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Valence fluctuation in Eu compounds: Role of charge screening
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Observed valence states of various europium intermetallic compounds exhibit a systematic trend. They can
be classified into two groups, i.e., intermetallics of strong d character at the Fermi level and s-like band
intermetallics. Among the latter, Eu’* is the only stable configuration. The role of the d- or s-like
character of band structure of the compounds is discussed with respect to the stabilization of the various Eu
configurations within a one-center picture. Charge screening plays a dominant role in this process. This
discussion bears on the physics of fluctuating-valence systems, as well as on the electronic structure of
various classes of intermetallic compounds. A numerical analysis is performed considering a Moriya-like
model density of states to describe the conduction states of the Eu compound. One illustrates the role of
screening in the crossover between the two europium configurations in Eu(4,_,B,), intermetallic compounds.
Effects connected with temperature are also briefly discussed within our picture.

I. INTRODUCTION

In recent years the study of rare-earth com-
pounds which exhibit valence fluctations raised
several interesting questions, both from experi-
mental and theoretical points of view.! In partic-
ular, systematic measurements concerning euro-
pium intermetallic compounds have been performed
by different experimental techniques and a number
of systems which present mixed valence configura-
tion were discovered.

The purpose of this paper is twofold. Firstly,
we want to suggest that charge screening provides
a physical mechanism connecting the band structure
of europium intermetallics to the stability of Eu?*,
Eu®* configurations or to the valence-fluctuation

regime. This simple picture may explain the
change of excitation energy (E ,,) between two euro-
pium valence configurations which can be obtained
from experiments.? The role of charge screening
has been independently stressed by Haldane® in
connection with cerium-based fluctuating-valence
systems. This suggests that it is of basic impor-
tance to the physics of any fluctuating-valence sys-
tem.

Secondly, we intend to bring out the role of
screening in the crossover between two europium
valence configurations as a function of the concen-
tration x in pseudobinary intermetallic systems
like Eu(A,. B,),. Also, for a given intermetallic
compount like EuA,, we show the behavior of the
valence state of europium with thermal smearing

TABLE I. Some experimental results reported in the literature for the Eu valence in several

intermetallic compounds.

EuNig (3+)¢

EuCug (2+)¢

EuAl, (2+)?
EuAl, (2+)?
EuZng (2+)4

EuCu, (2+)¢ EuZny(2+,3+)?
EuCu (2+)" EuZn (2+)1
EuPd; (3+)° EuAg; (2+)9 EuCd; (2+)?
EuPd; (3+)¢
(3+)%
EuRh, (3+,2+)® EuPd, (2+)% EuAg, 2+)1 EuCd, (2+)!
EuPd (2+)* EuCd (2+)1!
EuPt; (3+)¢ EuAu; (2+)¢ EuHg; (2+)!?
EuHg; (2+)!
(3+,2+)¢ (3+,2+) %t
Eulr, (3+)9 EuPt, (2+)8 EuAu, (2+)1 EuHg, (2+)!

EuHg (2+)!

2From Ref. 4.
®From Ref. 2.
¢From Ref. 7.
dFrom Ref. 6.
®From Ref. 10.

! From Ref. 9.
€From Ref. 8.
B From Ref. 11.
'From Ref. 12.
I From Ref. 5.
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of the density of states at the Fermi level.

As far as band structure is concerned, the com-
pounds presented in Table I could be classified into
two groups, namely, intermetallics of expected
strong d character of the electron states at the
Fermi level and s-like band intermetallics. So,
one expects that the left-hand side of Table I cor-
responds to transition-metal-like densities of
states at the Fermi level as contrasted with the
compounds on the right-hand side (e.g., EuAg,)
which are expected to have s-like conduction-elec-
tron character at E;. Therefore, we argue that
the stability of the Eu-4f7 configuration, in these
compounds, depends strongly on the character
(and consequently on the values) of the density of
states near the Fermi level of the metallic com-
pound. More specifically, the Fermi level lies in
a region of high density of antibonding states.!?

