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Valence state of the Sm metal is investigated using the total energy linearized muffin-tin orbital (LMTQ) band method for
the observed Sm-type crystal structure. We have considered both the relativistic and the semi-relativistic description of 4f-
core electrons. We have found that, in the paramagnetic phase of bulk Sm, the trivalent valence state is more stable at the

observed lattice constant than the divalent valence state.

1. Introduction

Rare earth (RE) metals are characterized by open 4f shells
which give rise to a variety of interesting electronic and mag-
netic properties. Properties of RE elements and their com-
pounds have been studied extensively over last decades. Of par-
ticular interest is the intermediate- or mixed-valence phenomena
which has been observed in some RE compounds and alloys.
In mixed-valence materials, two configurations 4 /™' V*
(divalent) and 4 f" V* (trivalent) (where V stands for the
valence electrons) are so close in energy that the ground
state has to be described quantum mechanically as a super-
position of these two configurations.

Among the RE metals, compounds of Ce, Sm, Eu, Tm,
and Yb possess the mixed-valence state [1]. In particular,
Sm has some distinct characters, in that the other metals
{Ce, Eu, Tm, and Yb) themselves have been considered to be
in an integral-valence state. In contrast, X-ray photoemission spec-
troscopy (XPS) spectra [2] indicated that Sm is divalent in SmTe,
trivalent in SmSb, mixed-valent in SmB;, and also in Sm metal.
Furthermore, Sm is the only pure metal known to have the Sm-
type crystal structure [3).

A study of XPS spectra for the 4d electrons [4] has strongly
suggested that either the bulk or the surface state of metallic Sm
is in a mixed-valence state. It was also suggested [5] that the
presence of the divalent peak in the XPS spectrum was exclus-
ively a surface effect. In view of a surface-sensitivity in XPS
measurements [6], it has been reported that Sm changes from
being single valent in the bulk to inhomogeneously mixed valent

on the surface.

Existing calculations [7, 8] indicates that the trivalent state is en-
ergetically favored in bulk Sm. In these calculations, however, some
simplifications were adopted: the renormalized atom method which
is structure-independent [7], and the face-centered-cubic (foc) struc-
ture which is one of close-packed structures [8]. Note that Sm
crystallizes in its unique Sm-type structure.

In this paper, we have performed total energy band structure
calculations for Sm with Sm-type structure considering different
valence states. The outline of this paper is as follows. In section
2, we present briefly the methodology used in our calculation.
In section 3, we discuss the results of total energy for some dif-
ferent cases and interpret these results in relation to the valence
state of Sm metal. Finally, the conclusion follows in section 4.

2. Methods

To determine total energies of Sm metal, we have solved the
one-particle Kohn-Sham (KS) equations [9, 10| within the local
spin density approximation (LSDA) [11]. These equations are
solved self-consistently by means of the linearized muffin-tin
orbital (LMTO) band method [12]. We have employed the ex-
plicit form of von Barth-Hedin formula [13] for the local spin
exchange-correlation potential. The tetrahedron scheme for the
Brillouin zone integrations is utilized. Band calculations are
performed over 60 k-points in the irreducible Brillouin zone.

We have performed the total energy band calculations for the
following two different cases: (i) divalent (6 electrons in 4f core
states and 2 in valence states) (i} trivalent (5 in core and 3 in
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valence). First, the core electrons are treated fully relativistically
and the valence states are calculated semirelativistically, which
means, we neglect the spin-orbit interaction for the valence
states. This, however, may give rise to an inconsistency for the
resulting total energy values, because in the former case two
electrons are treated semirelativistically while in the latter three
electrons are treated semirelativistically. In this sense, it is
expected that the semi-relativistic treatment of both 4f core and
valence electrons is more consistent than the relativistic one for
the comparison of total energy values. Therefore, secondly, we
have obtained the total energy considering eight (the sum of 4f
core and valence) electrons semi-relativistically. We have also
compared total energies between the paramagnetic (PA) state
and the spin-polarized (SP) state.

3. Results and Discussion

Figure 1 displays the total energy curves for the divalent (4 /°
core configuration) and the trivalent (4 /° core configuration)
states versus lattice constant represented by the Wigner-Seitz
radius Rys. In Fig. 1, SR stands for the semi-relativistic calcu-
lation for eight (4f core and valence) electrons, R for the
relativistic calculation for 4f core electrons, PA for the para-
magnetic state, SP for the spin-polarized state, 2 for the di-
valent state, and 3 for the trivalent state, respectively. One can
see that the spin-polarized states have lower energies than the
paramagnetic ones in all cases, and the relativistic calculations
have lower energies than the semi-relativistic ones. Figure 1 also
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Fig. 1. Total energy versus lattice constant represented by the

Wigner-Seitz radius Rus.
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shows that the divalent case is energetically favored for the spin-
polarized state both in the relativistic and the semi-relativistic
treatments of 4f core electrons.
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Fig. 2. Total energy for paramagnetic states using the semi-
relativistic calculation.
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Fig. 3. Total energy for paramagnetic states using the relativistic

calculation.
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For paramagnetic cases, Fig. 2 and Fig. 3 show that the trivalent
state is favored in the semi-relativistic treatment while the divalent is
favored in the relativistic treatment. Therefore, the trivalent state is
favored only for the paramagnetic state with the semi-relativistic
calculation. In fact, the paramagnetic state is the ground state at
room temperature. Hence, present results for the Sm-type structure
seem consistent with the experimental facts. Furthermore, they are
in agreement with previous calculations done for the assumed
simple crystal structures [7, 8]

Using a numerical least-square fitting, we can find that the
trivalent paramagnetic state with the semi-relativistic caiculation
has a minimum at Rus=3.89 a.u., which is slightly larger than
the observed value of Rws=3.76 a.u. but smaller than the
structure-independent calculation [7] (see Table I). For the di-
valent curve, we have also obtained slightly smaller values than
Ref. 7. At the observed value of Rus=3.76 a.u., both Fig. 2
and Fig. 3 give the trivalent paramagnetic state lower in energy
than the divalent one.

Table 1. Calculated ground state properties of bulk Sm: Rus
denotes the equilibrium Wigner-Seitz radius in a.u., E, equilibrium
total energy per atom (+ 20854.85) in Rydberg, and B bulk
modulus in Mbar. See text for the notations of SR, R, PA

Rus E,+ 20854.85 B
(a.u.) (Ry) (Mbar)
trivalent (4 3)
SR-PA 3.889 0.6588 03164
R-PA 3.903 0.5315 0.3870
Ref [7] 3.92 0.37
Ref [16] 3.76 0.38
divalent (+2)
SR-PA 4.337 0.6617 0.2852
R-PA 4438 0.5234 0.2025
Ref [7] 4.61 0.12

Finally, it should be pointed out that the real ground state of
Sm at low temperatures is not paramagnetic but complicated
antiferromagnetic (AF) [15], which has very complex magnetic
structure. Thus, for the better understanding of the real ground
state of Sm in bulk or surface, more accurate calculations are
required by taking into account explicitly both the real crystal
and magnetic structures.

4. Conclusion

We have investigated the valence state of Sm metal, per-
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forming the total energy IMTO band structure calculations.
Considering 4f electrons as core, we have employed both the
relativistic and the semi-relativistic treatment for core electrons.
We have found that the paramagnetic phase of bulk Sm has the
stable trivalent valence state at the observed lattice constant.
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