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The electronic energy band spectra, as well as partial and total density of electronic states of the crystal argy-
rodite AggSnSeg have been evaluated within the projector augmented waves (PAW) approach by means of the
ABINIT code. The one-electron energies have been evaluated using two functionals for exchange-correlation
energy. The first one is the generalized gradient approximation (GGA) approach. The second one is the hybrid
functional PBEO composed of the semilocal GGA part and Hartree-Fock exact exchange non-local energy for
strongly correlated 4d electrons of Ag atom. The second approach eliminates the Coulomb self-interaction of
the Ag 4d electrons. This leads to a significant restructuring of the energy bands in the filled valence part and
to an improved location of the Ag 4d-states on the energy scale, and the resulting value of the band gap is well
compared with experiment. The effects of strong correlation on the electronic structure of the crystal argyrodite
are considered here for the first time.
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1. Introduction

Ternary chalcogenide compounds have attracted much research interest due to their possible appli-
cations in photovoltaic and optoelectronic devices, as well as in non-volatile memories, especially in the
resistive random access memory (RRAM) with low energy consumption and high speed of action [1} [2].
The phase-change chalcogenides have been used as resistive memory cell materials [3]. Compounds rep-
resented by the formulae ALBVXI (A" = Cu, Ag; BV = Si, Ge, Sn; X! = S, Se, Te) [4] belong to the argyrodite
family.

The argyrodite AggSnSeg is a narrow band gap semiconductor with energy band gap of 0.82 eV [5} [6].
The absorption spectrum of the system AggSnSeg is characterized by a sharp absorption peak in the IR
region. The structure of AggSnSeg was described by orthorhombic Bravais lattice (space group Pmn2;)
below the phase transition point [7, 8]. The group-theoretical analysis shows that AggSnSeg compound
contains 87 optical and 3 acoustic oscillating modes [9].

The interest in the argyrodite materials is caused by their mixed electronic-ionic conduction and low-
temperature phase transition ' < y (at 83°C) [10.

The electronic structure of argyrodite AggSnSeg has been evaluated within the plane-wave pseudopo-
tential formalism [7], without taking into account the effects of strong correlations.

It is clear that the 4d electrons of Ag are localized in a narrow energy range of the valence band.
Therefore, our task will be to clarify the important points related to the localization of electrons in the
valence band, depending on whether the strong correlation of d electrons are taken into account or
not. The local exchange-correlation potential fails in this system and can lead to higher energy band
position E44(k) and to negative band gap values E; < 0. For example, using the exchange-correlation
potential without strong correlation leads to the metal electronic structure in CdO crystal [11]. Strong
electron correlation being taken into account provides a good agreement with experimental direct and
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indirect band gap values. In works [11}[12] it was also concluded that strong correlation of the d electrons
of transition element impurities has a considerable effect on the electronic structure of CdO and AIN
crystals.

The effects of strongly correlated electrons in a crystal AggSnSeg have not been considered earlier.
So the main purpose of this study is to elucidate the following issues: 1) what is the impact of a strong
correlation on the value of the band gap? 2) what are the changes in the electronic structure caused by
strong correlations?

We hope to get the answers to these questions having performed the calculations of the electronic
structure taking into account strong correlation of the Ag 4d electrons.

2. Theory

The projector augmented waves (PAW) method [13] combines features of pseudopotential approach
and augmented plane waves method. In PAW method, the crystal is divided into two parts: 1) region
inside the spheres built around the atoms — an augmentation region (Qayg); 2) region outside the spheres
(Qint) — an interstitial region. The wave functions are represented differently in these regions of the
crystal.

For the core electron shells, the wave function is expanded into atomic partial waves [Waug) = X ; Ci@;.
Inside the sphere (Qayg), but in its distant part, the pseudo-wave function is expanded by auxiliary partial
waves |aug) = X; ¢;P;. Between the spheres in the crystal smooth pseudo-wave function is well approx-
imated in terms of plane waves basis (~ 103) ) =Y g ac(k)lk+ G).

In the crystal, all the electron wave function of an electron consists of three components described
above as follows:

lw) = 1) +Z(|‘Pi> —@iN{pilw), @.1)

where (p;| is the projector function.
Transformation from pseudo-wave to all electron function is determined by operator 7,

[Wn) =T1Wn), (2.2)
then, stationary Schrodinger equation takes the following form:
T HT| W) =T T Wn)en. (2.3)
Exchange-correlation hybrid functional PBEO [14] is obtained from the equation
ESPEO[n) = EXPE () + a (EXF [yser] - ESPE [ngell), 2.4)

where EFBE[n] is the exchange-correlation functional in the generalized gradient approximation [15l,
E}IfF [Wsel] is the exchange energy in Hartree-Fock theory, yse and nge is the wave function and electron
density of selected electrons [16], i.e., 4d electrons of Ag.

