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This work presents results for the electronic structure, magnetic properties, and electrical resistivity

of the semiconductor SnTe doped with 3d transition metals V and Cr. From the standpoint of

potential application in spintronics, we look for half-metallic states and analyze their properties in

both rock salt and zinc blende structures using ab initio electronic structure methods. In both cases,

it is the Sn-sublattice that is doped with the transition metals, as has been the case with experiments

performed so far. We find four half-metallic compounds at their optimized cell volumes. Results of

exchange interactions and the Curie temperature are presented and analyzed for all the relevant

cases. Resistivity calculation based on Kubo-Greenwood formalism shows that the resistivities of

these alloys due to transition metal doping of the Sn-sublattice may vary, in most cases, from

typical liquid metal or metallic glass value to 2–3 times higher. 25% V-doping of the Sn-sublattice

in the rock salt structure gives a very high resistivity, which can be traced to high values of the

lattice parameter resulting in drastically reduced hopping or diffusivity of the states at the Fermi

level. VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4838076]

I. INTRODUCTION

Many of IV-VI semiconductors are found in the rock-

salt structure, and are among the most interesting materials

in solid state physics. These materials have small gaps which

are usually less than 0.5 eV, hence they are good candidates

for applications in thermoelectric devices, and infrared lasers

and detectors. Among these IV-VI materials, both lead and

germanium chalcogenides seem to have been studied more

extensively than SnTe.1 In recent years, SnTe thin films

doped with Mn have received some attention from experi-

mentalists interested in the magnetic order effects such as

ferromagnetism and spin glass phase, and anomalous Hall

effect.2–4 Recently, SnTe-based superlattices exhibited a

hole mobility of 2720 cm2/V s, which is the highest value for

any semiconductor material at room temperature was

reported.5

The doping levels of transition metals considered so far

in SnTe are small, so that magnetism arises as a percolation

effect among the magnetic atoms and the substance behaves

as a dilute magnetic semiconductor. Also, the only magnetic

dopant considered so far appears to be Mn.6–9 The only other

dopant considered was nonmagnetic Pb.10 This alloy system

has been studied by several groups both theoretically and

experimentally. In this work, we study the effect of high

level doping of the Sn sublattice with magnetic atoms Cr and

V, so that the electronic structure deviates strongly from that

of the parent compound SnTe. In particular, we are interested

in the possibility of half-metallicity in such systems. The

case of low level doping, including that with Mn, will be

considered in a separate work. Our theoretical cohesive

energy calculations show that these are negative when either

the Sn-sublattice or the Te-sublattice is doped with Cr and V

at a level of 25% and higher. This implies that it should be

experimentally possible to dope with transition metals such

Cr- and V on either of the two sublattices. Since experimen-

tal investigations so far have been devoted to doping of

the Sn-sublattice, we have narrowed our search for half-

metallic states to the doping of the Sn-sublattice only. Half-

metallicity11,12 is a much sought-after property of materials

from the viewpoint of their application in spintronic devi-

ces.13 Both ferromagnetic (FM) and antiferromagnetic

(AFM)14 half-metals are of potential interest. Note that in

their elemental states both V and Cr crystallize in bcc struc-

ture, with Cr being AFM and V nonmagnetic.

The most commonly occurring structure for both bulk

and thin films of these compounds is the NaCl or the rock-

salt (RS) structure. However, from the theoretical viewpoint,

an equally interesting structure to study is the zinc blende

(ZB) structure. Both RS and ZB are fcc-based, but differ in

terms of the distance between the Sn and Te atoms.

Irrespective of whether it is the Te- or the Sn-sublattice

which is doped with 3d magnetic atoms, the magnetic effects

should differ due to different levels of hybridization between

the 3d orbitals and the s and p orbitals of the Sn or Te atoms.

