation.

Pd m Fe m
n(electrons/spin) 4.59 5.38 0.79 2.89 5.14 2.25
ng(electrons/spin) 0.29 0.29 0.00 0.34 0.33 —0.01
n,(electrons/spin) 0.32 0.30 —0.01 0.37 0.38 0.01
ng(electrons/spin) 3.95 4.75 0.80 2.14 4.38 2.24
ng(electrons/spin) 0.03 0.04 0.01 0.04 0.05 0.01
N(Ep)(states/spin Ry) 3.63 2.87 11.25 2.10
N (Er)(states/spin Ry) 0.06 0.20 0.06 0.35
N,(Er)(states/spin Ry) 0.70 0.46 0.40 0.34
N, (Er)(states/spin Ry) 2.80 2.20 10.70 1.40
N/(Ef)(states/spin Ry) 0.07 0.01 0.09 0.01
N(Er)(states/atom Ry) 6.50 13.35
N(Epr)(states/unit cell Ry) 19.85
y(mJ/mol K?) 3.44
Er(Ry) 0.639
AQ(electrons) —0.0301 +0.0301
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terms of the projected DOS. Therefore the calculated
value of the linear coefficient of the specific heat (y) for
this compound is much smaller than the value obtained
for Pd;Fe. For this compound we obtain 0.030 electrons
as the excess charge at Fe sites. Figure 3 shows that the
electron transfer to Fe sites, as the volume is decreased,
follows the same trend as Pd;Fe. But here, due to the in-
creasing iron concentration, Fe sites lose less electrons
than in Pd;Fe as the volume is increased from its equilib-
rium value, while Pd atoms lose many more electrons due
to the strong Pd-Fe interactions as the lattice spacing be-
tween them is decreased, than in the ordered Pd;Fe com-
pound.

In Figs. 7 and 8 densities of states are displayed for up
and down electrons at Pd and Fe sites, respectively. The
main contribution for the DOS comes from d electrons
and the formation of magnetic moments follows the same
trends discussed??¢ for Pd,Fe. Also, the DOS in the
present case follows the same trends as in Pd;Fe, with the
exception that for spin-down electrons at Fe sites there is
a larger population of down states, although the DOS
resembles that of Fe sites in Pd;Fe and the Fermi energy
is located in a valley of the DOS.

Notice that with increasing iron concentration (e.g.,
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FIG. 8. Total density of states (in states/spin Ry) calculated
at equilibrium volume: (a) spin-up and (b) spin-down electrons
at the Fe site for PdFe.
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going from Pd;Fe to PdFe) there is a great charge
transfer to Fe sites which populates the spin-down states
at these sites, hence with an abrupt decrease in the DOS
at Ep. In Fig. 9 the total DOS for a PdFe-ordered com-
pound (similarly to Pd;Fe), shows the Fermi level located
in a valley of the DOS, with a small value for N(E) re-
sulting in a low value for y (see Table III).

D. Results for PdFe;

It has been known for a long time that certain iron al-
loys with an electron per atom ratio (a/e) in the range
8.5-8.7 show the Invar effect. In this respect PdFe; is
the most interesting of the three alloys studied in the
present work since it has an a/e =8.5, which should
mean that it is at or near a magnetic instability. Indeed,
it presents dramatic magnetoelastic effects with a collapse
of its magnetic moment with pressure for modest pres-
sures, an effect that can be followed and studied in terms
of its electronic structure.

PdFe; was modeled as having the L1, (fcc structure
with Pd atoms at the corners and Fe atoms at the face
centers). The lattice parameter here is ¢ =6.69904 a.u.,
which gives the minimum data point in Fig. 1 (Wigner-
Seitz spheres with the same radii s =2.7318 a.u.). Table
IV displays the calculated parameters for PdFe, with the
VWN approximation for exchange correlation. At equi-
librium volume the magnetic moments at Fe and Pd sites
are greater than the magnetization for the other two
compounds. But here its behavior with respect to the
change in the volume is quite different (Fig. 2). As the
lattice parameter is increased from its equilibrium value
the magnetization increases smoothly, but more rapidly
than in the other two compounds. For PdFe; the mag-
netic moment at iron sites is more sensitive to changes in
volume, although for high volumes the most important
contribution for the variation of the total magnetization
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TABLE IV. Calculated parameters for ferromagnetic PdFe; using the self-consistent potentials, with