3. Calculation details

ABINIT program [17] was used for calculation of electronic properties of argyrodite crystal. The struc-
ture of f modification of the crystal was obtained from experimental study [8]. The argyrodite crystal-
izes in orthorhombic crystalline form with Pmn2; space group. The unit cell parameters are defined as
a =0.79168(6) nm, b = 0.78219(6) nm and ¢ = 1.10453(8) nm, respectively. The unit cell of the crystal
consists of two formula units (Z = 2) containing 30 atoms.

The projector augmented waves method (PAW) was used for solving the system of equations
with respect to crystal eigenenergies €, and pseudo-wave functions 1. The PAW basis states have been
generated by means of the AtomPAW program [18] for the following configurations of the valence basis
states: 4525514 p®4d'0 for Ag, 45°5524p®5p?4d'? for Sn and 3524523 p®4p* for Se. The system of equations
was solved self-consistently and the full convergence of the binding energy of the unit cell was achieved
with the accuracy of 107 Ha.
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4. Results and discussion

The calculations were performed with three values of @ parameter such as 0.0, 0.25 and 0.33. The
authors [14}[16] have recommended the value of a = 0.25.

The energy band structure of AggSnSeg is presented in figure[1} The result obtained with exchange-
correlation potential within GGA is shown in figure [1} with the coefficient value a = 0. In this case we
found the band gap value of E; = 0.05 eV for the AggSnSeg crystal. The electron dispersion curves with
local Coulomb correlation of Ag 4d electrons are presented in figure [1|on the right. For this calculation,
the coefficient a = 0.33 was used in equation (2.4).

Comparing two E(Kk) spectra (figure [1) we found that the consideration of strong correlation of Ag
4d electrons leads to quantitative and qualitative changes of the energy band parameters. For example,
the band gap value of AggSnSeg crystal is E; = 0.66 eV at I' point in the first Brillouin zone which is in
good agreement with experimental value E; = 0.82 eV [6]. For comparison, we also give a value of the
bandgap Eg = 0.54 eV, derived with the recommended option a = 0.25. According to our calculations, the
considered material is characterized by a direct fundamental interband gap I'-I". The top of the valence
band is formed by p-states of Se, and at the bottom of the conduction band there dominate the s-states of
Sn, so the dipole interband optical transition s-p is allowed. Thus, this is also an optical gap.

The comparison between figure [1] (a) and [1| (b) shows a significant renormalization of dispersion
curves in the valence band. Below the Fermi level, the electronic states are located in the energy range
0.0 < E < 6.0 as illustrated in figure[1|(a). The strong correlation of Ag 4d electrons leads to the splitting
this broad band of electronic states into two groups of energy bands which is shown in figure[T] (b). The
dispersion curves [figure[T|(a) and[T](b)] exhibit a significant difference of electronic energy band spectra
obtained within GGA formalism for @ = 0 in equation and with the strong correlation of Ag 4d
electrons (a = 0.33) being taken into account.

A significant qualitative change in the electron energy spectrum, as can be seen from figure [1] (a)
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Figure 1. The energy band structure of AggSnSeg crystal evaluated for & =0 (a) and a = 0.33 (b).
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and (b), is obviously caused by a partial removal of the Coulomb’s self-interaction from the exchange-
correlation potential in equation (2.4), setting a non-zero coefficient a. Self-interaction leads to systematic
errors in the band gap values of semiconductors and dielectrics [19}20].

Figure shows that Ag 4d electrons are localized in a narrow energy range and are characterized by
high values of density of states. The energy range of about AE,; = 3 eV is obtained within GGA method.
Using the exchange-correlation potential with a mixing coefficient of (@ = 0.25) leads to a significant
decrease of this range to about AE,; = 2 eV. Moreover, the center of Ag 4d electron band is shifted to
lower values of energy (approximately to 3.5 eV).

st./leV st./eV
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10 -5 0 E'EF' eV 5
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Figure 2. (Color online) The partial density of states of Ag evaluated (a) within GGA (@ = 0) and (b) using
the strong correlation of Ag 4d electrons (a = 0.25) for AggSnSeg crystal.

As shown in figure[3] the partial density of states of Ag and Sn are evaluated using the mixing param-
eter of @ = 0.33 for the exchange-correlation potential. Consequently, the densities of states are obtained
with cancellation of self-interaction of Ag 4d electrons which are localized in narrow energy bands.