Another piece of information given in Table I is
that compounds like EuPd, EuPd,, EuPd,, EuPd,
show a transition from Eu®** to Eu® valence state
as the Pd concentration increases. Contrary to
such behavior, in Au or Ag compounds the valence
state Eu?* does not change with the amount of
noble-metal atoms.

In Sec. II we discuss the stability criterion for
various Eu valence regimes within the framework
of one-center impurity model. In Sec. III we dis-
cuss numerically some implications of the model,
namely, the crossover between Eu** and Eu®** con-
figurations in Laves-phase intermetallic com-
pounds like Eu(A,. B,), and temperature effects in
a compound like EuA,. Finally, Sec. IV is de-
voted to general discussions about the limitations
of the model, its connection with Haldane’s® one-
center picture, and the further developments of
the present work.

II. MODEL

We adopt here, for the sake of simplicity, a one-
center impurity model. This means that one con-
siders only one Eu atom embedded in a d- or s-
like band metal. This corresponds to neglecting
the amount of concentration of the intermetallic;
however, as will be shown throughout, within this
simple approach one obtains a qualitative explan-
ation of the principal features in Table I. So, we
believe that on the whole, the physics of the Eu
valence-fluctuation phenomena in such compounds
can be accounted for within a one-center picture.

In order to understand qualitatively the syste-
matics exhibited in Table I, we want to establish
a stability criterion of the three possible Eu con-
figurations, i.e., all Eu in the 2+ valence state,
all in the 3+ state, or a mixture of valence states.

Let us start with the electronic structure of the

intermetallic compound as derived from a band
calculation assuming all the Eu atoms to have a
4f" configuration. We now look into the stability
of the assumed Eu-4f" electron configuration with
respect to an electron transfer to the conduction
band producing a 4f° configuration plus an extra
conduction electron. In the light of our model this
corresponds to an impurity-like situation where
a 1+ charge is left with respect to the 47 shell
and should be screened by the electrongas. This
screening preserves the overall charge neutrality.
In order to ensure charge neutrality, starting
from Friedel’s sum rule for the one-band case in
tight binding we obtain'*

_i_@. ., TVpN(E ) _

AZ =1= — tan -i———f/_l"_h(gj (A=sord), (1)
py(w), F,(w), and &, being the A density of states
(normalized to unity), its Hilbert transform, and
the degeneracy of the A band, respectively. The
self-consistent screening potential V is determined
from Eq. (1).

A measure of the localization of the screening is
then given by the occupation of the “impurity cell”

_ Ep 1
om0 ""*f,:m([l VR PV R @) 1)

X p,(w)dw, (2)

where E, , is the energy of the bottom of the band.

The stability criterion for the Eu?* configuration
now follows. Suppose that €, is the energy of the
4f7- shell Eu configurations and introduce €4 as
the energy of the 4/® Eu pure ionic configuration.
One expects, using, e.g., the simple Hirst’s re-
lation for the zero-order energy of a n-electron
ionic configuration,'®

€,==Upn+3Fpn-1), (3)

that €, is larger than €,. In Eq. (3), U, is an
ioniclike attractive potential and F, is a radial
Slater integral.

The Eu configuration involving seven electrons
with six 4f electrons plus one electron transferred
to the conduction band is expected to have an en-
ergy €,, which is different from the previous pure
ionic 4f® configuration energy €,. These energies
are connected by the relation'®

€e=€5— 2_7,0n,(0), (4)
A

where 7,>0 is the change in energy introduced

by the presence of o,(0) A electrons (A=s or d)

in the Wigner-Seitz cell of Eu. A more precise
definition of ¥, would be v, = 2€¥°4/a0n,, the ener-
gy €% being defined as the energy of the 4f®
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configuration plus one electron in the 5d atomic
orbital.

From expressions (1) and (2), specified for d
and s electrons, one simultaneously insures
charge screening of the extra charge and deter-
mines the amplitude of A electrons at the “impur-
ity cell.” From Eq. (4) one sees that the piling
of A electrons at the Eu site tends to lower the
energy €, the maximum lowering depending on
electronic quantities like on,(0) and 7,. This sug-
gests that for a strong piling of the screening
charge at the “impurity center,” one may obtain
an &€ comparable to €, or even lower. A crude
estimate of 7, borrowed from the case of isolated
ions is provided for A =d by v, =€~ €,, assuming
that only d states are involved.

