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Electronic structure of samarium monopnictides and monochalcogenides
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The electronic structures of St(X=N, P, As, Sb, Bi, O, S, Se, Te, Poompounds are calculated using the
self-interaction corrected local-spin density approximation. The Sm ion is described with either five or six
localizedf electrons while the remaining electrons form bands, and the total energies of these scenarios are
compared. With five localizefl electrons a narrovir band is formed in the vicinity of the Fermi level leading
to an effective intermediate valence. This scenario is the ground state of all the pnictides as well as SmO. With
six localizedf electrons, the chalcogenides are semiconductors, which is the ground state of SmS, SmSe, and
SmTe. Under compression the Sm chalcogenides undergo first order transitions with destabilizatioh of the
states into the intermediate valence state, the bonding properties of which are well reproduced by the present
theory.
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I. INTRODUCTION The present paper addresses two issues of thé &m-

The valency of rare earth compounds continues to be Rounds. First, density functional based total energy calcula-
vivid research arel® Of particular interest are systems tions are used to investigate the ground state valenqy of Sm.
where valency is influenced by controllable external param- © vahdat? thﬁ approac?, calc_udlatecil values of lattice con-
eters like pressure, temperature, or alloying. Several systenf{ants andfor the Sm chalcogenidgsalence transition pres-
with varying or fluctuating valencies are knowH One of ~ SUres are compared to experiment. Second, electron spectral
the most studied systems is Sth8:13which at low tem- functions are calculated by combining the band structure
perature and zero pressure crystallizes in the NaCl structu%am'l.to'.”“a” of the total energy calculation with an atomic
with a semiconducting behavior, in accordance with the presd€Scription of the multiplets of the localizédelectrons.
ence of divalent Sm ions and a fullSband. At a moderate 1€ theoretical description of Sm compounds is a chal-
pressure of~0.65 GPa SmS reverts to a metallic phase withlenge due to the Srhelectrons. Conventional band structure
a significant volume collapse of 13.5%however, retaining calculations of Sm7$3',_24—26as implemented within the density
the NaCl structure. At very low temperature, the high pres_functlonal theor%h ml the local density approximation
sure phase in fact reveals a small pseudogap of the order &lf?A) de]:scrtl)bet de ectLons as narrow bands. Adspln-orblt
~7 meV! Photoemission experiments show distinctly dif- SPIitting of about 0.6 eV between occupieés4 and unoc-
ferent spectra for the two phases, which usually are intercUPied 47, bands is found, and the valency transition can be

preted on the basis of divalefftions in the ground state and traced by the g:rossing of the occupieands with the low-
mixed valent f>-f% ions in the high pressure metallic est d conduction band upon compressifSnHowever, the

phase'516 Recent experiments also find indications of smallPonding of thef electrons when described as band states is
amounts off® character in the ground stat&he C,, elastic greatly overestimated, as the caI_cuIated lattice constant of
constant decreases with presstind becomes negative in SMS from the LDA calculations is 7.6% smaller than the
the high pressure phase, indicative of an intermediat§*Perimental Vf'“é' To treat thef electrons as localized,
valence systerh.The pressure-induced semiconductor toSchumanretal=applied self-interaction correctiotSIC) to
metal transformation has also been traced by optical refledhe Six 45, states. This led to a semiconducting ground state
tivity studies!® Mossbauer measuremenfs, resistivity ~ Of SmS, however, with a too wide gap of charge transfer
measurement®,and inelastic x-ray scatterirfgvalence tran-  type, from Sp to Smd bands, in contrast to the Sfto d
sitions can also be brought about by alloying with othercharacter inferred from experimehThe reason is that the
trivalent ions, such as Y, La, Ce, or Gd, into the SmSSIC scheme does not position the energy of the localized
lattice 121 Similar valence instabilities are observed in SmSestates properly with respect to the band states. While the
and SmT&1152which also crystallize in the NaCl struc- formalism does lead to some SIT eigenenergiegwhich
ture. For these compounds the volume changes continuousligrmally are just Lagrange multiplier parameters of the
but anomalously, with compressionat room tem- theory with no physical interpretatipnthese are poor repre-
peraturg.>?2 From the photoemission studies it is concludedsentations of the physical removal energies due to the local-
that SmSe and SmTe at amibient pressure, like SmS, are alszed nature of the excitations. To remedy this, subsequent
of predominantlyf® charactet® while the monopnictides work of Lehneret al? calculated the spectral density of SmS
show clear signals of pur® ions1%23 using a multiband periodic Anderson model, in which ¢he
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p, andd states were treated as band states within the LDAguracy in describing conventional weakly correlated solfds.
while the & states were treated as localized states includinghe essential approximation is the parametrization of the
atomic multiplets. The calculated spectral density was founaontribution to the total energy,., due to exchange and
to be in good agreement with the measured photoemissiocorrelation effects among the electrons, by a simple term
and inverse photoemission spectra. Recently, the electronlzased on the homogeneous electron gas energetics. To facili-
structure and optical spectra of SmS, SmSe, and SmTe wetate an accurate description of the localizeelectrons of
calculated with the LSDA+U approaéhThis scheme in- rare earths, the self-interaction correction is introduced. This
cludes an effective Coulomb parameter to separate bands ocbrrection constitutes a negative energy contribution fof an
occupied and unoccupied correlated electrons. Some ambélectron to localize, which then competes with the band for-
guity exists as to how this is most appropriately déhbut  mation energy gained by tHeelectron if allowed to delocal-
the implementation of Ref. 6 leads to good agreement withize and hybridize with the available conduction states. The
experimental optical spectra, although multiplet effects stillSIC-LSD reduces the overbinding of the LSD approximation
have to be considered separately. for narrow band states. Specifically, the SIC-L8Ref. 29

