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Electronic structure and optical response of L-Cepds
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A theoretical study of the electronic structure and the related optical response of L-CePd5 is
reported. The charge distribution is calculated self-consistently within the linear mufBn-tin-orbital
method in the atomic-sphere approximation. The exchange and correlation potential is treated in
the local-density approximation. The origin of the different electronic states is discussed in terms of
the hybridization between the Ce and Pd orbitals, and is illustrated by means of the /-projected local
density of states at each inequivalent atom within the unit cell. The different electronic population
at each inequivalent site is analyzed as a function of the local coordination number as well as by
considering the chemical character of the neighboring atoms. The different absorption peaks obtained
in the imaginary part of the dielectric function and in the real part of the optical conductivity are
traced back to particular interband transitions. A comparison of the present results with those for
other Ce-Pd alloys is made.

I. INTRODUCTION

In the past years, a considerable effort has been in-
vested both &om the experimental and theoretical points
of view in order to understand the electronic properties
and, in particular, the optical response in the Ce-Pd in-
termetallic compounds. Most of the exciting properties
exhibited by the ordered Ce-Pd alloys are due to the 4f
states of Ce, which are in the vicinity of the Fermi energy
(E~) and, thus, strongly hybridize with the conduction
4d band of the neighboring Pd atoms. The relative po-
sition of the resulting electronic states depends not only
on the concentration of Ce and Pd in the corresponding
alloy, but also in the particular geometrical arrangement
of the atoms, and confers to these materials a fluctuat-
ing valence character. Moreover, the geometrical order in
these materials has been observed to vary as a function of
the annealing temperature and pressure. This has an
influence in properties like the electrical resistivity which
increases significantly with pressure.

Spectroscopic measurements have been performed for
CePd3 by Allen et at. and Peterman et at. from which
the valence-band photoemission spectra have been ob-
tained. The empty states have been observed through
bremsstrahlung isochromat spectroscopy (BIS) by Hille-
brecht et aE. With respect to CePd7, the same prop-
erties have been studied through BIS, core level x-ray-
photoemission spectroscopy and x-ray-absorption spec-
troscopy by Beaurepaire et al. Besides, measurements
of magnetic susceptibility and specific heat have been
recently reported for this system. The theoretical
calculations for these compounds through the linear aug-
mented plane wave (LAPW) method (Refs. 13 and 14)
and through linear muffin-tin orbital (LMTO) (Refs. 15
and 9) present a rather good agreement with the above
experimental observations. In the case of CePd5, most of

the experimental efforts have been devoted to the study
of the electrical resistivity and the crystal structure '

as a function of the annealing temperature. However, up
to now, no experimental results concerning the electronic
structure and optical properties are available for this sys-
tem. In order to have a unified picture over the Ce-Pd
alloys, these properties deserve to be also investigated in
Cepd5. It is the aim of this work to present a detailed
theoretical study of the electronic and optical properties
of this alloy, and to compare the general trends obtained
with those for CePd3 and CePd7.

The rest of the paper is organized as follows. After a
brief account, in Sec. II, of the crystal structure of CePd5,
we will present in Sec. III the theoretical model used for
the calculations. The discussion of the results for the
electronic distribution and optical response is reported
in Secs. IV and V, respectively. Section VI summarizes
the results.

II. GEOMETRICAL STRUCTURE

The crystal structure of CePd5 has been recently an-
alyzed through x-ray diffraction by Kuwano et al. ' It
is revealed that this compound has two phases, one
stable at low temperature (L-CePds), and the other
at high temperature (H-CePds). The structure of L
CePd5 is regarded as orthorhombic with lattice parame-
ters a = 0.5700 nm, 6 = 0.4062 nm and c = 0.8461 nm.
The numbers of cerium and palladium sites in the unit
cell are two and ten, respectively. In Fig. 1, the unit cell
is illustrated and the coordinates of the twelve atoms are
given. By taking into account the different local environ-
ment of each atom, i.e. , the local coordination number
and the chemical character of the neighboring sites, five
different types of atoms can be found within the unit cell.
The two Ce atoms are equivalent (type 1) and there are
four types of Pd atoms: types 2, 4, and 5 with two atoms
in each case, and type 3 with four atoms.
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C FIG. 1. The twelve atoms of the unit cell
are illustrated, together with the coordinates
in the orthorhombic crystal and the di8'er-
ent types of sites. The Wigner-Seitz radius is
2.9748 a.u.