Vosko parametrization for exchange correlation.
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Pd m Fe m

n(electrons/spin) 4.50 5.41 0.91 2.84 5.19 2.35
ng(electrons/spin) 0.30 0.28 —0.02 0.33 032 —0.01
n,(electrons/spin) 0.33 0.31 —0.02 0.38 0.39 0.01
ngy(electrons/spin) 3.85 4.78 0.93 2.10 4.44 2.34
ny(electrons/spin) 0.02 0.04 0.02 0.03 0.04 0.01
N(Ep)(states/spin Ry) 6.65 3.37 15.77 2.71
N,(E)(states/spin Ry) 0.05 0.19 0.14 0.22
N,(EF)(states/spin Ry) 1.34 0.33 0.99 0.37
N, (Eg)(states/spin Ry) 5.16 2.84 14.48 2.11
N/(Eg)(states/spin Ry) 0.10 0.01 0.16 0.01
N(E[)(states/atom Ry) 10.02 18.48
N Ep)(states/unit cell Ry) 65.46
y(mJ/mol K?) 11.30
Er(Ry) 0.667
AQ(electrons) —0.0876 0.0292

comes from Pd sites. For low volumes, the magnetiza-  culation,?” 3! which was first described theoretically by

tion shows a drastic variation, going abruptly to near
zero for a variation of 6% in the lattice parameter. This
was already observed for fcc iron in a ferromagnetic cal-
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FIG. 10. Total density of states (in states/spin Ry) calculated
at equilibrium volume: (a) spin-up and (b) spin-down electrons
at the Pd site for PdFe;.

Madsen and Andersen.
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Such behavior, the magnetic

collapse or a breakdown of ferromagnetism which occurs
at certain volume indicate particularly’®3"3 for fcc Fe
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at equilibrium volume: (a) spin-up and (b) spin-down electrons
at the Fe site for PdFe;.
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the existence of more than one magnetic phase. Here we
relate this behavior of the magnetization to specific
features of the densities of states.

Table IV shows that the most important contribution
to N(Ey) comes from spin-down states at Fe sites. But a
comparison with the Pd;Fe compound shows that this
contribution for N(Ey) is smaller, due to the population
of spin-down states at Fe sites with increasing iron con-
centration. The electron excess at Fe sites at equilibrium
volume is 0.0292¢, which is almost equal to the value ob-
tained for the PdFe compound (see Table II). On the oth-
er hand, here the Pd atoms lose many more electrons
than in the other two compounds. In Fig. 3 we can see
the charge transfer at Fe sites for various lattice parame-
ters. For high volumes we see that less electrons are lost
by Fe atoms compared with Pd;Fe and PdFe. However,
for low volumes the excess electrons at Fe sites follow the
values obtained for the other two compounds. Therefore,
for Pd-Fe systems the metal-metal interactions give
charge transfer at Fe sites for low volumes that are ap-
proximately independent of the crystal structure and iron
concentration, an atomic feature of these interactions.
Metal-metal interactions seem to be most sensitive to the
lattice environment and iron concentration for high
volumes. From Fig. 3 we can see that, in the direction of
high volumes, for Pd;Fe the interaction between one Fe
atom and three Pd atoms results in much more charge
transfer than the interaction between three Fe atoms and
one Pd atom in the PdFe;,.

For the PdFe;-ordered compound, the density of states
at Pd and Fe sites for each spin direction are shown in
Figs. 10 and 11. Figures 10(a) and 11(a) show that spin-
up electrons form a common d band as in the case of
Pd;Fe- and PdFe-ordered compounds. The main
difference is that the peaks in the DOS move to low ener-
gies. On the other hand, if we compare Figs. 4(b), 7(b),
and 10(b) for spin-down electrons at Pd sites, we observe
that the DOS is much more altered, giving peaks for low
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FIG. 12. Total density of states (in states/unit cell Ry) at
equilibrium volume for the ordered ferromagnetic PdFe;.
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energies and decreasing more and more rapidly in the
direction of high energies as the Pd content in the com-
pound is decreased. However, the contribution for
N(EF) in the PdFe; from spin-down electrons at Pd sites
is greater than PdFe, because here the Fermi level is not
located in a depression of the DOS [as may be seen in
Figs. 7(b) and 10(b)]. At Fe sites (Fig. 11), for spin-up
electrons the general features of the DOS remain unal-
tered and for spin-down electrons the states are almost
empty, thus excluding these electrons from Fe sites and
giving the calculated magnetic moment (Table IV). We
notice that for the three compounds, at Fe sites, the DOS
for spin-down electrons around the Fermi energy has its
peak broadened as the Fe content is increased, which
may be seen by comparing Figs. 5(b), 8(b), and 11(b),
showing that more and more spin-down electrons are ex-
cluded from those sites leading to high magnetic mo-
ments.

