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The ground state configuration of the monochalcogenides of Sm and Eu is determined from total energy 
calculations using the self-interaction corrected local-spin-density approximation. The Sm chalcogenides, 
with the exception of SmO, are characterized by divalent  f 6 Sm ions, while all the Eu chalcogenides have 
divalent f 7 Eu ions in the ground state. With pressure, the Eu and Sm chalcogenides exhibit isostructural 
transitions into an intermediate valent state, which in the total energy calculations is represented by local-
ized f 5

 configurations on the Sm ions (f 6 on Eu ions) together with a partly occupied f-band at the Fermi 
level. The energy of the fundamental f →  d transition, which determines the value of the semiconducting 
gap, is determined by total energy calculations of the charged rare earth ion (Eu+ or Sm+) in a supercell 
approach with one f-electron removed. The pressure coefficients are in excellent agreement with experi-
ment, and the occurrence of isostructural transitions is intimately related to the closure of the band gap. 

© 2004 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 

1 Introduction 

The valency of rare earth compounds continues to be a vivid research area [1–12]. Of particular interest 
are systems where valency is influenced by controllable external parameters like pressure, temperature or 
alloying. The occurrence of isostructural phase transitions upon compression or anomalous pV-curves are 
distinct signatures of valence transformations. SmS is one of the most studied systems [1, 13–15]. At low 
temperature and zero pressure it crystallizes in the NaCl structure with a semiconducting behavior. At a 
moderate pressure of ∼0.65 GPa SmS reverts to a metallic phase with a significant volume collapse of 
13.5% [16], retaining however the NaCl structure. Photoemission experiments show distinctly different 
spectra for the two phases, which usually are interpreted on the basis of divalent f 6 ions in the ground 
state and mixed valent f 5–  f 6 ions in the high pressure metallic phase [17, 18]. Similar valence instabili-
ties are observed in SmSe and SmTe [13, 17, 19, 2], which also crystallize in the NaCl structure. For 
these compounds the volume changes continuously, but anomalously, with pressure (at room tempera-
ture) [20, 2]. From the photoemission studies it is concluded that SmSe and SmTe at amibient pressure, 
like SmS, are also of predominantly  f 6 character [17]. In the Eu chalcogenides, likewise having the NaCl 
structure at ambient conditions, the corresponding divalent  f 7  configuration is relatively more stable, and  
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the competing structural transition to the CsCl structure occurs before a valence transition, with the  
exception of EuO [21, 22]. Of particular interest is the reentrant behavior observed in EuS [23], where 
reflectivity measurements revealed that EuS in the NaCl structure first undergoes an insulator-to-metal 
transition (around P ∼ 160 kbar). Subsequently, at a pressure around P ∼ 200 kbar, EuS transforms  
structurally to the CsCl structure, however at the same time becoming clearly insulating again. At even 
higher pressure, P ∼ 330 kbar, metallic behavior sets in again. The equation of state shows a discontinu-
ous volume jump at the structural transition, while the two insulator-to-metal transitions appear continu-
ous. 
 The Sm and Eu chalcogenides (except SmO) are all semiconductors with a somewhat unusual gap 
structure, as the fundamental excitation is of f to d character [1]. This means that a localized f-electron is 
excited into an itinerant conduction band, which is predominantly of rare earth d character. 
 The theoretical description of Sm and Eu compounds is a challenge due to the 4f-electrons. Conven-
tional band structure calculations of SmS [24–26, 3], in the local density approximation (LDA) [27, 28], 
describe the f-electrons as narrow bands, which leads to significant overestimation of the bonding of the 
f-electrons [26]. To describe the localized nature of the f-electrons more accurately, Schumann et al. [3] 
applied self-interaction corrections (SIC) to the six 4f5/2 states of SmS. This led to a semiconducting 
ground state. The gap, which is of charge transfer type (from S–p to Sm-d bands), was however too wide 
owing to the fact that the SIC scheme does not position the energy of the localized f states properly with 
respect to the band states. To remedy this, combinations of band theory and atomic model Hamiltonians 
have been discussed [4, 7, 12], in which the s, p, and d states are treated as band states within LDA, 
while the 4f states are treated as localized states including atomic multiplets. This procedure leads to 
good agreement between calculated spectral functions and measured photoemission and inverse photo-
emission spectra. Several adjustable parameters enter into this approach though, and these cannot easily 
be derived from first principles. 
 In the present work the above research issues will be pursued further. The trends of the electronic 
structures of the Sm [12] and Eu chalcogenides [11] will be reviewed. The zero temperature total energy 
of these compounds is calculated using the self-interaction corrected local-spin density (LSD) approxi-
mation [29]. The ground state valency of Sm and Eu is determined, and the behavior under hydrostatic 
compression is investigated. The semiconducting gaps and their pressure coefficients are calculated from 
total energy differences. 