a=0.5700nm b=0.4062nm c=0.8461nm

III. THEORETICAL MODEL

The electronic structure from which the optical prop-
erties are to be calculated, has been determined self-
consistently within the LMTO method in the atomic-
sphere approximation (ASA). The charge distribu-
tion for the isolated atoms of the two species has been cal-
culated self-consistently by solving the relativistic Dirac
equation. These core states are then kept frozen in the
compound. The starting atomic potential is constructed
with 4f 5d 6s2 for Ce, and 4d 5s for Pd as the valence
electrons. Since the 4f electrons of Ce in the Ce-Pd
alloys are known to be in the vicinity of the Fermi en-
ergy (E~), most of the exciting properties expected for
this compound will come from the hybridization between
these localized states and the conduction d band. This
efFect is expected to have an important influence in the
electronic redistribution (charge transfer) and in the op-
tical response of the system. In spite of the above facts,
the 4f electrons have been considered as valence elec-
trons explicitly in the self-consistent calculation. Since
for narrow band the third-order LMTO method is only
valid in a relatively narrow energy interval around the
center of gravity, ' special attention has been focused
in obtaining the 4f-valence electrons within the energy
window, where the expansion of the muKn-tin orbitals is
accurate enough.

The exchange and correlation potential has been
treated in the local-density approximation (LDA), within
the von Barth —Hedin approximation. Although the
many-body efFects play generally an important role in the
localized states, it is now well established that as far as
the 4f states in the Ce-Pd alloys are nearly empty and
they afFect essentially through hybridization, the LDA
approximation for these states, as for the other valence
states, gives rather good results. ' Previous calcula-
tions for CePds (Ref. 15) and CePd7 (Ref. 9) within
the LMTO-ASA model have lead to rather satisfactory

agreement with experimental observations. ' Finally,
the combined correction to the ASA (Ref. 16) has been
taken into account in the calculations. All the integra-
tions in the Brillouin zone have been performed by using
the tetrahedron technique ' with 125 k points within
1/8 of the Brillouin zone.

IV. ELECTRONIC DISTRIBUTION
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FIG. 2. Total density of states (continuous line) and inte-
grated number of states (dashed line) per unit cell (2CePds).
E~ denotes the Fermi level.

The total density of states within the unit cell is plot-
ted in Fig. 2. The occupied part is characterized by three
regions of high density. In the unoccupied part, two re-
gions of high density are obtained. Figure 3 exhibits the
partial, orbital-projected local densities of states at each
inequivalent site within the unit cell. A comparison with
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FIG. 3. The orbital-projected local densities of states at
each inequivalent atom within the unit cell. The dotted line
corresponds to the s symmetry, the dashed line to the p sym-
metry, the solid line to the d symmetry, and the long-dashed
line to the f symmetry.

Fig. 2 allows us to explain the origin of the difFerent struc-
tures obtained in the total density of states, and to illus-
trate the hybridization and I character of each particular
state. The occupied part has mainly the 4d character
from the Pd atoms, and a small amount of (Pd) sp and
(Ce) d character in the lowest energy region. Hybridiza-
tion between (Pd) d and (Ce) f states takes place also
in the occupied part near E~. The three high-density
structures of the occupied part are clearly identified in
the local density of states of the Pd atoms of type 2.

These atoms are characterized by a local neighborhood
in which only one Ce nearest neighbor is present and the
rest of nearest neighbors are atoms of Pd. Thus, the local
density of states resembles that of pure Pd. However, as
the relative number of Ce neighbors in the local environ-
ment of the different Pd atoms increases, we observe a
tendency to a narrowing of the corresponding local den-
sities of states, together with the vanishing of the occu-
pied high-density region near the E~. This is particularly
clear in the Pd atoms of types 4 and 5 having three and
four Ce nearest neighbors, respectively. The presence of
such high number of Ce in their neighborhood gives rise
to a reduction of the covalent bonding and as a conse-
quence of the narrowing of the local density of states and
an increase of the electronic occupation is obtained, as
discussed below. With respect to the unoccupied part,
the first large peak above E~ is due mainly to the 4f
electrons of Ce, although some hybridization with the
unbonded 4d states of Pd can be observed. A compari-
son with CePds (Ref. 15) and CePdq (Ref. 9) reveals a
shift of this localized 4f peak towards the Fermi energy
when the concentration of Ce increases in the compound.
Finally, the second peak in the empty region has the Ce
d character and 8, p, and d contributions from the Pd
atoms mainly of type 4 and 5 and to a small amount of
type 3.