In the present work the research efforts outlined abovéotal-energy functional is obtained from the LSD as
will be pursued further. The trends of the electronic struc- oce.
tures of all of the samarium pnictides and chalcogenides will ESICZELSD_ S sS04
be investigated. We separate the issues of total energy and B @ SO
ground state determination from that of excited states prop- “
erties. The total energy is calculated using the self-interactiowhere « labels the occupied states an@'c is the self-
corrected local-spin densitfLSD) approximatior?® When interaction correction for state. As usual,E-SP can be de-
applied to rare earth systems this scheme may describe tltemposed into a kinetic enerdl, a Hartree energy, the
electron states as either localized or delocalfzéthr Sm interaction energy with the atomic iond.,, and the ex-
compounds the relevant scenarios would have either five ahange and correlation energy.?’ The self-interaction is
six localizedf electrons on each Sm atom, corresponding tadefined as the sum of the Hartree interaction and the
a trivalent or divalent Sm ion, respectively, and by compari-exchange-correlation energy for the charge density of state
son of the total energy the ground state configuration can be:
determined. The details of the SIC-LSD approach and its c
implementation will be presented in Sec. Il A of this paper. 82°=Uln ]+ Edn,]. (2)

The SIC-LSD method is primarily suitable for calculating por spatially localizedatomiclike) states the self-interaction
ground state configurations, crystal structure, and equmbfnay be appreciable, and for the free atoms the SIC-LSD
rium lattice constants. Results for these parameters are prgpnroximation was demonstrated to be more accurate than
sented in Sec. ll, including the discussion of pressure iny gp 29 For jtinerant statessS' vanishes identically, so ef-

duced valency transiti.ons. The photoemi;sion spectra Cﬁctively the summation in EqZ) only includes localized
SmX compounds are discussed by comparison to calculategates In Sm compounds, the self-interaction correction term

spectral functions. The density of states from a total-energys ¢ the orders. ~80 mRy perf electron, and the self-
. . . . a )
calculation cannot be directly compared with experimentalnteraction corrected states at self-consistency turn out to

photoemission spectra. This is particularly clear in systemggnqist of 989%-99% of a pure Sfrwave.
with partly filled localized shells, where photoemission spec- £ thermore. the spin-orbit term is added

tra reflect the multiplet structure of the final state. To include
these effects, in the present work the LDA band Hamiltonian E. = <§(F)r- 9. (3)
is combined with additional atomic multiplet information, °
which is calculated in an isolated reference atom in théMe employ the atomic spheres approximation, whereby the
Hubbard-I approximatio”® The technical details of the crystal volume is divided into slightly overlapping atom-
present implementatiShare discussed in Sec. Il B. In Sec. centered spheres of a total volume equal to the actual vol-
Il the calculated spectral functions are presented and disyme. In(3), the angular momentum operatB:,Fx p, is de-
cussed in relation to experimental photoemission spectra. Fiined inside each atomic sphere, witlgiven as the position
nally, Sec. IV contains the conclusions of the present work.yector from the sphere center. The radial parameter is evalu-
Il THEORY ated with the LSD potentiak(r) = (2m?c?)~1d\+SP/dr. Other
relativistic effects are automatically included by solving the
Two important theoretical tools are employed in this workradial Dirac equation in the scalar-relativistic approximation.
for the investigation of the electronic structure of Siwom- The E-SP functional includes the spin-polarization energy,
pounds. The ground state total energies are calculated witlvhich is a very important contribution in the energetics of
the self-interaction corrected local-spin-density metfiod, SmX compounds. The Sm chalcogenides are nonmaghetic,
while the spectral functions are evaluated with the “LDA while the pnictides are antiferromagnetic with very low Néel
++Hubbard 1" atomic corrections methdd. temperature$*3°In the present work the spin-polarized en-
ergy functional is not used to describe interatomic magne-
A. The SIC-LSD total-energy method tism but rather to describe the intra-atomic exchange inter-
The starting point is the total-energy functional of the actions. By Hund's first rule, the total spin of tifieor 6 ion
LSD approximation, which is renowned for its chemical ac-will be 5/2 or 3, and the ensuing energy gain is reasonably