The partial density of states presented in figure 3] [4]shows a significant domination of p-states of Se
and Sn at the top of the valence band. The contribution of s- and p-states of Ag is small in this energy
region. Consequently, the top of the valence band is formed from the hybridized p-states of Se, Sn, Ag and
Ag s-states.

The bottom of the conduction band consists of the hybridized p-states of Sn and s-, p-states of Sn
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Figure 3. (Color online) The partial density of states of Ag (a) and Sn (b) evaluated using the strong corre-
lation of Ag 4d electrons (a = 0.33) for AggSnSeg crystal.
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Figure 4. (Color online) The partial and total density of states of Se (a) and AggSnSeg crystal (b), respec-
tively, evaluated using the strong correlation of Ag 4d electrons (a = 0.33).

and Se. The total density of states (figure [4) illustrates that Ag 4d electrons are localized in a narrow
energy bands. These Ag 4d electrons create a strongly correlated subsystem, which may be properly
described by means of the semilocal GGA exchange-correlation potential and nonlocal Hartree-Fock ex-
change potential, with nonzero mixing parameter of @ in equation (2.4).

5. Conclusions

The energy band structure of AggSnSeg crystal was obtained within the two theoretical models for
exchange-correlation functional: a generalized gradient approximation GGA-PBE and a hybrid functional
PBEO. In PBEO approach, the first term describes s and p electrons within GGA formalism and the second
one represents the Hartree-Fock energy for 4d electrons of Ag. The band gap value obtained from GGA
formalism is very small. Taking into account the local strong correlation of Ag 4d electrons leads to the
band gap value of 0.66 eV which is much closer to the experiment. Involving the Hartree-Fock energy in
the calculation leads to the elimination of Coulomb self-interaction and to an increase of the band gap
value. Therefore, we can conclude that the wave functions of Ag 4d electrons, on the one hand, and the
states localized at the top of the valence band, and also lying near the bottom of the conduction band,
such as p-states of Se and s- and p-states of Sn, on the other hand, reveal a considerable hybridization.

References

1. Lee M.-],, Lee C.B., Lee D., Lee S.R., Chang M., Hur J.H., Kim Y.-B., Kim C.-]., Seo D.H., Seo S., Chung U.-I,, Yoo I.-K.,
Kim K., Nat. Mater., 2011, 10, 625; doi;10.1038/nmat3070.
. Waser R., Dittmann R., Staikov G., Szot K., Adv. Mater., 2009, 21, 2632; d0i:10.1002/adma.200900375.
. Kozicki M.N., Park M., Mitkova M., IEEE Trans. Nanotechnol., 2005, 4, 331; doi:10.1109/TNANO.2005.846936.
. Kuhs W.F., Nitsche R., Schuenemann K., Mater. Res. Bull., 1979, 14, 241; doii10.1016/0025-5408(79)90125-9.
. Bendorius R, IrZikevi€ius A., Kindurys A., Tsvetkova E.V., Phys. Status Solidi A, 1975, 28, K125;
doii10.1002/pssa.2210280245.
. Gorochov O., Bull. Soc. Chim. Fr., 1968, 6, 2263.
7. Semkiv I.V,, Lukiyanets B.A., Ilchuk H.A., Petrus R.Yu., Kashuba A.L., Chekaylo M.V,, J. Nano- Electron. Phys., 2016,
8, No. 1, 01011 (in Ukrainian); doi;10.21272/jnep.8(1).01011.
8. Gulay L.D., Oleksceyk I.D., Parrasyuk O.V., ]J. Alloys Compd., 2002, 339, No. 1-2, 113;
doi:10.1016/S0925-8388(01)01970-3.
9. Semkiv L.V,, Kashuba A.L, Ilchuk H.A., Chekaylo M.V,, Phys. Chem. Solid State, 2015, 16, No. 2, 257 (in Ukrainian).
10. Chekaylo M.V., Ukrainets V.O., II’chuk G.A., Pavlovsky Yu.P., Ukrainets N.A., Phys. Chem. Solid State, 2011, 12,
No. 1, 191 (in Ukrainian).

g R W N

[=2]

43703-5


http://dx.doi.org/10.1038/nmat3070
http://dx.doi.org/10.1002/adma.200900375
http://dx.doi.org/10.1109/TNANO.2005.846936
http://dx.doi.org/10.1016/0025-5408(79)90125-9
http://dx.doi.org/10.1002/pssa.2210280245
http://dx.doi.org/10.21272/jnep.8(1).01011
http://dx.doi.org/10.1016/S0925-8388(01)01970-3

S.V. Syrotyuk, LV. Semkiv, H.A. Ilchuk, V.M. Shved

11.
12.
13.
14.
15.
16.
17.

18.

19.
20.