The hybridization efFects have a strong in8uence on
the resulting local electronic occupations. In Table I,
the results are reported for the number of valence elec-
trons (Ni ) per spin (0) for the different orbitals (l) at
each of the five inequivalent sites within the system. The
density of states at the Fermi energy ( g& n& (Ep)) as
well as the charge transfer (AQ / atoin) are also given.
For the sake of comparison, we have included within
the table the corresponding values for CePd3 and CePd7
taken &om previous works. ' We obtain a charge trans-
fer &om the Ce atoms towards the Pd neighbors. The
same trend was obtained for the other two compounds.
The total valence-electronic occupation obtained in each
Ce atom of CePds is 2.884e . Therefore, the Ce atoms
are more like trivalent, as in the case of CePds (2.880e )
and CePd7 (2.876e ). The excess of electrons in the
Pd atoms (calculated within the Wigner-Seitz sphere of
Rws = 2.9748 a.u. ) depends on the local geometrical
and chemical environment of each of the four types. In
particular, it can be directly related to the number of
Ce atoms in their neighborhood. Thus, the Pd atoms of
types 2, 3, 4, and 5 have one, two, three, and four Ce
first neighbors, respectively, so that the gain of electrons
coming from these Ce atoms increases from 0.078e in Pd
(2) to 0.186e in Pd (3), 0.269e in Pd (4), and 0.397e
in Pd (5). This trend can be verified by comparing the
departure from the local neutrality of the Pd atoms of
type 3 in CePds (AQ/atom = —0.186e ) with that of
Pd atoms of type 3 in CePd~ (AQ/atom= —0.173e ).
In these two cases, both Pd atoms have two Ce neigh-
bors and a similar AQ/atom. The same holds for Pd (5)
in CePds (AQ/atom= —0.397e ) and Pd (2) in CePds
(AQ/atom= —0.372e ), which have four Ce neighbors.

For the Fermi density contribution in Table I, we have
presented the total density of states at E~ for three
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TABLE I. Orbital-projected electronic occupations (Nt ), local densities of states at the Fermi
energy ( P& n& (E'&)), and the departure from the local neutrality (AQ/ atom). The corresponding
results for CePd3 and CePd7, taken from Refs. 14 and 15, respectively, are included for the sake of
comparison. o. denotes the spin and I = s, p, d, f the orbital quantum number. (*) For Cepds, the
authors have given only the total density of states per unit cell at the Fermi level.

CePd5
Ce(1)
Pd(2)
Pd(3)
Pd(4)
Pd(5)

CePd7
Ce(1)
Pd(2)
Pd(3)

CePd3
Ce(1)
Pd(2)

0.108
0.318
0.325
0.350
0.384

0.108
0.312
0.325

0.138
0.361

Np

0.110
0.303
0.318
0.344
0.344

0.109
0.316
0.293

0.110
0.323

0.728
4.371
4.404
4.393
4.433

0.601
4.370
4.426

0.589
4.458

0.495
0.047
0.046
0.047
0.047

0.619
0.045
0.041

0.603
0.043

g, m;

1.442
5.039
5.093
5.135
5.198

1.438
5.042
5.086

1.440
5.185

Q, n, (EF)

10.369
2.440
3.107
1.294
1.245

7.355
5.425
3.905

13.56*

AQ/atom

1.116
—0.078
—0.186
—0.269
—0.397

1.123
—0.085
—0.173

1.117
—0.372

compounds. For CePd3, the authors have given many
possible values under different conditions of calculations.
So in the table, we have given the value which corre-
sponds to the present model of calculation. The specific
heats measurements 3' 2 confirm the general trends of
n(E~) in the case of CePds and CePd7. Unfortunately,
such measurements in the case of CePd5 are still lacking.