1)
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well described with the LSD exchange energy. In this spirit,linear-muffin-tin-orbital LMTO) basis functiong? and the
the delocalization-localization transitions in elemental Ceenergy minimization problem becomes a nonlinear optimiza-
(Ref. 36 and Am (Ref. 37 were described in the LSD ap- tion problem in the expansion coefficients. Further details of
proximation as the points of onset of spin polarizationf of the present implementation can be found in Ref. 32.
bands. In the S compounds the effects of a spin-polarized
f shell have negligible influence on the occupied ridrand
states, which are predominantly ligapdike. An important
issue, discussed recently for Eu monochalcogeritiés, Photoemission spectroscopy is a powerful technique for
whether ferromagnetically ordered Efiions can induce a investigations of rare earth compourfisSeveral studies of
spin splitting of the conduction band states, which can bene electronic structure of Sm chalcogenides and pnictides by
exploited in spin filtering. _ this technique have been reporte'd:'2°The photoemission

Of Hund's second and third rules, the latter is governedgchnique probes the elementary electronic excitations of the
by the spin-orbit interaction, Eq2), which also induces the 5terial, revealing energy-resolved and—through cross sec-
formation of an orbital moment of theshell. The contribu- o, \ariations—angular momentum decomposed informa-
tion to the total energy due to the second Hund's rule 'Stion. The physical excitation spectrum deviates substantially

however, not fully accounted for by the spin-orbit interaction . P
alone. The dominating contribution originates from the en_from the density of state€DOS) of the one-particle states

ergy gain by forming the eigenstates of the two-electron in—g)t(r.)l?l'ted forkt_he Tr']n'rg'éast'on c;f the .S]!C—LStI.D total S[ahnergy.
teraction 1f;;, the tetrad effect? Little is known about how rictly speaking, the contains information on the one-

to implement these effects in self-consistent solid state Calparticle band states that b_uildup the S!C-LSDéground state of
culations. The orbital polarization schethdias had some the SnKX cor_npounds. In view of_Jan_aks theoréfithe LSD.
success in describing the residual orbital moments of itiners'dENENErgies are good approximations to _total_-energy differ-
ant magnets like URg't ences, provided the quasiparticle in question is of extended
The advantage of the SIC-LSD energy functional in Eq_character.(An unknown shift exists, though, between addi-

(2) is that different valency scenarios can be explored b)}'on and removal energie) Therefore, for excitations

assuming atomic configurations with different total numbersWhICh are extended like the ideal Bloch waves of band

of localized states. In particular, these different scenario%hheory’ the LSD éigenenergies compare reasonably well with
constitute local minima of the same function&e'C in Eq. e physical excitation energies. However, often the photon

(1), and hence, their total energies may be compared. Thiénpact createdocalized excitations. In the SIC-LSD ap-

state with the lowest energy defines the ground state conﬁgd?—ro‘f’lch one cannot expec't the €ljgenenergies Of. the Iocaﬂl;ed
ration. Note that if no localized states are assungSf co- electrons to have a straightforward physical interpretation.

incides with the conventional LSD functional, i.e., the Kohn- The true many-body character of the electrons in the rare
Sham minimum of theELS® functional is also a local earth compounds is borne out in the multiplet structure of the

minimum of ES'C, The interesting question is whether com- photoemission spectra, which cannot be reproduced in an
peting minima with a finite number of localized states exist.mdeaend;m.'t%atﬁc'ﬁDFXCturg'ng'f_ Shortcomlﬂg ISTﬁISO eln-
This is usually the case ifrelectron systentsand some 8 countered wi < an approaches. 1he mul-

transition metal compounds$,where the respectivé and d tiplgt structure arises from_ the_two-electron i”ter?‘c.“‘”&
orbitals are sufficiently confined in space to benefit apprecia—‘zijl/rii’ whe.re.the prime |mplles asum over paﬂrsﬂl of

bly from the SIC. The SIC-LSD energy functional in Ea) glectrons. This interaction splits the ioni€ configurations

is a true density functional, as discussed in Ref. 43. into terms characterized by good quantum numbers of or-