Experimentally it may be possible to grow both RS and ZB

structures, even though the ground state structure appears to

be RS. Thus, we have studied the electronic and magnetic

properties of both these structures for different concentra-

tions of the V, and Cr, atoms. We have employed supercell

method as well as the coherent potential approximation

(CPA) to study the effect of doping at various concentra-

tions. The supercell calculations are carried out using the full

potential linear augmented plane wave (FP-LAPW) method

0021-8979/2013/114(21)/213704/8/$30.00 VC 2013 AIP Publishing LLC114, 213704-1
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using the WIEN2k code.15 The CPA calculations are carried

out within the frame-work of the tight-binding linear muffin-

tin orbital (TB-LMTO) method using the atomic sphere

approximation (ASA).16,17 Thus, the FP-LAPW calculations

are for doped but ordered alloys and the TB-LMTO calcula-

tions are for partially ordered alloys, with disorder in the

V- or Cr-doped Sn sublattice. To distinguish them, we have

used the notation Sn4–xXxTe4 with x¼ 1, 2, 3, 4, where X

stands for transition metal (TM) atoms, V and Cr for the

wien2k supercell results, and Sn1–xXxTe (0 � x � 1) for the

TB-LMTO results. For those cases, where half-metallicity is

predicted on the basis of the LAPW supercell calculations,

we have calculated the exchange interaction using the linear

response and multiple scattering Geen’s function method

implemented in the TB-LMTO basis.

II. COMPUTATIONAL DETAILS

The crystal structures of the ternary SnTe-based com-

pounds Sn4–xXxTe4 were constructed from the unit cell of

RS and ZB structures as follows. The doping levels of

x¼ 0.25 or 0.75 were achieved by replacing the Sn atoms at

the vertex site or face-center sites, respectively, of the

RS/ZB unit cell, with the TM atoms. Both cases (x¼ 0.25 or

0.75) have the same space group (Pm�3m, or 221) for the RS

structure, and (P�43m, or 215) for ZB. The x¼ 0.5 doping is

obtained by replacing the Sn atoms at the four compatible

face-center sites. In this way we generate tetragonal structure

(P�4m2, 115) for the ZB case and (P4=mmm, 123) for RS.

This procedure of realizing the doping levels results in small-

est unit (i.e., primitive) cells, with the highest possible sym-

metry. Numerous semiconductors are known to crystallize in

the ZB or RS structures. As such the lattice parameters of

these ternary compounds should be compatible with a large

number of semiconductors.

Calculations were carried out within the framework of

the density-functional theory (DFT),18 using the WIEN2k15

code based on the full-potential linear augmented plane wave

plus local orbitals method. The generalized gradient approxi-

mation (GGA) proposed by Perdew et al. was used for

exchange and correlation potentials.19 We consider full rela-

tivistic effects for the core states and use the scalar-relativistic

approximation for the valence states, neglecting the spin-orbit

coupling. The latter is known to produce only a small effect

on the density of states and the energy gaps, features of the

electronic structure that are of interest in the present work. We

used 3000 K points (Monkhorst-Park grid20) for the Brillouin-

zone integration, set Rmt � Kmax ¼ 8:0 and carried out the

angular momentum expansion up to lmax¼ 10 in the muffin

tins, and used Gmax¼ 12 for the charge density. All core and

valence states are treated self-consistently. Convergence with

respect to basis set and k-point sampling was closely moni-

tored. The self-consistency was assumed to have been

achieved, when the integrated charge difference per formula

unit,
Ð
jqn � qn�1jdr, for the input and output charge densities

qn�1 and qn became less than 0.0001. In the calculation of

Sn-X-Te in different structures, the muffin-tin (MT) radii

were chosen to be 2.5, 2.3, and 2.5 a.u. for Sn, X (X¼V, Cr)

and Te atoms, respectively.

The results obtained with the FP-LAPW method for or-

dered alloys (supercells), while the TM-doped thin films of

SnTe are partially random, in the sense that the Sn-sublattice

sites are occupied randomly by Sn and TM atoms. We have

studied the electronic structure of these partially random

alloys using the TB-LMTO method in conjunction with the

CPA.16,17 These calculations employed exchange-correlation

potential of Vosko, Wilk, and Nusair,21 an s, p, d, f basis set,

relativistic treatment of core electrons, and scalar-relativistic

treatment of valence electrons. The results, particularly with

respect to half-metallicity, were similar to those of the ordered

alloys, apart from expected smoothing of some peaks in the

density of states (DOS). The gaps values were marginally

lower and can be ascribed to the differences between local

density approximation (LDA) in TB-LMTO and GGA in

FP-LAPW. The equilibrium lattice parameters were 2%–4%

higher in TB-LMTO LDA calculations. The reason for the dif-

ference can be ascribed to several factors: different treatment

of exchange-correlation, the use of ASA in the TB-LMTO

method and the fact that the FP-lAPW supercell calculations

are for ordered alloys, while the TB-LMTO-CPA calculations

are for partially ordered alloys, with disorder in the positions

of Sn and TM atoms inside the Sn-sublattice.