Syrotyuk S., Shved V., Solid State Phenomena, 2013, 200, 123; doi;10.4028/www.scientific.net/SSP.200.123,
Syrotyuk S.V., Shved V.M., Condens. Matter Phys., 2013, 16, 13701; doi;10.5488/CMP.16.13701.

Blochl P.E., Phys. Rev. B, 1994, 50, 17953; d0ii10.1103/PhysRevB.50.17953,

Ernzerhof M., Scuseria G.E., J. Chem. Phys., 1999, 110, 5029; d0i:10.1063/1.478401,

Perdew J.P., Burke K., Ernzerhof M., Phys. Rev. Lett., 1996, 77, 3865; d0ii10.1103/PhysRevLett.77.3865.

Tran E., Blaha P.,, Schwarz K., Novék P, Phys. Rev. B, 2006, 74, 155108; doi:10.1103/PhysRevB.74.155108.

Gonze X., Amadon B., Anglade P.-M., Beuken J.-M., Bottin F., Boulanger P., Bruneval F., Caliste D., Caracas R.,
Coté M., et al., Comput. Phys. Commun., 2009, 180, 2582; doii10.1016/j.cpc.2009.07.007,

Holzwarth N.A.W., Tackett A.R., Matthews G.E., Comput. Phys. Commun., 2001, 135, 329;
doii10.1016/S0010-4655(00)00244-7.

Lebegue S., Arnaud B., Alouani M., Bléchl P. E., Phys. Rev. B, 2003, 67, 155208; doii10.1103/PhysRevB.67.155208.
Schlipf M., Betzinger M., Friedrich C., LeZai¢ M., Bliigel S., Phys. Rev. B, 2011, 84, 125142;
doii10.1103/PhysRevB.84.125142,

BnnuvB epeKTy CUNIbHMNX KOpensuiiA Ha 30HHY CTPYKTYpY
apripoguty AggSnSeg

C.B. Cuportok, I.B. Cewmkis, I.A. Inbuyk, B.M. LLiBea

HauioHanbHWIA yHiBepcuTeT “/lbBiBCbKa NonitexHika”, Byn. C. baHaepu, 12, 79013 JlbBis, YkpaiHa

ENeKTpOHHI eHepreTUuHi CnekTpW, a TakoX MapujianbHi Ta MOBHA LUiNbHOCTI eNeKTPOHHMUX CTaHiB y f-¢asi
Kpuctany apripoauty AggSnSeg oTpuMaHi B 6asuci npoekuiiiHux npueaHaHux xeunb (PAW) 3a gornomoroto
nporpamu ABINIT. OfHOYaCTMHKOBI eHeprii eNeKTPOoHiB 6ynn 3HalifeHi 3 BUKOPUCTaHHSAM ABOX $YHKLiOHa-
NiB 06MiHHO-KOpeNALiliHOT eHeprii. MepLnii FPyHTYETLCA Ha y3araNbHeHOMY rpajieHTHOMY HabavxeHHi (GGA).
Apyruii € ri6pUAHUM GYHKLIOHANOM, LLIO CKNAAAETHCA 3 HAaNiBNOKaNbHOI CkAaA0Boi, CHOPMY/ILOBAHOI Y NiAXOA
GGA, Ta 3 TOYHOro HeNokanbHOro 06MiHHOTO MoTeHLiana XapTpi-®oka CUNBHO cKopenboBaHuX 4d enekTpo-
HiB Ag. [ipyrnii niaxia ycyBae KynoHiBcbKy camogito 4d enekTpoHis Ag. Lie npuBoAUTL A0 3HaYHOI NepebyaoBu
CTPYKTYPU eHEPreTUYHIX 30H Y il 3aNOBHEHIIA BafIeHTHI YacTUHI, 6ifbLL NPaBMILHOTO PO3MiLLLEHHSs 4d-CTaHiB
Ag 33 eHepreTUYHOHO LLIKA/O0, @ OTPUMAHE 3HaYeHHS LIMPUHIN 3360POHEHOT 30HW BUABSE A0bpe 3icTaBNeHHs
3 eKCrepuMeHTOM. BNauB cunbHMX KOpensLiili Ha enekTPoHHY CTPYKTYpY KpucTana apripoAnTy po3rnsajaeTbes
TYT BrepLue.

Kntouosi cnoBa: po3paxyHku eNeKTpOHHOI CTPYKTYpU, CU/IbHO CKOPe/IbOBaHi e/1eKTPOHY, TOYHWI 0OMIH A5
CKOpe/IbOBaHNX e/1eKTPOHIB, MPOeKLiiHO npueaHaHi xauai PAW, xasbKoreHigu, apripogntm
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