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Abstract

Zn2SnO4(ZTO) is an important material with a wide bandgap. It

is often used in nano devices such as solar cells. The crystal structure

of ZTO is inverse spinel, with the general formula AB2O4. In inverse

spinel the occupation of the octahedral sites is not determined, but

instead A and B atoms share the occupation 50/50. Here we elaborate

on the previous computational work done on this material using DFT,

cluster expansion and Monte Carlo calculation of a phase diagram.

This is the research-in-progress and the results are not �nal.

1 Methods

The preliminary scan of con�guration space of ZTO was performed using

SIESTA1 code with T-M pseudopotenials. Further calculations on the ground

state structure were done using QuantumEspresso2 code with PBE func-

tional. Bether-Salpeter equation (BSE) is being solved with YAMBO code3.

Unless otherwise stated, ZTO was represented by a 56-atom unit cell; 5×5×5

Γ-centered k-point mesh was used in the calculations that involved geometry

relaxation.
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Figure 1: Schematic structure of inverse spinel ZTO. Atoms in blue represent
0.5/0.5 mixture of Zn/Sn atoms. Atoms in green are Zn atoms that occupy
tetrahedral (diamond-like) sites on the lattice.

We used ATAT code4�8 to generate special quasy random structure (SQS)9,10,

to conduct cluster expansion (CE) and to perform Monte Carlo simulations.

We used SIESTA with LDA functional and 5× 5× 5 k-point mesh as an ab

initio input for ATAT to perfrom CE. We may remark here that speed-up

bene�ts from SIESTA are very signi�cant in comparison to other popular

solid-state codes, the fact that comes extremely useful in situations when

many con�gurations of large unit cell must be sampled.

ZTO crystall structure is known as inverse spinel. Oxide spinels, such

as ZTO are represented by a general stoichiometric formula AB2O4. Such

spinels exist in two forms , 2-3 form where A is ionized to +2e charge and

B to +3e; and 4-2 form where A carries +4e and B +2e charges. ZTO

corresponds to the latter form. More generally, all AB2O4 spinels can be

described by degree of inversion, x, using the formula (A1−xBx)[AxB2−x]O4.

Here the parenthesis () refer to tetrahedral (diamond-like) sites and brackets

[] refer to octahedral sites. Consequently x = 0 corresponds to the normal

spinel structure and x = 1 to inverse.

In the X-ray di�raction (XRD) experiments11 on bulk ceramic ZTO the

space group Fd3m (227) was identi�ed, and the degree of inversion x was

found to be 0.99. The inverse spinel structure is shown on Fig. 1. The XRD
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experiments however could not resolve the exact occupation of the octahedral

sites, which were are assigned to be 0.5/0.5 Sn/Zn occupied (hence the space

group). In the previous computational work on ZTO12,13 the occupation of

these sites was assumed to be random.

Similiar problems were encountered in studies of bulk Zn2TiO4
14 (we

will abreviate this material as TiZO to avoid confusion). TiZO has also been

found to have inverse spinel structure with XRD assigned 0.5/0.5 occupation

of tetrahedral sites. Hovewer recent results of Extended X-Ray Absorption

Fine Structure (EXAFS) experiments when compared with results of DFT

and Monte Carlo simulations found that the symmetry-degenerate ground

state con�gurations are the most likely candidates for the room temperature

con�guration of bulk TiZO.15 the di�erence of experimental lattice constants

within 0.2 Å (8.48Å for TiZO and 8.65Å for ZTO).

To describe con�gurations we used notation from the latter article15. Four

principal points14 corresponding to Zn/Sn octahedral sites are denoted as 1a,

1b, 1c, 1d and the other 12 points (2a, 2b, ..., 4d) are generated from them

by the standard fcc space group operators15.

2 Results

The goal of the �rst stage the calculation is to compare our results with

previous work done on ZTO and TiZO12,13,15. In the �rst two articles authors

assume random order of Zn and Sn atoms and use SQS for calculations. In

the last reference a ground state con�guration is found for TiZO and it is

shown, with some supporting experimental evidences, that it dominates the

bulk for temperatures <700K .

We �rst veri�ed the assumption that ground state con�guration for ZTO

matches that of TiZO . To do this we selected 6 top lowest energy con�gura-

tions described for TiZO15. The results are summarized in Table 1. Indeed
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the ground state denoted as 1a,1b,2c,2d,3a,3b,4c,4d for ZTO had the lowest

energy among these 10 con�gurations. The ordering of the other con�gura-

tions sorted by the energy didn't match that of TiZO. Thus we can conclude

that we can not directly map con�gurational properties of TiZO to ZTO and

further studies of con�gurational space of ZTO are required.

Table 1: Comparison of the �rst 6 con�gurations of ZTO and TiZO. First two
con�gurations are symmetry-degenerate. Energies are relative to the ground
state and are per atom.

