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Method for Calculating Valence Stability in Lanthanide Systems
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We demonstrate that from a state-of-the-art total energy method combined with information on
atomic excitation energies, it is possible to calculate the energy difference between the divalent and
trivalent states in lanthanide systems with an error less than 0.15 eV. This is shown by comparing
theory with well documented experimental data for the lanthanide metals. In addition, we reproduce
the intricate valence stability of selected Sm and Tm chalcogenides. Theory is thus shown to be
able to address, without experimental input from the solid, important questions concerning intermediate
valence. [S0031-9007(97)04680-2]

PACS numbers: 71.20.Eh, 71.15.Nc, 71.28.+d, 71.30.+h

During the last three decades much attention has beesut the constraint of treating tlg electrons as atomiclike,
focused ory-electron materials with unusual physical andfails in reproducing the correct valence of all the systems
chemical properties, signaling so-called strongly correstudied here [10]. This demonstrates that the energy func-
lated electron behavior. Examples are the intermediatgonal used is not sufficiently accurate for such a calcu-
valence compounds and alloys [1-3], which have propfation and that other avenues need to be explored. This
erties nontypical of an integer occupation of theshell,  Letter represents such an effort and is an alternative to find-
and the heavy fermion systems [3,4], with an extremelying the exact density functional total energy expression.
large electronic contribution to the specific heat and their Our method is based on the idea that the coupling
sometimes unconventional superconducting behavior [Skenergy within thedf shell is essentially the same in the
Experimental observations of these systems suggest thatom and in the solid, and that the difference between
key ingredients in many cases are two energy configura4f-5d—intershell couplings for the two configurations
tions, f* and f"*!, close to being energy degenerate, inin the solid is negligible above the magnetic ordering
between which the system fluctuates [3,6]. These systentemperature. We then calculate the paramagnetic ground
are addressed by means of many-body Hamiltonians, sucttate for the divalent and trivalent atoms, and for the
as the Anderson [7], Hubbard [8], and Kondo [9] modeldivalent and trivalent solids. By expressing the total
Hamiltonians. A key question in any theoretical modelingenergy difference between the divalent and trivalent solids
of these systems is to determine first the different contendn terms of energy differences between the solid and the
ing states the system fluctuates between, and second hasovalent atom plus atomic correction energies related
close these states are in energy. Experimentally such data the 4f shell, the total energy difference between the
may be hard to extract. One may, for instance, get some irgifferent valence configurations in the solid is calculated.
formation from the magnetic susceptibility, resistivity, lat- The relevant energies and energy differences involved
tice constants, and so on, but the conclusions drawn frorare defined with the help of Fig. 1. In this figure, the di-
such an investigation may not be unique. A theoreticalalent and trivalent configurations for a typical lanthanide
tool, with which these questions could be answered, woul@re illustrated, both for the atomic state as well as for
therefore be most useful. The purpose of the present Lethe condensed state. The full-drawn horizontal lines re-
ter is to demonstrate, using the lanthanide metals as testirfgr to the true ground state total energy of each configura-
ground, that such a tool, in fact, exists, is simple and fastion including the coupling energy within thg shell and
to use, and gives accurate results. In principle, our metholdetween this shell and the! shell. The quantity to be de-
is also applicable to actinide systems. Here, however, weermined isE(ll, IIl), the total energy difference between
have chosen to concentrate on the di- trivalent stability othe divalent and trivalent bulk states. The dashed horizon-
lanthanide systems and will explain our method explicitlytal lines refer to the total energies when the coupling en-
in terms of the configurations relevant for that problem.ergies,E.(I1l )aiom, Ec(Hpuik, Ec(1D)atom, and E. (11 puik,
Thus, we demonstrate that first principles theory togetheare not taken into account. This “decoupled” state is
with information on atomic excitation and ionization en- also called the grand barycenter of the configuration [11].
ergies can determine the relative stability of the pertinent*(ll) and E*(lll), which are the energy differences be-
energy configurations of any lanthanide system, e.g., theween the grand barycenter of the solid and the grand
intermediate valence Sm chalcogenide compounds. barycenter of the isovalent atom, are called the divalent

Straightforward use of the local spin density approxima-and trivalent generalized cohesive energies, respectively.
tion to the exact density functional (or the more advanced’hey can be accurately calculated usaty initio density
generalized gradient corrected functionals), with or with-functional theory band structure methods. In order to find
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TRIVALENT DIVALENT TABLE |. The atomic correction energie&;;, and AE,
relevant for the divalent/trivalent energy balance.