(2)

for i = x, y, z. The total optical absorption is, then,
calculated as

V. OPTICAL RESPONSE
o (T)( )

~ (~)( ) + s~ (v)( ) + sb (~)( )

Once the self-consistent energy bands are obtained, the
optical response can be easily calculated. The optical ab-
sorption is directly proportional to the imaginary part of
the dielectric function s(cu) = si(cu) + is2(w), ur being
the photon frequency. The function s2(w) incorporates
two terms: one term, sz (w), which accounts for intraband
transitions (Drude's term), and another term, s~2(w), cor-
responding to interband transitions, which is calculated
in the present work. In the limit of zero linewidth (in-
finite lifetime of the states), the interband term has the
following expression at T = 0 K:

e

2%fA

Here, n and n' indicate the occupied and empty bands,
respectively. The unit vector in the photon direction is
denoted by e, and P „~(k) is the dipole matrix element
between the states

I nk) and
I

n'k). The integration is
performed within the region of the Brillouin zone where

~„„(k)= E„(k) —E„(k) = h~.
For an orthorhombic material, the contributions to the

dielectric function from the different directions have, ac-
cording to the above expression, the following form:

Although we determine the dielectric function by means
of the wave functions calculated for the ground state,
it has been established in preceding works that the
LMTO method gives good agreement with experimental
data, particularly in the low-energy range.

More related with experiments is the real part of the
optical conductivity, a i' (w) = ws2' (w)/4vr. The re-~ . s, (v ) s, (T)

suits for s2' (w) and o.i' (cu) are plotted in Figs. 4 and
5, respectively. One can see the rich peak structure ob-
tained through the band calculation. This is partly due
to the fact that the structure of CePd5 is composed of five
inequivalent atoms within an orthorhombic crystal, so
that each component of the dielectric function [s'z'

*
(w),

i = z, y, z] at each inequivalent atom contributes differ-
ently to the total optical absorption spectrum. In Ta-
ble II, the energies corresponding to the different absorp-
tion peaks for CePd5 are reported, together with those
obtained for CePd3 in previous calculations.

A comparison with CePd3 reveals the richer peak
structure in the case of CePd5, particularly in the low-
energy region (hw & 0.20 Ry). However, due to the finite
lifetime of the states, not all the peaks obtained in the
calculations are expected to be observed in future exper-
iments. For instance, in the low-energy region, we expect
the peaks C, D, E, and probably I to be observed. In the
high-energy region, J and K (which could appear as a
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FIG. 5. The real part of the optical conductivity, cri' (cu)
versus w. oi' is expressed in Ry (1 Ry = 3.2885 x
10 sec ).

unique broad peak in the experiment), and I should also
be characterized. The origin of the diferent absorption
peaks can be traced back to particular interband transi-
tions as indicated in Table II. The significant high-density
regions, which play an important role in interband tran-
sitions are indicated by small letters in Fig. 2. The peak
C has its origin mainly in d —+ f transitions in Ce, and
p ~ d and d ~ p transitions in Pd atoms of types 2 and
3. The states from which these transitions occur can be
identified in the total density of states (Fig. 2). Thus,
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the position of the absorption peak C corresponds to the
energy between the peak labeled i and the one labeled
j. The peak D is attributed also to d + f transitions in
Ce, and p ~ d and d —+ p in Pd atoms mainly of type
2 [peaks (h, j) and (i, k) in the total density of states].
The absorption peaks E and I have their origin mainly
in d ~ f and f -+ d transitions in Ce, and p -+ d and
d ~ p in Pd atoms of all types [peaks (g, j) and (h, k)
in the total density correspond to E, and (f, k), for in-
stance, corresponds to I].