For a given intermetallic of s-d-like density of
states, screening may be achieved, in principle,
by both d and s states. However, in general,
owing to the character of the d states (small
bandwidth and strong density of states) we ex-
pect screening to be due to d states, when the
Fermi level lies in a region of available d states.
On the other hand, if one considers a band struc-
ture where the Fermi level lies in a region of pre-
dominantly s-character states it may happen that
local screening cannot be achieved at all. This
is because the small density of states in the broad
s band sets too low a limit for the available dis-
placed charge. This corresponds, in our picture,
to the stabilization of the Eu®* configuration.
Therefore, one can understand qualitatively why
Cu, Ag, Au compounds with several noble-metal
concentrations remain always in a Eu®** configura-
tion. Note that the EuZn, compound situated on
the right-hand side of Table I shows a singular
behavior, i.e., a fluctuation regime. We suggest
that this discrepancy may be associated with a
property of the density of states (presence of
conduction 4 states). A similar behavior, show-
ing anomalous d-band character, is responsible
for the peculiar magnetic properties of the ZrZn,
compound.!?

In Fig. 1(a) we show the stable 4f” configuration,
the valence of the Eu atoms being 2+, We assume
that the & and €, levels have natural linewidths
A and A,, respectively. One obtains the stable
41" configuration when the €, level has an energy
lower than €, and no overlap occurs between them,

A valence-fluctuation regime is schematically
drawn in Fig. 1(b). This case is characterized by
an overlap between the two & and €, levels. If
one has a concentration y of atoms belonging to
the Eu?* configuration and consequently a concen-
tration 1 —y of atoms belonging to the Eu®* con-
figuration, from our point of view a 1+ charge
must be self-consistently screened in such a way

€
+A.6 __________ — ¢
6
4, 67
(a)
€
......................... €e
A
6 -
E}_ .......... — €¢
4, €
(b)
€
"""""""""""" 66
A?
I €,
+As‘— '''''' T &

(c)

FIG. 1. Schematic energy levels corresponding to
the three possible valence configurations. The error
bars indicate level widths.

that the term 25, ¥,0n,(0) of Eq. (4) implies that
the difference €;- €, characterizes a definite
mixed-valence state.

Finally in Fig. 1(c) the stable 4f° configuration
is shown, the valence of Eu atoms being 3+. In
this case the €; level is lower than €, and no over-
lap exists between them.

From the experimental point of view, the Eu®
valence behavior is observed when, e.g., the
amount of Pd in EuPd, EuPd,, EuPd;, and EuPd,
is increased. According to our picture one ex-
pects a corresponding increase in the d density of
states at the Fermi level.

Another similar situation is presented by sys-
tems like Eu(Ir,. Pt,),. Again one expects that
the d density of states at the Fermi level of such
compounds decreases with the increasing concen-
tration x. So, the Eu valence must change from 3+
towards 2+, which is indeed observed experimen-
tally.'® On the other hand, it follows from Table
I that EuT, compounds, T being a 5d transition
element like Ir, stabilize the Eu®* configuration
in agreement with previous band calculations'®
which show that in Laves-phase intermetallics with
Co, Rh, and Ir the d density of states increases
when one goes over from 3d to 5d transition ele-
ments,

III. NUMERICAL RESULTS

In Sec. II, we have presented a one-impurity-
center model and we have explained in a qualitative
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way the observed valence states of Eu ions in
quite a large range of Eu intermetallic compounds,
listed in Table I.

We now want to explore numerically some fea-
tures of our simple model. The details of the band
structure of Eu intermetallic compounds, consid-
ered in Table I, remain, to our knowledge, un-
known. So, it is beyond the scope of this section
to provide a direct check with some available ex-
perimental results starting from a first-princi-
ples calculation of the density of states. However,
our numerical estimates, based on this quite
naive model, agree with the main tendencies ob-
served experimentally.