. E(ID),,. Eq AL,
o — Element (eV) (eV)
< fid's Ce —0.59 0.23
. X Pr 0.55 0.29

E (I Nd 0.84 0.35
E( Sm 1.92 0.52
Eu 3.11 0.49

-------------- ¢ Gd -1.32 0.37

= X b 0.04 0.45
2 ﬂ/ £ spdl’ Dy 0.94 0.51
—_ 2 Ho 1.04 0.26
lspd] Er 0.89 0.27

Tm 1.63 0.43

FIG. 1. Definition of the promotion energ§;,, the coupling
energiesE,, the generalized cohesive energie§ and the di- Yb 2.88 0.48
trivalent energy differencé(ll, IlI1). On the left (right), we
have the energy levels for the trivalent (divalent) atom and
bulk. The full-drawn horizontal lines refer to the total energies,

including coupling energies within théf shell and between Kohn-Sham equations [13] are solved without shape ap-
EE'S tsr;elu aﬁdrthéd Sl‘?erlll.thThe ho?ﬁontil ?aShEd Imetstrelzer 10 proximation of the potential, wave functions, or charge
int% gc?:oﬁnﬁ gies when the coupling energiesare not taken density. Space is divided into nonoverlapping muffin-
tin spheres surrounding each atomic site, and an inter-
stitial region. A basis function in the interstitial is ex-
E(I1, 11I'), we now need to consider the coupling energies impressed as a Bloch sum of Hankel and/or Neumann func-
the different cases, and how to connect the divalent atortions which in turn is represented as a Fourier series. In-
with the trivalent atom. Thdf-shell intracoupling ener- side the muffin-tin spheres [14] the basis functions are
gies are virtually the same in the atom and the isovalenBloch sums of radial functions times spherical harmon-
solid, and therefore cancel out in the energy differenceics. All calculations were done in the fcc structure. This
This is not the case for the intershell couplings, i.e., theapproximation of the structure was seen to give a negli-
couplings between théf shell and other open electron gible change in the calculated generalized cohesive ener-
shells. Such couplings exist in all cases except for the digies. We used the pseudocdre wave, and the valence
valent atom, where there is no open electron shell excefts, 6p, 5d, and5f waves, and sampled the reciprocal space
the 41 shell. In the solids, above the magnetic orderingwith 84 k points in the irreducible /48 of the Brillouin
temperaturel., there will be a slight coupling to the (al- zone [15].
most) paramagnetitspd) band due to the opefyy shell The electron core was treated fully relativistically, but
in the core. The main difference between the divalent anthe valence states were described scalar relativistically;
trivalent solids in this respect is that one mdyeelectron i.e., the spin-orbit interaction was neglected. The justifi-
is active coupling to the valence band. The difference ircation for omitting the valence spin-orbit term is that the
energy between this coupling in the trivalent and divalentvalence band in the present case is much broader than the
solids is minute, and is therefore neglected in the preserspin-orbit splitting, making the error introduced by omit-
calculation. Much larger is th&f-5d intershell coupling ting this term negligible.
in the trivalent atom. The total residual of the intershell We used the Hedin-Lundgvist parametrization of the
coupling energies is calleNE,. and consists thus to a very local density functional [16], and for the generalized
good approximation of only théf-5d intershell coupling gradient corrected functional we used the form recently
in the trivalent atom. In order to energetically connect thedeveloped by Perdew and Wang [17].
trivalent configuration with the divalent configuration, we Figure 2 shows the valence stability for the lanthanides
need to know the energy difference between the divalenwith atomic number 58 to 71, Pm excepted. The experi-
and trivalent atoms. They differ only in that od¢ elec- mental points are taken from Ref. [11]. From this figure
tron has been promoted into thé shell. This energy is we see that the valence state is correctly predicted for all
therefore called theéf — 54 promotion energy:s,. The elements both with the local density approximation (LDA)
values of the atomic correction energieB,. andEs; used and the generalized gradient approximation (GGA), but the
here are taken from Ref. [11]. For clarity, we display theseGGA results are, as expected, much closer to the experi-
numbers in Table I. Now, we have all energies necessamnental points. Thus, all studied elements are calculated to
to determineg(ll, III). be trivalent except Eu and Yb, which are divalent. The
The bulk calculations were performed using the full-GGA calculations reproduce the experimental data with
potential linear muffin-tin orbital method developed by an error less than 0.15 eV, and our present calculations
Wills [12]. In this ab initio band structure method, the are far more accurate than all previous calculations of the
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responding Tm chalcogenides, the situation is somewhat

6 . - . . .
O_OOZ’E’TEB‘;';E AE different. Both TmS and TmSe are metallic at ambient
5t «---e AE'(GGA)E +AE, 1 pressure and have lattice parameters close to a trivalent

value, whereas TmTe is a semiconductor, with a SMT at
2 GPa [21,24].