The SIC-LSD still considers the electronic structure of theP!@! zpin, ano:c tﬁtal alné_;)ular r:;omelntLrJ]m,ls, andJ.d!n thle
solid to be built from individual electron states, but offers an9round state of the solid usually only the lowédund's rule

alternative description of the single-electron states to thé?:)Uple.d term W'”. E.e [l)(opuIaLed, lr(na_ybe (l)thers a’s well it
Bloch picture, namely in terms of periodic arrays of local- €/0S€ in energywithin kgT, wherekg is Boltzmann’s con-

ized atom-centered statése., the Heitler-London picture in stant, or a typicalf hybr_idization energy But in the final
terms of Wannier orbita)s Nevertheless, there still exist state of the photoemission Process, Seyeral offtheterms
states which will never benefit from the SIC. These statedn@Y be populated and contribute significantly to the spectral

retain their itinerant character of the Bloch form, and move eatures. . Lich . d 18bdevised impl
in the effective LSD potential. The resulting many-electron  R€cently, Lichtenstein and Katsnelsodevised a simple

wave function will consist of both localized and itinerant Procedure to augment LDA calculations to describe the mul-

states. In contrast to the LSD Kohn-Sham equations, the SI&plet feqtures of partly filled shells. The main ingredie'nt is
electron states, minimizingS'S, experience different effec- a0 atomic self-energ=*"w), extracted from the free ion

tive potentials. This implies that to minimiZS'C, it is nec-  Green’s function

essary to explicitly ensure the orthonormality of the one- T
electron wave functions by introducing a Lagrangian GMw) =D g w
multipliers matrix. Furthermore, the total energy is not any- e M+ Ep—E,+i6
more invariant with respect to a unitary transformation of the

one-electron wave functions. Both of these aspects make thdere,m andn enumerate the ion multiplet states with ener-
energy minimization more demanding to accomplish than irgies E,, andE,, ¢, and CI are, respectively, the annihilation
the LSD case. The electron wave functions are expanded iand creation operators of singfeelectrons, andy,, is a

B. Spectral functions

(4)
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weight factor specifying the relevance wf— n transitions. -1.45 ' ' '
In a thermal environment fe
1 -BE -BE
Omn= (€ +e ", (5 1501 SmAs
=
o
where 8=1/kgT and Z=3,e#Em is the partition function. g
The atomic levelsm) are found by diagonalization &f..in
the f" manifold -1.55 -
. . f®
H™= (] Ued ) + n(eo = ). (6) | | |
where ¢, is the baref level andug is the Fermi level. The 200 300 V‘(‘OO y 500 600
a.u.

matrix elements oH3°"M are expressed in terms of Slater
i K o= i 1

mteg_rals,.F ’ k—O,.2,_4,6, e_mcG.aunt cqefﬂmenté, gnd the FIG. 1. SIC-LSD total energy vs unit cell volume for SmAs.
Hamiltonian matrix is easily diagonalized numerically. The the o curves correspond to trivalent and divalent Sm ions, real-
Slater integrals are calculated using theartial waves of the  jzeq by localized?® (triangles andf® (stars configurations, respec-

self-consistent LDA calculation. ~tively. The vertical bar on th¥ axis marks the experimental equi-
From the atomic Green'’s function in E4) the atomic  |ibrium volume.

self-energy is extracted

1 present work. The present approach is similar in spirit to, but
G¥Mw) = PRSI (7)  differs considerably in details from, the approach of Lehner
et al. employed for Sm3.
The essential approximation of the present approach is the
subsequent combination of this local atomic self-energy with
the (k dependentLDA Hamiltonian to give the solid state lll. RESULTS AND DISCUSSION
Green's function A. Cohesive properties
GIoY(p) = 1 _ (8) The calculated total energies as functions of unit cell vol-
w — HPA - 330 ) ume are shown in Figs. 1 and 2, for SmAs and SmS, respec-
ively. In each figure two curves are drawn, corresponding to
he two cases of five or six localizddelectrons on each Sm
ion. In SmAs the lowest energy is found for &%) ions,
solid 1 colid while for SmS the lowest energy is found when assuming
A w) = - o Im > G*"(w). (9)  localized Sn(f) ions. The energy differences between the
K and f® minima are AE(f>-f®)=-74 mRy for SmAs and
With care, the spectral function in E(®) may be compared +15 mRy for SmS. The positions of the minima and the cur-
with experimental photoemission spectra. The latter are alswatures of thef®> curve for SmAs and thé® curve for SmS
strongly influenced by matrix elements as well as secondaryield the theoretical equilibrium lattice constants and bulk
electron losses and shake-up effects, all of which are not
considered in the present work. When combining the atomic -1.57 - '
and solid state electronic structure in this fashion, it is im- SmS
portant to ensure that no interaction is counted twice. In par-
ticular, since the atomic multiplets include the exchange in-
teraction, the band Hamiltonian in E@) should not be spin f?
polarized. Also, the LDA Hamiltonian includes the mean '
Hartree potential, which should therefore also be subtracted
in Eq. (6), but this correction is indistinguishable from the
Fermi-level adjustment necessary to embed the atom in the
solid. This Fermi-level adjustment is the only fitting param- 167k i
eter of the scheme. If more than twid configurations are -! | '
compared, in practice also a rescaling of the first Slater inte- 200 300 , 400 500
gral, F=U, is necessary to achieve results comparable to vViau)
experimental data. This is due to screening in the photoemis- G 2. s|C-LSD total energy vs unit cell volume for SmS. The