2 The SIC-LSD total energy method 

The total energy functional of the LSD approximation is renowned for its chemical accuracy in describ-
ing conventional weakly correlated solids [28]. To facilitate an accurate description of the localized  
f-electrons of rare earths, the self-interaction correction is included. This correction constitutes a negative 
energy contribution for an f-electron to localize, which then competes with the band formation energy 
gained by the f-electron if allowed to delocalize and hybridize with the available conduction states. Specifi-
cally, the SIC-LSD [29] total energy functional is obtained from the LSD as: 

 
α

α

δ= − +∑
occ

SIC LSD SIC
soE E E  (1) 

where α  labels the occupied states and 
α

δ
SIC is the self-interaction correction for state α. As usual,  

LSDE  can be decomposed into a kinetic energy, T, a Hartree energy, U, the interaction energy with  
the atomic ions, Vext , and the exchange and correlation energy, Exc [27]. The self-interaction is defined  
as the sum of the Hartree interaction and the exchange-correlation energy for the charge density of state 
α: 

 SIC
xc[ ] [ ] .U n E n

α α α
δ = +  (2) 
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For itinerant states, 
α

δ
SIC

 vanishes identically, while for localized (atomic-like) states the self-interaction 
may be appreciable. In Sm and Eu compounds, it is of the order 

α
δ  ∼ 80 mRy per f-electron. The volume 

dependence is rather weak reducing the overbinding of the LSD approximation for narrow band states. 
The last term in Eq. (1) is the spin–orbit energy: 

 ξ= 〈 ⋅ 〉r l sso ( ) .E  (3) 

We employ the atomic spheres approximation, whereby the crystal volume is divided into slightly over-
lapping atom-centered spheres of a total volume equal to the actual volume. In (3), the angular momen-
tum l = r × p, operator, is defined inside each atomic sphere, with  r given as the position vector from the 
sphere center. Other relativistic effects are automatically included by solving the scalar-relativistic radial 
equation inside spheres. 
 The advantage of the SIC-LSD energy functional is that different valency scenarios can be explored 
by assuming atomic configurations with different total numbers of localized states. In particular, these 
different scenarios constitute local minima of the same functional, ESIC in Eq. (1), and hence their total 
energies may be compared. The state with the lowest energy defines the ground state configuration. 
Note, that if no localized states are assumed, ESIC coincides with the conventional LSD functional, i.e., 
the Kohn–Sham minimum of the ELSD functional is also a local minimum of ESIC. The interesting ques-
tion is, whether competing minima with a finite number of localized states exist. This is usually the case 
in f-electron systems [5] and some 3d transition metal compounds [30], where the respective f and d 
orbitals are sufficiently confined in space to benefit appreciably from the SIC. 
 The SIC-LSD still considers the electronic structure of the solid to be built from individual one-
electron states, but offers an alternative description to the Bloch picture, namely in terms of periodic 
arrays of localized atom-centered states (i.e., the Heitler–London picture in terms of Wannier orbitals). 
Nevertheless, there still exist states which will never benefit from the SIC. These states retain their itin-
erant character of the Bloch form, and move in the effective LSD potential. The resulting many-elec- 
tron wavefunction will consist of both localized and itinerant states. In contrast to the LSD Kohn–Sham 
equations, the SIC electron states, minimizing ESIC, experience different effective potentials. This implies 
that to minimize ESIC, it is necessary to explicitly ensure the orthonormality of the one-electron wave-
functions by introducing a Lagrangian multipliers matrix. Furthermore, the total energy is not anymore 
invariant with respect to a unitary transformation of the one-electron wavefunctions. Both of these as-
pects make the energy minimization more demanding to accomplish than in the LSD case. The electron 
wavefunctions are expanded in linear-muffin-tin-orbital (LMTO) basis functions [31], and the energy 
minimization problem becomes a non-linear optimization problem in the expansion coefficients. Further 
details of the present implementation can be found in Ref. [32]. 
 The calculation of semiconductor gaps in the LDA has been a major issue for many years. The one-
electron eigenvalues cannot be directly interpreted as physical excitation energies [33], and this is partic-
ularly so for the SIC-LSD eigenvalues of the localized states. In the present work, the gap is determined 
by total energy difference calculations, where the ground state (with localized f n shells on the rare earth,  
n = 6 and n = 7 for Sm and Eu, respectively) is compared with an excited stated realized in a supercell 
geometry with one rare earth atom in the ionized f n–1 configuration. The latter appears as a positively 
charged ‘defect’ in an otherwise perfect host, and the missing electron is artificially compensated by a 
uniform negative background charge density, in accord with the scheme often employed for charged 
impurities in semiconductors [34, 35]. In a real crystal this electron will be accomodated in some distant 
part of the crystal in an energy state given by the actual Fermi level, εF, and the energy of the excitation 
becomes: 