Our calculated energy balances for SmS, SmSe, SmTe,
and the corresponding Tm compounds are listed in
Table Il. Since these systems are semiconductors in the
divalent state, the discussion regarding the5d inter-
shell coupling energies in the solid changes somewhat.
In a paramagnetic semiconductor, this coupling will be
L zero, so the cancellation between the trivalent and diva-
Ce Pr Nd Pm Sm Bu Gd Tob Dy Ho EBr Tm Yb lent solid does not occur. Nevertheless, the contribution
FIG. 2. Di- trivalent energy differenceE(ll,lll) at zero from th? intershell coupling in the solid, which aCtl.Ja".y
pressure for the elements 58 to 70, Pm excepted. Calculatdd POSSible to calculate and therefore poses no principal

results are shown for two different approximations to theproblem, should still be negligible.
density functional, LDA and GGA. The experimental points  Starting with the Sm chalcogenides, we see that the

are taken from Ref. [11]. correct valence is predicted for all three systems since
E(Il, 1) in the second column of the table is negative
valence stability of the lanthanides made; see, for exampldor all three compounds. The number in parentheses
Refs. [18] and [19]. (—0.01 eV) is the difference between the GGA calcula-
Our accurate determination of the di- trivalent energytion and the experimental result in Fig. 2. We will use
difference for the elemental lanthanides suggests that this number when estimating the sensitivity and system-
meaningful energy balance investigation of the highly in-atic error in the calculated divalent to trivalent transition
teresting intermediate valence systems is within reachpressure. Sincg(ll, Ill) decreases with increasing atomic
As an example, we have calculated the di- trivalent ennumber of the ligand (S, Se, Te), we note that the divalent
ergy difference for selected Sm and Tm chalcogenides asonfiguration becomes more stable the heavier the ligand
a function of pressure. These systems have receivedia. It now becomes of interest to determine when the en-
truly vast amount of experimental and theoretical attenthalpy difference between the two configurations is zero,
tion due to their interesting intermediate valence behavior.e., to derive the theoretical pressurg.i;; at which the
[1-3,20-25]. divalent ¢ configuration will transform to the trivalent
Experimentally, the Sm chalcogenides SmS, SmSe, an® configuration, neglecting the possibility of a mixture
SmTe are semiconductors at ambient pressure. Jayaramaithe two phases. In the third column of Table Il the
[21] demonstrated that these systems undergo a pressucaiculated divalent to trivalent transition pressure is listed,
induced semiconductor to metal transition (SMT),while the fourth column shows the experimental semicon-
accompanied by a valence change of the Sm ions. Smd@uctor to metal transition pressure. We note first of all
exhibits a SMT together with a volume collapse atthat the observed transition pressures are very small and
0.65 GPa. SmSe and SmTe show no volume collaps@ose a great challenge to reproduce. The two pressures in
Here, the SMT is smooth, and the metallic regime isTable Il cannot be compared directly since the experimen-
reached at 4.5 and 5.5 GPa, respectively. For the cotal high pressure phase involves an intermediate valence

E (eV)

a1t

-2

TABLE II. Energy balanceE(ll, 111) for the Sm and Tm chalcogenides at zero pressure. A
negative value foE(ll, [Il) means that the divalent phase is stable. The numbers in parenthe-
ses afte(ll, 111) give the energy difference between the experimental value and our calculated
value for the pure metal (Sm and Tm);1; is the calculated transition pressure from the
divalent to the trivalent state with error estimation calculated by increasing the atomic correc-
tion energies until the experimental and calculat&d, I11) for the element coincide Pgyr is

the experimental semiconductor to metal transition pressure.

SyStem E(”, ”l) (eV) P (GPa) Psur (GPa)
SmS —0.015 (—=0.01) 0.28 (+0.21) 0.65
SmSe ~0.18 (—0.01) 4.0 (+0.2) 4.5
SmTe ~0.42 (—0.01) 6.9 (+0.2) 5.5

™mS 0.54 (0.08) -84 (+1.1) metal atP = 0°
TmSe 0.23 {-0.08) —3.5(+0.9) metal atP = 0°
TmTe 0.0097 {0.08) —0.14 (+1.1) 2ad

“Ref. [21]; *Ref. [22]; “Ref. [23]; ‘Ref. [24].
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state rather than the pure configurations assumed in tHeDC (Center for Parallel Computers), Stockholm, for pro-
theoretical calculation. However, it is obvious that ourviding computer time.

prediction regarding the increased divalent stability for
heavier ligand is confirmed, sin@gyr increases with the
ligand atomic number. Also, the absolute numbers of our
calculated P11.;11 compare well with Psyt, suggesting
that most of the physics determinimgsyr is, in fact,
accounted for in our idealized’i.;;;. The number

in parentheses afteP;;j;; is the calculated change in
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