sion process, which in general renders bare Coulomb intefyg curves correspond to trivalent and divalent Sm ions, realized by
action too large(by a factor=2). A completely analogous |ocalized f5 (triangles and 8 (star$ configurations, respectively.
screening effect is considered in the LDA+U approch. The data presented do not include the 15 mRy calibration for the
Lichtenstein and Katsnelson also invoked screening effect®-6 energy differencdsee text for discussignThe vertical bars

of the higher Slater integrals for the interpretation of TmSeon the V axis marks the experimental volumes of the black and
photoemission spectfd,but this was not considered in the golden phases.

The spectral function is evaluated as the imaginary part oi
the Green’s function of the solid

fG
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TABLE I. Calculated lattice constant and bulk modulii of 8rmompounds in the NaCl structure. The Sm
ions are in the calculated ground state configuratiofPdér the pnictides and SmO, and &f for the other
chalcogenides.

Lattice constanta.u) Bulk modulus(GP3a

Compound Present Expt. Present Expt.

SmN 9.46 9.52 131

SmP 10.99 10.88 68.7

SmAs 11.18 11.16 67.6 84.23.5P 78.3

SmSb 11.90 11.84 46.7

SmBi 12.14 12.01 41.3

SmO 9.41 9.32 106.6

SmS 11.25 11.25 53.4 423)°, 50.3, 47.65.0)¢

SmSe 11.70 11.66 43.9 @)°

SmTe 12.43 12.46 37.6 m|m°©

SmPo 12.64 12.M 33.4

aReference 51, except where reference to other work is given.
bReference 52.

‘Reference 14.

dReference 17.

®Reference 18.

fReference 23 at 110 K.

9Reference 50.

"S53 468
'Reference 53.

modulii, which agree well with experimental values, cf. for charged impurities in semiconductdfsWith this ap-
Table I. proach the lowestf—d transition is found to occur at
To investigate further the electronic structures of the0.66 eV below the conduction band edge in the DOS of Fig.
ground states found for SmAs and SmS we show in Fig. 3(b). This is in considerably better agreement with the ex-
the DOS for these two compounds. For both SmAs and Sm$erimental band gap, albeit still too large, which could be an
one observes that the ligarsdand p bands are completely effect of the limited size of the supercell.
filled. In SmAs, two narrow Snfi resonances are situated just  In Fig. 3(c), the density of states of the high press(i®
above the Fermi level. These are thenajority spin bands phase of SmS is shown. Compared to the situation in Fig.
for the two f orbitals which have not been treated as local-3(b) one more electron per formula unit is available for band
ized. The minorityf bands appear further above the Fermiformation. At the same time, due to the reduced screening of
level. In SmS, similarly, there is orfemajority orbital which  the Sm nuclear charge, the unoccupfebdands move down
is not localized and therefore appears as a narrow spif-upin energy. The conduction states are being filled up to the
band, in this case-3 eV above the conduction band edge. position of thef resonance, which pins the Fermi level. The
As a consequence the density of states for SmS reveals a gaset shows that the first of the two spin-orbit split majofity
of 1.3 eV. This is similar to the gap found in Ref. 3 bands becomes partly occupied. This means that each Smion
(~2 eV) and in agreement with the fact that SmS by experi-is in a configuration of mixed® and f® character, which we
mental evidence is a semiconductor. However, the gap in thmterpret as the SIC-LSD representation of an intermediate
DOS curve in Fig. &) does not correspond to the physical valence state, in accord with the conventional wisdom for the
gap of SmS, which is of —d character and only-0.15 eV  golden phase of SmSThe representation of the intermediate
in magnitudet The DOS curves of Fig. 3 do not show the valence state, as built from a hybridized band on top of an
position of the localized states which, as discussed in Searray of localized® ions, may be a too simplistic description
Il B, are not well represented by their respective SIC-LSDof the true quantum mechanical ground state of intermediate
eigenenergies. Instead, the localized states can be calculatealence, yet due to the variational property of density func-
by total energy differences between the ground state and teonal theory it still leads to a good estimate of the binding
state with ond electron removed. To achieve this a supercellenergy. The lattice constant at the minimum of the SIC-LSD
consisting of four SmS formula units was considered, ancgenergy curve in Fig. 2, calculated for the high pressure
the total energy calculated for either all Sm atoms infthe phasea=5.69 A, is in good agreement with the lattice con-
configuration, or three Sm atoms in theconfiguration and  stant obtained for the SmS golden phasge5.70 Al or a
one Sm atom in thé® configuration. The missing electron in =5.65 A2 We note, however, that the calculated energy bal-
the latter case is artificially compensated by a uniform posiance between thé& and f® phases in Fig. 2 is at variance
tive background, in accord with the scheme often employedavith the occurrence of the isostructural transition in SmS
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FIG. 4. Trivalent-divalent energy differend&n mRy per for-
mula uniy of Sm compoundgfull line). A negative sign implies that
the trivalent state is favored. The dashed line marks the corrected
8 b energy curvesee texk