Con�guration ZTO Energy, eV lattice constant, Å TiZO Energy, eV
1a,1b,2c,2d,3a,3b,4c,4d 0.0 6.7 0.0
1b,1c,2a,2d,3b,3c,4a,4d 0.0 6.7 0.0

1b,2a,3a�d,4c,4d 3.2 6.75 0.52
1d,2a,2b,2c,3b,3c,3d,4a 2.2 6.7 0.58

1a,1c�2c,3a,4b 3.1 6.75 0.58
1a,1b,1c,2d,3a,4b,4c,4d 2.3 6.7 0.58

2.1 Cluster Expansion method

It is necessary to know, what con�guration, if any, is dominant in a ZTO

sample at the normal range of temperatures. In order to answer this question

we build the cluster expansion (CE)16 with ATAT code and performed Monte

Carlo (MC) simulations.

CE is a method to study a con�guration space of an alloy. It does not

calculate each point by an ab initio method, which is unfeasible in most

cases, but instead employes interpolation. In CE the energy is expanded

into a series of correlation functions 〈Πα〉 for clusters α of lattice sites (single

atoms, pairs, triplets, etc):

E =
∑
α

Jαmα〈Πα〉

Here mα are degeneracy factors due to the symmetries and Jα are coe�-
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Figure 2: CE energies for various con�gurations at di�erent concentrations
(di�erent chemical potential di�erence µ). The error of CE �t is <0.01 eV
for 0.5 concentration. GS refers to the ground state con�gurations.

cients found by CE by �tting con�gurations with known energies (calculated

by an ab initio method). In binary systems, such as ZTO, cluster func-

tion Πα is simply a product of �ctitious spin ±1 variables (designating A/B

atoms) assigned to the corresponding lattice sites. CE can be generalized to

multicomponent systems.6,16 CE is known to converge quickly and this is a

singular advantage of this expansion.

We ran ATAT starting from the spinel (fcc) primitive unit cell composed

of 14 atoms. Before it converged (cross-validation score <0.025 eV) the unit

cell was extended upto the 56-atom unit cell.

ATAT studies the whole composition space of an alloy. The plot of �t-

ted energies versus composition is presented on Fig.2. As expected from

experimental data, the lowest energy con�gurations belong to 0.5/0.5 Sn/Zn

composition of octahedral sites.
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ATAT-predicted ground state con�guration for 0.5 concentration matched

an (∞, 0,∞) re�ection of con�guration 1 (Table 1), i.e. these two con�gu-

rations are degenerate. No lower energy con�gurations with di�erent Zn/Sn

composition was predicted by ATAT.

2.2 Monte Carlo simulation

Given the CE expansion it is feasible to study thermodynamic properties

of alloys with MC method. For thermodynamic description of alloys semi-

grand-canonical ensemble is usually employed. In this ensemble the total

number of particles N is kept constant, while the concentrations of compo-

nents are allowed to �uctuate. The thermodynamic potential associated with

the semi-grand-canonical ensemble is given by

φ(β, µ) = − 1

βN
ln

(∑
i

exp [−βN(Ei − µai)]

)
(1)

where β = 1/kBT is inverse temperature, µ = µA − µB is the di�erence

in chemical potentials of the two atom types involved and ai is a fractional

concentration (0.0− 1.0) of the specie A.

The plot for ZTO energy is presented on Fig.3. Though the whole (β, µ)

space can be studied with CE Monte Carlo simulation, the con�gurations

with 0.5/0.5 Sn/Zn concentrations are experimentally relevant for ZTO. Con-

sequently for this simulation the chemical potential µ was kept �xed at a

value that stabilizes 0.5/0.5 ground state. This graph demonstrates that

the material in the ground state undergoes phase transition at extremely

high temperatures of about 3000K. It should be pointed out here, that the

energies Ei in 1 are calculated for a �xed lattice without considering mo-

tion of the nuclei: at atmospheric pressure the crystal melts at much lower

temperatures.

Thus it can be concluded that the ground state con�guration for ZTO is
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Figure 3: Energy dependence on temperature for ZTO. Energies are normal-
ized to the number of atoms in the unit cell. Phase transition (discontinuity)
was detected at the last data point.

remarkably stable.

2.3 Comparison with Special Quasirandom Structure

The properties of ZTO were previously calculated assuming random ordering

of Sn and Zn atoms at O sites. To make such computation feasible the SQS

approach was introduced. An SQS is simply a cell that generates the same

〈Πα〉 as for the random structure. This reduces dramatically the size of the

supercell needed for calculation. Our prelimary results show that SQS energy

is about 2.7 eV higher than that of ground con�guration.

Summary

ZTO is a semiconductor alloy material with the complex con�guration space.

We have studied this con�guration space with the cluster expansion method

and have found ground state con�guration for ZTO. This con�guration ap-

pear to be thermodynamically stable at all temperatures that ZTO exists.
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We have compared ZTO with TiZO - a material with the similar structure

and found that while their ground state con�guration do coincide, the rest

of the con�guration space does not. This can be explained by a higher sym-

metry of the ground state con�guration.

Our next goal is to �nish calculation of the optical properties of ZTO.

This is a di�cult task, because the standard DFT computations produce

results with the 1 − 2eV band gap energy deviation from the experiment.

Therefore we employed much more computationally expensive many-body

Bethe-Salpeter approach.3,17

The �nal goal of this project is the calculation of con�guration and optical

properties of ZTO surfaces and surfaces with attached nanostructures.
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