 SIC SIC 0
exc (Sm ) (Sm ) .FE E Eε

+

= + −  (4) 

The fundamental gap is obtained when taking εF to coincide with the conduction band edge. The supercell 
employed in the present work contains four formula units. 
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3 Results and discussion 

3.1 Cohesive properties 

The Figs. 1 and 2 show the calculated lattice constants and valence stabilities for the Eu chalcogenides 
[11] and Sm pnictides and chalcogenides [12], respectively. Specifically, the total energy difference is 
calculated for the scenarios of trivalent and divalent rare earth ions (left axis of Fig. 1 and full line in 
Fig. 2a)). A positive energy difference implies that the divalent configuration is preferred. This is the 
case in the Eu chalcogenides, in agreement with experiment. For the SmX compounds, the calculations 
reveal a strong preference of the f 5 configuration in the early pnictides, with the energy difference of 
1.8 eV per formula unit in SmN. For the heavier Sm pnictides, the f 6 configuration becomes more and 
more advantageous, and for Bi it is only 0.08 eV higher than the trivalent configuration. Moving to the 
Sm chalcogenides, already in the Sm monoxide the f 6 configuration is found to be most favorable, by 
0.08 eV, and in SmS by 0.20 eV. Hence, the SIC-LSD total energy predicts a valency transition of Sm 
between the Sm pnictides and the Sm chalcogenides. This is not in complete agreement with the experi-
mental picture, according to which the divalent and intermediate-valent states are almost degenerate  
in SmS, while SmO is trivalent and metallic [37, 38]. Thus, it appears that the SIC-LSD total energy 
functional overestimates the tendency to form the divalent configuration of Sm, by approximately 
0.2 eV, in SmS. Assuming a similar error for all SmX compounds, this would imply that the calculated 
energy balance curve in Fig. 2a) should be lowered by approximately 0.2 eV. The dashed line of the 
figure shows the energy difference with such a correction. This switches the balance in favor of triva-
lency for SmO, in accord with experiments [37, 38]. A similar calibration was in fact already applied in 
Fig. 1 [11], but in this case it does not affect the stability of the divalent ground state of Eu. The lattice 
constants are seen from Fig. 1 (right axis) and Fig. 2b) to be in excellent agreement with experimental 
value for all compounds, corroborating the conclusion that a valency shift occurs between SmO and 
SmS. 
 For the Eu pnictides the relatively stable f 7 configuration changes the picture compared to the Sm 
pnictides [11]. Only EuN and EuP exist in the NaCl structure, and in these compounds Eu occurs as 
trivalent f 6 ions, in analogy to the SmN and SmP compounds. EuAs occurs in the Na2O2 structure, for 
which we find the divalent Eu configuration to be favored over the trivalent by 0.8 eV. EuSb does not 
exist at all. According to the SIC-LSD calculations, in hypothetical NaCl structure, EuSb would assume 
the divalent form (1.1 eV lower than the trivalent state), while EuAs would still be trivalent (0.2 eV 
lower than the divalent state). 
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Fig. 1 (online colour at: www.pss-b.com) Lattice constants (right axis) for the europium chalcogenides 
from experiment [36] (triangles) and SIC-LSD calculation (crosses). Also shown (left axis) is the calcu-
lated energy difference, ∆E = E(f 6) – E(f 7), between the trivalent and divalent Eu configurations (squares). 
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Fig. 2 a) Trivalent-divalent energy difference, ∆E = E(f 5) – E(f 6), of samarium compounds. The dashed line marks 
the calibrated curve [12]. b) Comparison of experimental [36] and theoretical lattice constants of SmX compounds. 
Experimental values are marked with solid circles, while lattice constants calculated assuming a divalent (trivalent) 
Sm ion are marked with stars (diamonds). 
 