For PdFe; the contribution of Fe sites (spin-down) to
the DOS at the Fermi level is higher than the PdFe, since
here the Fermi level is not located in a depression of the
spin-down DOS, which gives a high value for N(Ep).
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FIG. 13. Total density of states (in states/spin Ry) calculated
for two lattice parameters near the colapse of magnetic mo-
ment: (a) spin-up and (b) spin-down electrons at the Pd site for
PdFe;. Solid line @ =6.6929 a.u. Dashed line a =6.5442 a.u.
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TABLE V. Calculated parameters for ferromagnetic Fe;Pd for two lattice parameter near the
colapse of magnetic moment (a) a =6.6929 and (b) a =6.5442.
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(a) Pd

m Fe m

5.026
0.281
0.332
4.370
0.043
3.2

4.706
0.291
0.345
4.042
0.028
11.75

n(electrons/spin)
ng(electrons/spin)
n,(electrons/spin)
ng(electrons/spin)
n(electrons/spin)
N(Epg)(states/spin Ry)
N (Er)(states/unit cell Ry)
AQ(electrons) —0.264
(b) Pd
n(electrons/spin) 4.8075
n,(electrons/spin) 0.2834
n,(electrons/spin) 0.3444
n,(electrons/spin) 4.1428
ny(electrons/spin) 0.0369
N(Er)(states/spin Ry) 3.00
N(EFr)(states/unit cell Ry)
Ep(Ry)
AQ(electrons)

3.05

—0.383

4.8082
0.2833
0.3443
4.1436
0.0370

0.32 3.326 4.762 1.436
—0.01 0.315 0.314 —0.001
—0.01 0.389 0.391 +0.002
+0.33 2.585 4.010 1.425

0.01 0.037 0.047 +0.010

21.6 10.00
109.76
0.805
0.088

m Fe m
0.0007 4.0602 4.0673  0.007
—0.0001 0.3098 0.3098  0.0000
—0.0001 0.3891 0.3890 —0.0001

0.0008 3.3170 3.3242  0.0072
+0.0001 0.0443 0.0443  0.0000
13.90 13.80

89.15
0.895
0.128

Figure 12 shows the total DOS for PdFe;, and here again
the Fermi level is located near a valley of the DOS, lead-
ing to a reduction in the value of N(Ey) and giving y
near the value obtained for Pd,Fe.