creasing compression in the high pressitephase thef
band gradually depopulates, at a ratedof/dInV~0.5, in
accord with the experimental observation of increasing va-
lency of Sm in the golden phase of SmS with pressSure.
From plots similar to those in Figs. 1 and 2 we can deduce
the f5-f6 energy difference for all Shcompounds. Figure 4
illustrates the trends in this quantity. The calculations reveal
a strong preference of th& configuration in the early pnic-
tides, with the energy difference of 135 mRy per formula
unit in SmN. For the heavier pnictide ligands, teconfigu-
ration becomes more and more advantageous, and for Bi it is
only 6 mRy higher than the trivalent configuration. Moving
to the chalcogenides, already in the Sm monoxide fthe
configuration is found to be most favorable, by 6 mRy, and
in SmS by 15 mRy. Hence, the SIC-LSD total energy pre-
dicts a Sm valency transition between the pnictides and the
chalcogenides. This is not in complete agreement with the
experimental picture, according to which the divalent and
intermediate-valent states are almost degenerate in SmS,
while SmO is trivalent and metallit®:>°Thus, it appears that
the SIC-LSD total energy functional overestimates the ten-
dency to form the divalent configuration of Sm, by approxi-
mately 15 mRy, in SmS. Assuming this error is similar for
all SmX compounds, this would imply that the calculated
energy balance curve in Fig. 4 lies too high by approximately
15 mRy. Therefore, the figure also includes an indication of
FIG. 3. SIC-LSD DOS for pSmAs with localizedf® Sm ions ~how the energy difference behaves wherE5 mRy correc-
(a=11.18 a.u, (b) SmS with localized® Sm ions(a=11.25 a.u, tion is applied(dashed ling This switches the balance in
and (c) high pressure phase of SmS with localiZz®dSm ions(a  favor of trivalency for SmO, which seems to be in better
=10.75 a.u. Energies are given relative to the Fermi level. The agreement with experiments, both with respect to the lattice
units of the DOS is states per electron volts and per formula unitconstant and metallicity of Sm€3:°In the systematic study
The full line is the total DOS, while the dashed line shows the DOSof the rare-earth metals and sulphides in .Refa similar
projected onto the Sm atom. The insets(& and (c) show an  uniform calibration(of 43 mRy) was applied to the trivalent-
enlargement of the region in the vicinity of the Fermi level. divalent energy difference of all the rare-earths and rare-
earth sulphides, in order to account for the experimentally
already at~0.65 GP&* The common tangent construction observed valencies. The different size of the calibrating en-
applied to Fig. 2 would lead to a transition pressure ofergy shift can to a large extent be traced to the neglect of
~6.5 GPa, i.e., ten times higher. It is quite conceivable spin-orbit coupling in Ref. 5, and the inclusion of this effect
though, that a more accurate description of the intermediatm the present work. In conclusion, the SIC-LSD total energy
valence state would lead to higher binding energy for thisunctional predicts correctly the trends in trivalent-divalent
phase, and hence, to a lower transition pressure. With inenergy difference through the samarium pnictides and chal-

DOS (states/eV/f.u.)

V

ol ] LR
-12 -8 -4
E - Efermi (V)
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6.8 " ' ' N ' ' T b TABLE I1l. Calculated isostructural transition pressur®s,(in
T - GP3a, and volume changesn %), of Sm monochalcogenides. Ex-
6.4 e T perimentally, the transitions of SmSe and Snfideroom tempera-
P s . ture) are continuous, while SmS exhibits a discontinuous volume
6.0L /?‘ : . o ' _ change. The calculated transition pressures include the 15 mRy
= P , ‘ calibration of the total energy calculated for the high pressure phase
- 4 g g (see texk
© 56 / / U///,’ .
"// /,//I// Volume
521 ) 7 collapse
¢ N P(GPa (%)
4.8- -
: : : —— S — Com-
N P As Sb Bi O 8 88 Te Po pound Theory Expt. Theory Expt.
FIG. 5. Comparison of experimental and theoretical lattice coN-gms 0.1 0.65 1.24 111 138 13.8

stants(in Angstrém of SmX compounds. Experimental valuésee a c
Table ) are marked with solid circles, while lattice constants cal- SmSe 3.3 ~4% 3.8, 3-9,2.6-4 9.8 & 11 7
culated assuming a divalefitivalent) Sm configuration are marked SmTe 62 2-852,6-8 46-7.8 84 g7

with stars(diamonds.