In what follows we explicitly consider a simple
model-band structure describing Eu intermetallic
compounds, namely, a Moriya-like density of
states.?® Furthermore, we hope that if one con-
siders an Eu(4,_ B,), intermetallic system, where
A and B are neighbors in the Periodic Table, the
rigid-band approach is not so drastic.

Next, we begin the discussion concerning the
crossover between Eu** and Eu®* valence states.
Let Eu(A,.,B,), be a pseudobinary intermetallic
system, where A and B can be nd transition metals
(n=3,4,5) and x ranges from 0 to 1. We suppose
that Eud, has a stable Eu®* configuration, EuB, has
a stable Eu®* configuration whereas for values x
between 0 and 1, one assumes that the Eu(A,. B,),
compounds can exhibit a fluctuation-valence re-
gime.

For simplicity’s sake the following assumptions
will be made: (i) The linewidth A, associated to
the €, level is a sharp one. This corresponds here
to supposing the linewidth A, as an effective one.
(ii) The separation between the energies of the two
levels €, and ¢, is chosen to be one half of the ef-
fective linewidth A; associated to the € level.

This implies that substitution of a small concen-
tration x of B atoms by the same amount of A
atoms may modify the initially measured Eu val-
ence state of the EuB, compound.

In fact, real systems can exhibit a similar be-
havior. For instance, starting from the EuPt,
compound, if a small quantity of Pt is substituted
by Ir, isomer shift measurements'® in
Eu(Ir,_ Pt ), suddenly show a small variation of
the Eu valence state. This change of Eu valence
can be more rapid for a smaller range of x vari-
ation as indeed observed'® for Eu(Rh, Pt ),, where
a complete crossover is performed from the stable
Eu?* state (corresponding to x ~0.5) towards the
Eu®* state.

As discussed in Sec. II, the three possible re-
gimes are shown in Fig. 1, namely: (a) the stab-
ilization of the Eu®* state (corresponding to the
EuB, compound); (b) a crossover configuration,

where the valence goes from Eu®* to Eu?* (cor-
responding to a compound like Eu(A_ B,), for a
given x); (c) the stabilization of the Eu* state
(corresponding to the EuA, compound).

Consider the two stable situations (a) and (c),
where the fluctuating-valence regime has not yet
begun but is incipient. From Eq. (4), one has

Eo>71=€— €g=€; - €+ 7,0n3*(0), (5a)
E

1

& — €= €= €, — 7, 0n2%(0). (5b)

ex7—>8

Here, E, is the excitation energy at 7=0 K, and
on3*(0) and n3*(0) denote, respectively, the varia-
tion of the occupation at the impurity center as-
sociated with the Eu atom in valence states 3+

and 2+. We have disregarded in the above equa-
tions s contributions like y,6n,(0), as discussed
previously.

It is to be stressed that these excitation energies
represent the mean energy necessary to promote
an f electron from one configuration level to an-
other.

Equations (5a) and (5b) yield

_ Eexa.,-,'f'Em—»E

= = e
74 6”:‘(0) - Gni#(o) 5}1:*(0) - 6’,134(0) ’ (6)

where, by using the above assumptions (i) and
(ii), we take E 5 .,=-E ., 5= Ag/2.
In case (b) one has for the energy difference be-
tween the levels €; and €,
|E o) |= &) - €;|= |€s - €, - Y49m3(0)
From Egs. (6) and (7) one has
20n%(0) @)
5737(0) — on2(0) |* '

. (7

B o) =31

In order to simplify our numerical estimates,
one additional assumption of pure computational
nature will now be made.

As mentioned before, the EuA, and EuB, com-
pounds exhibit a Moriya-like density of states,?

p(w)=C(1 - w?/a?), (9)

where A is the bandwidth and C is a normalization
constant in order to ensure that

Etop
f plw)dw=1.
Epot

One considers that the Fermi level of those
model compounds are located in the Moriya band
[Eq. (9)] in such a way that EuA, corresponds to
a band filling #,=0.9 electrons and Eu valence
state 3+, whereas EuB, corresponds to a band
filling n, = 1.0 electron and valence state 2+.