In conclusion, the SIC-LSD total energy functional predicts correctly the trends in trivalent-divalent 
energy difference through the Eu and Sm pnictides and chalcogenides, but fails on a quantitative scale of 
the order of 0.2 eV. An error of this size is quite conceivable given that the functional does not contain 
any explicit contribution from the formation of atomic multiplets. 
 The trivalent phase of the chalcogenides becomes relevant at high pressure. In this phase the localised 
f 5 Sm ions or f 6 Eu ions coexist with a partly occupied narrow f-band, effectively describing an inter-
mediate valent phase [12]. The calculated and measured transition pressures are listed in Table 1. The 
good agreement both for transition pressures and volume collapses proves that the bonding of the high 
pressure phase is well described in the SIC-LSD approximation, even if the true many-body wavefunc-
tion of the intermediate valence phase is much more complicated than the corresponding SIC-LSD wave-
function. This is in line with the general philosophy of the density functional approach of obtaining good 
total energy estimates from simple reference systems (non-interacting electrons). Note, that the transition 
pressures correspond to the total energy calibrated by the 0.2 eV correction discussed above. The present 
theory cannot describe the continuous nature of the transition observed for EuO, SmSe and SmTe. The 
experiments were all conducted at room temperature. It would be interesting to investigate whether the 
continuous transition would exist at low temperature as well. For EuS the experiments show no anoma-
lous compression curve [21], but the gap closes at 16 GPa, just before the structural transition to the  
 

Table 1 Calculated isostructural transition pressures, Pt (in GPa), and volume changes (in %), of Eu and 
Sm monochalcogenides. Experimentally, the transition of SmS is discontinuous, while those of EuO, 
SmSe and SmTe (at room temperature) are continuous. 

Pt(GPa)  volume collapse (%) compound 

theory expt. theory expt. 

EuO 19.3 30a, 13–30b  6.3 5a
 

EuS 11.6 16c  5.7 0c
 

SmS  0.1 0.65d, 1.24e 11.1 13.5d, 13.8e

SmSe  3.3 ∼ 4d, 3.4e, 3–9f, 2.6–4g
  9.8 8d, 11f, 7g

 

SmTe  6.2 2–8d, 5.2e, 6–8f, 4.6–7.5g  8.4 9f, 7g 

a Ref. [21]; b Ref. [22]; c Insulator-metal transition, Ref. [23]; d Ref. [16]; e Insulator-metal transition of 
Ref. [19]; f Present author’s estimates from figures of Ref. [2] and g Ref. [39]. The volume changes for 
SmSe and SmTe are obtained by extrapolation over the transition range. 

a 
(A

)°
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Fig. 3 Volume dependent gap structure of a) EuS and b) SmS. The conduction band minimum (CBM, squares) and 
localized f  level, ε f ≡ E(f 6d) – E(f 7) (stars) are shown relative to the valence band maximum (VBM). In a), the two 
vertical dotted lines mark the equilibrium zero pressure volume and the volume at p = 20 GPa, just before the transi-
tion to the CsCl structure. In b), the two vertical dotted lines mark the equilibrium zero pressure volumes of the 
Sm(f 5) and Sm(f 6) phases. 
 

CsCl structure (at 20 GPa) [23]. In a previous work we found the structural transition to occur at 
13.7 GPa [6], however without an isostructural transition occurring first. Compared to that work, the 
present work has included the spin–orbit interaction. Due to the approximations involved, significant 
uncertainty persists, though, in the values of the total energy differences between different crystal struc-
tures. 

3.2 Band gaps 

The calculated band gap structures for EuS and SmS are shown in Fig. 3, namely the band edges and the 
localized f level, ε f = E(f n–1d) – E(f n). The valence band maximum is the top of the full S–p bands, while 
the conduction band minimum (CBM) is the lowest of the unfilled bands, which has primarily metal d 
character. The localized f level is calculated as outlined in Section 2 from the total energy difference of 
supercells. Table 2 summarizes the results for the fundamental gap, which is the difference between the 
CBM and ε f , as well as the pressure coefficient of the gap. The absolute value of the band gap is 0.6 eV 
too small for EuS and 0.6 eV too large for SmS, in comparison with the experimental values, while the 
calculated gaps of SmSe and SmTe are only marginally too large. Several uncertainties enter into the 
theory, most notably the general inadequacy of LDA band edges and the limited size of the supercell 
employed. A significant spin-splitting occurs at the bottom of the conduction band due to the presence of 
 

Table 2 Calculated bulk modulus, Energy gap, and pressure coefficient of gap, for EuS and Sm chalco-
genides. All quantities are for the theoretical equilibrium configuration (Eu(f 7) and Sm(f 6) ions) and lattice 
constant of the NaCl structure. 

bulk modulus (GPa) Egap (eV) –dEgap/dp (meV/GPa) compound 

present expt. present expt.  present expt. 