aReference 14.
. . o Bnsulator-metal transition of Ref. 20.
cogenides, but fails on a quantitative scale of the order Oipresent author’s estimates from figures of Ref. 2. The volume
15 mRy. Such an error is quite reasonable given that thgnanges for SmSe and SmTe are obtained by extrapolation over the
functional does not contain any explicit contribution from transition range.
the formation of atomic multipletéhe tetrad effeéf), which  dpresent author’s estimates from figures of Ref. 54. The volume
would lead to larger energy lowering for &ion than foran  changes for SmSe and SmTe are obtained by extrapolation are the
£6 ion. transition range.

The total energies as a function of volume in the Sm

monopnictides and chalcogenides are used to study the basi¢ decrease already at low concentrations &f 8. seems

ground state properties such as equilibirium lattice constanfat more experimental as well as theoretical research, in-

and bulk modulus. The calculated properties are in excellent|,ging alloy calculations, is needed to elucidate this issue
agreement with the experimental values which are given g tner.

Table I. All lattice constants agree within1% with experi-
ment. Figure 5 compares the calculated lattice constants of

the SnX compounds with experimental values and the equi- B. Valence transitions
librium lattice constants of the competing valency configu-
rations. As seen in Fig. 2 the divalent state, with six localized

In view of the intermediate valence interpretation of theelectrons on each Sm ion, is the ground state of SmS; how-
high pressurd® scenario of SmS depicted in Fig(c3, one  ever, with compression the intermediate valent phase with
may wonder if the occurrence of the sharp resonance judive localizedf electrons and some additional bahalec-
above the Fermi level in SmAs in Fig(88 does not also trons becomes more favorable. From a common tangent con-
imply a slight admixture off® into the ground state of this struction, a transition to th& phase occurs, at a pressure of
compound. Integrating the resonance band, one indeed findls1 GPa. This is accompanied by a volume reduction of
~0.11 occupancy of this band, i.e., SmAs is found to have d41.1%. Note that this transition pressure corresponds to the
slightly mixed valent character. The admixtureféfcharac-  total energy curves calibrated by the 15 mRy correction dis-
ter increases to 0.17 in SmSb and 0.30 in SmBI. Neither theussed in Sec. Il A.
experimental photoemission spectra of SmAs nor SmSb In the case of SmSe a similar transition is calculated to
show distinct features of® charactet>23 but on the other occur at a pressure of 3.3 GPa with a volume reduction of
hand it is unclear whether-a10% admixture of® character 9.8%. Experimental evidence shows that SmSe undergoes a
could be firmly excluded from the spectra. We are not aware€ontinuous transition in the pressure range of 2.6—4 @Pa,
of experiments on SmBi, but the present prediction is that @r 3—8 GP&.The present theory can only describe a discon-
significant fraction off® should be present in this compound. tinuous transition. It has not been resolved whether the con-
The proximity of thef® states is also probed by doping ex- tinuous volume change is due to the experiments being con-
periments starting from the pnictide and alloying with ducted at room temperature or is an intrinsic property of the
chalcogenided*3>53For SmAs, doping with S or Se does quantum state of SmSe. The calculated transition pressure
not indicate valence instability for S concentrations up toand volume collapse are in reasonable agreement with the
40% (Ref. 53 or Se concentrations up to 30%which sug-  experimental data, cf. Table I, the experimental volume
gests that in fact the extra electron of the chalcogen is ngump being estimated by extrapolation of the divalght
transferred into Snfi states, speaking against the presence ofelation over the anomalous region. Note that the two recent
the unoccupied band right at the Fermi level. On the other experiments quoted earlier disagree considerably with re-
hand, when S is doped into SmSb the valency of Sm is seespect to the pressure range over which the transition occurs.
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given by the center of gravity of the occupiégartial den-
D GF A ! SmAs sity of states However, for the direct Coulomb parameter,
’x FO=U, a screened value ¢°=7.1 eV was adopted instead
of the unscreened value quoted earlier.
4L . The SmAs spectral function in Fig. 6 shows the four dis-
tinct peaks corresponding to tHé(°L), L=D,G,F,I, final
p i states in the photoemission process. These states agree well
\ with the three-peak structure observed by Ref. 23, at binding
\ . ) energies of approximately -10.0, —-8.2, and -6.0 @ve-
hn S AN A suming that theF emission is too weak to lead to a resolv-
0 AN e . able peak In the positive frequency region one observes the
A2 6 0 6 12 U= peak Ju§t above the_Ferml level, in acc_ord with the unoc-
E-E... (V) cupied majorityf band in Fig. 8a). The f® final states ofS
=2, which correspond to the unoccupied spin down bands in
FIG. 6. The calculated spectral function of SmAs at equilibrium Fig. 3(a), are situated further up in energy, however, now
volume,a=5.91 A. The full curve shows thecontribution and the  with a considerable spread due to the many allowed multi-
dashed curve the noheontribution. The energy is given relative to plets. The position of the corresponding levels in the refer-
the Fermi level. The main lines are characterized by their final statence atomic calculation are marked in the figure.
characteristics, either As; p bands or the™*! multiplet term. The SmS spectral function is shown in Fig. 7. The spec-
trum is now characterized by the low binding energy three-
Similarly to SmSe, experimentally SmTe also exhibits apeak structure, which is also observed by several
continuous divalent to intermediate valent transition withexperiments;'>23 at binding energies -0.8, -1.5, and
pressure. The present theory finds a discontinuous transition4.0 eV, and which is attributed to ttfel, °F, and®P final
occurring at 6.2 GPa with a volume collapse of 8.4%. Again states'® The latter state coincides with thepSband, as also
these values are in good quantitative agreement with the exXeund in the calculations. The results in Fig. 7 are similar to