Consequently the term 23*0) in Eq. (8) is equal
to zero. Therefore, as far as occupation numbers
are concerned, the excitation energy E, (x) will
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FIG. 2. Plot of 6n,4(0) as a function of the band filling
at T=0 K.

depend only on the occupation on3*(0) and 6n%(0).
Concerning the absolute value of the excitation en-
ergy E ., one verifies a monotonic decrease until
the €, level reaches the center of the effective €,
level. From this point on, the |E_| increases
until the value 4;/2 is recovered, thus correspond-
ing to the EuB, compound.

The mean number of electrons as a function of
the B atom concentration is

N,=0.9(1-x)+1.0x . (10)

The estimated valence is obtained as follows.
Supposing 0<x <1, according to Eq. (10) and using
the rigid-band model, one obtains N,. So, a defin-
ite Fermi level is calculated and consequently
on3(0) (see Fig. 2) and E (x) are obtained also
through Egs. (2) and (8).

The situation corresponds to an overlap of the
sharp €, level with the €, level. Since there is
one electron to fill up the two basic Eu configura-
tions, given a fraction y of the available electron
which “occupy” the €; level having 3+ valence
state, the remaining electron fractions 1-y have
a 2+ valence state. Then the average valence
(see Fig. 3 and Table II) is given by

7=3y+2(1-y). (11)

Bauminger et al.'® have measured the lattice
parameter at room temperature of Eu(Ir,. Pt,),
as a function of x. Assuming that the average

Lo

}
t
02 04 Gs 08 10X

FIG.3. Average valence values 7 as a function of the
concentration x of B atoms. Also indicated are the
valence values for Eu in Eu(Ir;  Pt,), compounds obtained
via lattice parameters measurements (Ref. 18). (See
text.)

TABLE II. Values for 674(0), 2Eq/Ag and 7 for x
concentration in the Eu(A,.,B,), pseudobinary intermetal-
lic compounds.

x 513(0) 2E on/Ag 7

0.0 0.62 1.00 3.00
0.2 0.53 0.71 2.94
0.4 0.44 0.42 2.80
0.6 0.33 0.06 2.54
0.8 0.19 0.39 2.22
1.0 0.00 -1.00 2.00

valence of Eu varies linearly with the lattice
parameters, one can estimate values for the Eu
valence state in such compounds. These values
are also presented in Fig. 3 in order to get a
comparison between our model system and a real
one.

Now a few comments concerning temperature
effects. As pointed out in Sec. I, the influence of
the temperature on the variation of the Eu valence
state in EuA, intermetallic compound can be de-
scribed within our model. In fact, the inclusion of
temperature yields for the variation of the occupa-
tion at the impurity center

- i 1
on,(0;T) _ad.[., (H — VFd(w)]2+7TzV2p:(w) - 1)
X flw)py(w) dw, (12)

f(w) being the Fermi-Dirac function. It is to be
expected that the occupation 6n,(0,T) decreases
with increasing 7. If one imposes a charge
screening equal to one in Eq. (1), where the den-
sity of states [Eq. (9)] is modified by temperature
[through f(w)], the self-consistent screening po-
tential V would increase with temperature. In or-
der to obtain physically reasonable results we
make the following assumption: for a given T one
considers the localized potential as being the
same as obtained self-consistently at 0 K, the
“additional” screening being then performed by
the next neighbors. We neglect these next-neigh-
bors contributions in the calculation of dn,(0, T) at
the impurity cell. Clearly, when the next-neigh-
bors contribution becomes important one arrives
at the breakdown of the “one-center impurity mod-
el.”

Numerical calculations show that within our band
model [Eq. (9)], for the reasonable temperatures,
the changes of On,(0) with T are negligible. So,
we have used also quite unrealistic values for the
temperaure (see Fig. 4), just to exhibit a notable
temperature effect.

We want to show the possibility to obtain a cross-
over process of the Eu valence value due to temp-
erature within our picture. The occupation num-
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FIG.4. Plot of 6n,4(0)as a function of the band filling
for different values of the temperature 7.

ber at the impurity cell as function of the band f
filling is plotted in Fig, 4 for several values of the
temperature 7.