As we approach to higher-energy regions, we find an
increasing broadening of the corresponding peaks due
to the fact that more transitions are possible from the
numerous occupied d(p) states towards the unoccupied
p(d) states of Pd. Finally, in the high-energy region
(hu ) 0.20 Ry), considerable broad J, K, and I peaks
are obtained. We attribute their origin to (Ce) d ~ f
and (Ce) f ~ d transitions as well as to (Pd) d ~ p and
(Pd) p ~ d transitions. In the case of CePds, in the high-
energy region the corresponding peaks were noted as E,
E, and G in Ref. 15, and they lie at somewhat lower ener-
gies than the corresponding J, K, and L peaks in CePd5.
In Ref. 15, these structures were attributed to mainly
(Pd) d -+ p transitions. Later, Koenig and Knabsi after
a detailed study came to the same conclusion that these
peaks were mainly due to (Pd) p ~ d transitions and the
contribution from (Ce) d -+ f transitions was found to be
negligible. These theoretical results were in contradiction
to the explanations given by Hillebrands et al. , where
they invoked the possibility of intersite (Pd) d ~ (Ce)
f transitions. But this idea was put forward before the
energy bands of CePd3 were calculated. In the present
case of CePd5, the peaks J, K, and L are predominatly
due to the (Pd) d + p transitions with some contribu-
tion of (Ce) d ~ f. To check the part played by the (Ce)
d -+ f transitions, we have switched off these transitions
in the calculations of a~2(~). Thus, we obtain the results
where f state is totally ignored. The result is shown by
a thick dash-dot-dash curve in Fig. 4. When we compare
these results with thick continuous curve where d ~ f
transitions are included, we see that in the low-energy
range the d -+ f transition is almost as important as sp
and pd transitions, whereas in the high-energy range, the
contribution is mainly due to pd transitions with a small
contribution of d M f transitions.

In the general expression (2), the term
I
P„„(k) I

con-
tains different kinds of contributions. When one is deal-2.
ing with only s and p states,

I
P (k) I

is composed of
the following terms:

100.0
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FIG. 6. The imaginary part of the dielectric function,
(u) versus u: total contribution of spdf (thick solid

line), contribution of spd (dashed line), contribution of df
(dotted line), and the cross contribution spd df (dot--dashed
line).

tive, whereas the last term which we call indirect contri-
bution may be positive or negative. The corresponding
total sz"(ur) will contain all these terms, but it is easy
to obtain the parts played by the different contributions.
When spdf states are involved, one can decompose s2(~)
as follows:

s2"" (~) = s2'"(~) + s2'(~) + Ez"" "'(~).

sz (w) is the total contribution of the direct as well
as indirect terms of all Spd states. In this situation,
the indirect terms also involve the contributions like
2 [(P'",(k) )& x (P ",(k) )&+ ], as well as 2 [(P"",(k) )& x

(P ",(k))R + . .
] along with the last term in Eq. (4).

s2«(w) is due to the direct and indirect contributions of
the df states. The last term is the cross contribution of
spd and df In Fig. (.4), we have given the total sz" «(~)
and sP (u). To see how important the other terms are,
we show in Fig. 6 all the four terms in expression (5). At
low energy, sz «(w) has appreciable negative as well as
positive contributions, whereas at hu ) 0.10 Ry it fluctu-
ates around zero. Though it is a nice theoretical exercise
to dissect the total st(w) into the relevent components,
unfortunately, these sophisticated details cannot be ver-
ified experimentally.

IP- (k) I
= IP.'". (k) I

+
I P.":(k) I

2[(P„'"„,(k) )~ x (P„"„',(k) )~

+( .'". ( )) ( .".' ( )) ]. (4)

P'", (k) is the dipole matrix element when the s symme-

try of the initial state
I

nk) and the p symmetry of the
final state

I
n'k) are involved. The subscripts B and I

stand for real and imaginary parts. The first two terms
which we call the direct components, are always posi-

VI. CONCLUSION

The self-consistent band-structure calculation for L-
CePd5 gives an electronic distribution with three high-
density regions in the occupied part, which come mainly
&om the 4d band of the Pd atoms that hybridizes with
the 4f electrons of Ce near the Fermi energy. The Fermi
energy lies in a pseudogap very close to the very localized
4f states of Ce which hybridize, as well, with the un-
bonded 4d electrons of Pd. An electronic charge transfer
from the Ce atoms towards the Pd neighbors is obtained
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and divers for each atom depending on its local neigh-
borhood. Similar behaviors have been obtained in the
other Ce-Pd alloys. A rich structure for the optical ab-
sorption spectrum has been obtained, particularly in the
low-energy region. The diferent peaks have been traced
back to particular interband transitions. The outcome
of the present theoretical work awaits experimental con-
firmation. But, since the agreements between calculated
values 5 and the experimental observations '3 ' ' for
CePds and for CePdq (Ref. 9) are good, we expect future
experiments on CePd5 to confirm the general features of

the electronic structure and optical spectrum presented
in this work.
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