A(E) (states/eV/f.u.)

perimental data, cf. Table II. those obtained by Lehnet al? Recent experimentshow
traces of Snf°> emission in SmS photoemission experiments,
C. Photoemission possibly also present in older workslt is unclear whether

this is due to small impurity concentrations or implies a more
omplicated ground state already for the black phase of SmS.
he present total energy calculations have found SmS to be a
urely divalent system. It is well known that doping of SmS
an lead to the intermediate valence phase, characterized by
. . 45 photoemission spectra of both the high and low binding en-
separation to theGIowest—l excited level§f*(’l) of _4.0 eV ergy typel®23 By carefully tuning the chemical potential of
for SmAs _""”dfs( H) of 0.8 eV for SmS, respectivelyto  {he'reference atom in the present theory we can indeed obtain
comudg with the experimental values for these energies. Thg mixed spectrum, corresponding to a superposition of the
SLater integrals are almost equal for the two compoundsgpectral functions of Figs. 6 and 7 in good agreement with
Ff=23.9, 10.6, 6.5, and 4.6eV, respectively, f&r ine spectra recorded for SmAsSmMS alloys The unoccu-
=0,2,4,6 (evaluated with thef-radial wave at an energy pjed states of SmS have been monitored with bremsstrahlung
inverse spectroscop§.The spectra reveal two broad struc-

" ey S 1DGEH tures, approximately 4.5 and 9 eV above the Fermi level,
Sms o \ il which are in good agreement with the positions in Fig. 7 of
the 8S and®X features, respectively.

The spectral functions of Shcompounds are calculated
as outlined in Sec. Il B. Figures 6 and 7 show the spectr
functions for SmAs and SmS, respectively. The chemical po-
tential of the reference ion is chosen such that the groun
state isf3(°H) for SmAs andf®(‘F) for SmS with an energy

IV. SUMMARY

The cohesive properties of Strtompounds are well de-
scribed by the local density approximation to density func-
tional theory provided the self-interaction correction is ap-
plied to obtain an improved description of the atomiclike
electrons. The bonding properties are quantitatively in agree-
ment with experiment as evidenced by accurate lattice con-
stants for both the trivalent pnictides and the divalent chal-

FIG. 7. The calculated spectral function of Srfiiack phase, Ccogenides. Regarding the energy balance between the
a=5.95 A). The full curve shows thé contribution and the dashed trivalent and divalent configurations of Sm in the studied
curve the norf contribution. The energy is given relative to the Solids (i.e., between localized® and f® configurationy the
Fermi level. The main lines are characterized by their final statéSIC-LSD approach seems to underestimate the bonding in
characteristics, either § p bands or theé™?! multiplet term. the localizedf® configuration by 10—15 mRy, which can be

A(E) (states/eV/f.u.)

E-E... (V)
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considered a minor error. However, for an accurate descripconsidered as db initio” as the density-functional-based
tion of the isostructural valence transitions induced by prestotal-energy calculations. Therefore, substantial further theo-
sure it is a substantial inaccuracy. Correcting for this erroretical developments would be needed for a fully parameter
we obtain good agreement with high pressure experimentdiee calculation of photoemission spectra.

results for SmS, SmSe, and SmTe. The high pressure phaseln conclusion, this work has investigated the degree of
of the Sm chalcogenides is described in the SIC-LSD oneintermediate valence in Sm pnictides and chalcogenides as
electron picture as an array of Sihions with an additional manifested in three physical properties, namely the cohesive
partially occupiedf band, leading to a total occupation properties, the pressure characteristics, and the photoelectron
between 5 and 6. For SmO, this is found to be the groundpectroscopies.

state. A small expansion of the SmO lattice, corresponding to
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