Finally some experimental remarks are in order.
The effect of temperature on the excitation energy
is observed to be very weak in EuRh,.?' This
agrees qualitatively with our band model Eq. (9).

In fact, our model suggests one needs a very
strong value for the T parameter to obtain a change
in 6n,(0) and consequently a change on the Eu val-
ence state. On the other hand, EuCu,Si, shows?

a strong dependence of the excitation energy with
temperature. We claim that for this case, the d
density of states must have a high density around
the Fermi level in a region comparable with 2 T.

IV. FINAL REMARKS

We discuss some limitations of the model de-
scribed in this paper, i.e., the one-center picture.
It could be argued that in intermetallic compounds
such as Eud, (z=1,2,3, etc.) or pseudobinary
Eu(4,_, B,), compounds the Eu-atom concentration
would invalidate the one-center picture adopted here.

We claim that the main physical idea, namely,
that of screening of charge fluctuations is ex-
pressed by the Friedel sum rule'* in the one-center
problem and by the concept of charge transfer!® in
concentrated systems. The latter tends to deter-
mine self-consistently the best approximation for
atomic charge neutrality. We believe that the
picture developed above, although with the one-
center limitation, brings out the main physical
point, that of association valence fluctuations to the
the possibility of ensuring the charge screening.

This paper does not consider explicit time de-
pendences for physical quantities, such as, for
example, the decay time which would appear in a
calculation of the charge-charge correlation func-
tion. Screening is invoked to discuss the relative
position of the €; and €, levels. The time depen-
dences mentioned above are phenomenologically
lumped together in the f-level width A, and A,,
for which we do not present a theoretical treatment.

The results of Sec. II show evidence that our

simple model accounts qualitatively for the ob-
served features (cf. Table I). We emphasize that
a conceptual advantage of our picture is that it
provides an intermediate view between opposite
approaches to the valence fluctuation problem like
“jonic model”® or the pure one-electron “band
picture” of valence fluctuation.?

Recently, Miedema'! noted that the Eu?®* con-
figuration is unstable in alloys and compounds
with heat of formation larger than 23 kcal/g-
atom. This indicates that the instability of the
Eu®* configuration sets in when the density of
states at the Fermi level lies in a region cor-
responding to a cohesive energy larger than (by
a factor of 2 or 3) for noble-metals, i.e., with a
significant number of empty antibonding d band
states. This agrees qualitatively with our point
on the role of screening in valence-fluctuation Eu
compounds.

The inclusion of the concept of charge screening
in the valence-fluctuation problem has been inde-
pendently developed by Haldane® in connection with
Ce compounds. This theoretical approach is also
based in a single-impurity view of the problem
and starts from the Anderson model. The classi-
cal nondegenerate Anderson model is complemented
by the inclusion of an interaction term coupling the
local f states and the conduction states, which he
considers to be a degenerate d band. Using sym-
metry arguments, the extended Anderson model
reduces to two separate subspaces: one respon-
sible for charge screening and the other associ-
ated to Anderson resonance model in such a way
that charge neutrality is ensured. Haldane’s work®
may be compared to ours in the following terms.
The subspace solution of the Anderson model is
replaced in our work by Eq. (4) which is a correc-
tion of the ionic model to include the interaction
7, between the d state amplitude at the Eu site and
the remaining f electrons. In our work, and sim-
ilarly in Haldane’s, screening is performed by a
separate channel, but within the tight-binding ver-
sion of the scattering problem (Slater-Koster
problem). The charge screening condition reflects
then in the valence-fluctuation problem through
the determination of the local self-consistent po-
tential, which defines the “impurity occupation
number” o,(0) [see Eq. (2)], thus implying the ex-
citation energies, Eq. (5).

Finally let us comment on our further improve-
ments over the model presented here. In order
to take into account the concentration of Eu atoms
in the mentioned intermetallics, Eqgs. (1) and (2)
are reformulated in terms of the charge transfer
concept'® of the coherent-potential approximation.
Again the charge neutrality is ensured by a self-
consistent calculation,??
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