The breakdown of the magnetic moment as the lattice
parameter is decreased (Fig. 2) can be understood in
terms of the electronic distribution in the solid. To this
end, results for PdFe, are given for two different volumes,
whose lattice parameters are @ =6.6929 and 6.5442 a.u.
(Table V). These values correspond to a deviation in the
lattice parameter of —4% and — 6%, respectively, from
its equilibrium value (Wigner-Seitz spheres with the same
radius in each case, that is, the radii are s =2.61559 and
2.5574 a.u.). An inspection of Table V gives a clear idea
of what happens with the electronic distribution when
the interatomic spacing is diminished. For both sites, as
volume is decreased there is an increasing number of
spin-down d electrons accompanied by a decrease in the
number of spin-up d electrons, which reduces their
difference and hence gives small magnetic moments. This
abrupt change in the magnetization can be viewed as a
“population effect” of the spin-down d states at Fe sites.
This can be clarified through Figs. 13 and 14, where the
total DOS at Pd and Fe sites is shown for two different
lattice parameters. At Pd sites [Figs. 13(a) and 13(b)] the
general features of the DOS for spin-up states are drasti-
cally altered when compared with the DOS for equilibri-
um volume [Fig. 10(a)]. Now it resembles the structure
of the spin-down DOS with a broadened peak around
0.35 Ry (0.32 Ry) below the Fermi energy, whose widths
are 0.14 Ry for —4% and —6% of the deviation, respec-
tively. These peaks are remnants of the peak in Fig.
10(a), which is centered about 0.29 Ry below the Fermi
level and has a width of 0.14 Ry. Therefore, there is an
increasing degree of localization of the majority-spin d
electrons at the Pd sites, and this clearly shows that
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FIG. 14. Total density of states (in states/spin Ry) calculated
for two lattice parameters near the colapse of magnetic mo-
ment: (a) spin-up and (b) spin-down electrons at the Fe site for
PdFe;. Solid line @ =6.6929 a.u. Dashed line a =6.5442 a.u.
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spin-up electrons are more affected than spin-down elec-
trons as the interactions between atoms become more
strong with reduction of lattice spacing. Further, these
interactions affect spin-up electronic states included in a
range from 0.30 Ry up to Fermi energy. From an inspec-
tion of Figs. 13 and 14 it is observed that, although there
is an entire shift of the DOS, some alterations in these
features occur, indicating the modification on the self-
consistent potentials felt by the electrons. One remark-
able aspect of these figures is that for both sites the struc-
ture of the DOS for up and down spins, as the volume is
decreased, becomes equal, so the system is driven to the
paramagnetic phase. At Fe sites (Fig. 14) it is more clear
that, as the volume decreases, the spin-up DOS is shifted
to higher energies, emptying up states and at the same
time populating spin-down states as the Fermi energy
moves to high energies. Therefore the magnetic break-
down comes from two factors; that is, the inversion of the
spin-up into the spin-down population can be viewed as a
shift in the DOS as well as the population of the spin-
down states at Fe sites by the excess electrons yielded by
Pd atoms.

IIT. CONCLUSION

We have studied, by fully self-consistent band calcula-
tions within the LMTO method, the electronic structure
of ferromagnetic Pd;Fe-, PdFe-, and PdFe;-ordered com-
pounds. Through an analysis of the results obtained it
was found that electronic and magnetic properties are
sensitive to the iron content in iron-palladium alloys. On
the one hand, we saw for these alloys a common behavior
of the electronic states that explains in the same manner
the formation of localized magnetic moments from an
itinerant-electron point of view, similar to the case of
Heusler alloys.?* Some theoretical results agree well with
experiment, and our calculated lattice parameters for
Pd;Fe and PdFe agree within 0.5% with respect to the
experimental values for each type of approximation for
the exchange correlation. Further, we have found no
large differences between the values obtained from these
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two calculations and the experiment. One possible way
to improve the results is to attempt to go beyond LDA,
as done by Manghi et al.** for GaAs and Si.

Concerning the stability of the compounds, the calcula-
tion for the internal excess energy show the stability of
Pd;Fe and PdFe with formation energies of —4.00
kcal/at.g. and —6.20 kcal/at.g., respectively. These
values must be compared with —0.53 kcal/at.g. (vBH)
or —0.16 kcal/at. g. (VWN) obtained for PdFe;. On the
basis of these results it can be said that PdFe; is at best a
metastable compound since its formation energy is so
close to zero. The electronic structure of these com-
pounds was studied as a function of the lattice parameter
with the aim of understanding the dependence of the
ground-state properties (charge transfer, magnetization,
etc.) with volume. As a consequence, the total magneti-
zation for Pd;Fe and PdFe are smooth increasing func-
tions of the lattice parameter, the main contribution for
this behavior arising from Pd sites, while for PdFe; a col-
lapse of magnetic moments (at both sites) can be seen as
the lattice parameter is decreased about 6%. This unusu-
al behavior of the magnetization was analyzed in terms of
the electronic redistribution of up and down states.
These low and high moment states were discussed in
terms of the general features of the DOS, as was done by
Roy and Pettifor’* for fcc iron. Remarkable changes
were observed in the structure of the spin-up DOS at Pd
sites, leading to an increasing degree of localization of the
majority-spin electrons. The collapse of magnetic mo-
ments was explained by the subtle changes in the DOS,
accompanied by the inversion of spin populations. To
our knowledge, the study of magnetic moment break-
down in this intermetallic compound has not been report-
ed previously.
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