EuS 53.6 55(5)a 1.10 1.7b   78 79c, 110b 
SmS 53.4 42(3)d, 50.3e, 

47.6(5.0)f 
0.71 0.15a  115 100c 

SmSe 43.9 40(5)d 0.63 0.45a  100 110c 
SmTe 37.6 40(5)d 0.70 0.65a  172 119c 

a Ref. [1]; b Ref. [23]; c Ref. [21]; d Ref. [16]; e Ref. [40]; f Ref. [41]. 

a) b) 
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high-spin rare earth ions, which may render the Eu chalcogenides suitable for spin filtering [11]. The 
variation of the gaps with compression is in excellent agreement with the experimental pressure coeffi-
cients, which in all the cases considered reveal gaps decreasing at a rate around 100 meV/GPa. Only for 
SmTe the theory deviates significantly from experiment, with the theoretical pressure coefficient exceed-
ing the experimental one by 45%. The corresponding theoretical deformation potentials are dEgap/d ln V = 
4.18 eV, 6.12 eV, 4.37 eV and 6.45 eV, for EuS, SmS, SmSe and SmTe, respectively. 
 For EuS, we have in Fig. 3a) marked the volume range covered during compression in the exper-
imental works [21, 23] in the NaCl structure. One notices that the gap closes just prior to the NaCl → 
CsCl structural transition, i.e. the insulator-metal transition occurs before the structural transition, in ac-
cord with the reflectivity measurements [23]. As discussed above, the present theory finds a discontinu-
ous isostructural transition to occur in all the cases studied in Table 2, and in all cases the transition goes 
from volumes where the system is still semiconducting to volumes lower than that where the gap closure 
occurs. Hence, the isostructural phase transitions coincide with insulator-metal transitions, both occur-
ring as a consequence of the destabilization of the divalent f n ion upon pressure. In Fig. 3b) we have 
similarly marked the volumes (theoretical) of the two phases of SmS at zero pressure. In this case, since 
experiment also finds a discontinuous transition, the larger part of the volume range between the two 
marked volumes is in fact not accessible to experiment. 

4 Summary 

In this work, we have investigated the rare earth valency in the monopnictides and the monochalco-
genides of Eu and Sm. In particular, we have focused on three of its manifestations, namely the cohesive 
properties, the pressure induced isostructural transitions and the semiconducting gap. 
 The cohesive properties of EuX and SmX compounds are well described by the local density ap-
proximation to density functional theory provided the self-interaction correction is applied to improve 
the description of the atomic-like f-electrons. The bonding properties are quantitatively in agreement 
with experiment as evidenced by accurate lattice constants for both the trivalent pnictides and the diva-
lent chalcogenides. Regarding the energy balance between the trivalent and divalent configurations of the 
rare earth in the studied solids, the SIC-LSD approach seems to underestimate the bonding in the triva-
lent configuration by ∼0.2 eV, which can be considered a minor error. However, for an accurate descrip-
tion of the isostructural valence transitions induced by pressure it is a substantial inaccuracy. Correcting 
for this error we obtain good agreement with high pressure experimental results for EuO, EuS, SmS, 
SmSe and SmTe. The high pressure phase of the chalcogenides is described in the SIC-LSD one-electron 
picture as an array of f n–1

 ions with an additional partially occupied f-band, leading to a total f occupation 
intermediate between n–1 and n. For SmO, this is found to be the ground state. A small expansion of the 
SmO lattice, corresponding to an effective negative pressure, would lead to a transition to the divalent 
and semiconducting phase. This effect could be explored in SmO–SmS alloying experiments. The pres-
sure variation of the semiconducting gap has been calculated from total energy differences, in all cases 
leading to decreasing gaps with pressure, and the isostructural transitions are intimately related to the 
closure of the gap. 
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