III. ELECTRONIC STRUCTURE

A. Results of supercell calculations using
the FP-LAPW method

For each case, equilibrium lattice parameter was

obtained by minimizing the total energy with respect to the

cell volume. All electronic properties, such as the DOS,

energy bands, and magnetic moments, were then calculated

for the equilibrium lattice parameters. Among all the ternary

TM compounds with the doping levels considered, we find 4

half-metallic (HM) cases: three V-doped cases for the RS

structure; and one V-doped case for the ZB structure (see

Tables I–IV). There is a small drop in the value of the

equilibrium lattice parameter with increasing dopant concen-

tration in all cases. Bulk moduli, calculated by using Birch-

Murnaghan equation of state,22 are found to increase with

the doping level for V- and Cr-doping. The equilibrium lat-

tice constants, X-Te bond lengths, and bulk moduli, mag-

netic moments, minority-spin gaps, and half-metallic gaps

for the ternary compounds in RS structure are summarized in

TABLE I. Results obtained via the WIEN2k code for the RS compounds

Sn4–nXnTe4 (X¼V, Cr): the equilibrium lattice constants a, the X-Te bond

length LXTe, bulk modulus B, magnetic moments per magnetic atom M lB,

minority-spin gaps GMIS (eV), and half-metallic gaps GHM (eV). All results

shown are obtained using GGA (see text).

Compounds a (Å) L (Å) B (GPa) GMIS (eV) GHM (eV)

Sn3V1Te4 6.2608 3.1304 43.1441 0.35 0.02

Sn2V2Te4 6.0837 3.0418 47.4565 0.44 0.06

Sn1V3Te4 5.9096 2.9548 56.1428 0.38 0.05

Sn3Cr1Te4 6.2641 3.1321 42.9614 – –

Sn2Cr2Te4 6.0931 3.0465 46.8871 – –

Sn1Cr3Te4 5.9154 2.9577 54.7236 – –
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Tables I and II. The same quantities for the ternary com-

pounds in ZB structure are summarized in Tables III and IV.

Note that in all cases studied and reported in Tables I,

the RS structure has lower energy than the ZB, indicating the

equilibrium bulk phase to be RS at low temperatures.

However, it might be possible to grow thin films of these

compounds in ZB structure under suitable conditions.

Therefore, there is some merit in comparing the magnetic

properties of these two fcc-based phases.

The DOS of these ordered compounds at their equilib-

rium lattice parameters are shown in Figs. (1–4). Majority

and minority spin DOS are shown as spin up and down,

respectively. These results clearly show in which cases half-

metallicity is most robust, i.e., the Fermi level is most widely

separated from the band edges. The partial atom-projected

DOS show that the states at the Fermi level have a high TM

character, with the amount of the TM character changing

with TM concentration. Table I shows the actual HM alloys.

In spite of the appearance, none of the Cr-doped cases is a

pure HM, although the degree of spin polarization is very

high. This is shown in Fig. 5, where the minority spin DOS

(shown as spin down) are displayed on an expanded scale for

TABLE II. Magnetic moment per magnetic atom (f.u.) in units of bohr mag-

neton lB, for the RS compounds Sn4–nXnTe4 (X¼V, Cr), at their respective

equilibrium volumes, obtained by using the FP-LAPW method (WIEN2k).

Moments associated with X, Te, Sn muffin-tin spheres and the interstitial

region (Int) are shown separately.

Compounds X (lB) Te (lB) Sn (lB) Int (lB) Tot (lB)

Sn3V1Te4 2.674 �0.068 �0.001 0.505 3.000

Sn2V2Te4 2.644 �0.147 �0.008 0.511 3.000

Sn1V3Te4 2.607 �0.171 �0.019 0.510 3.000

Sn3Cr1Te4 3.733 �0.072 �0.006 0.553 4.029

Sn2Cr2Te4 3.680 �0.075 �0.016 0.548 4.011

Sn1Cr3Te4 3.622 �0.113 �0.025 0.549 4.003

TABLE III. Results obtained via the WIEN2k code for the ZB compounds

Sn4–nXnTe4 (X¼V, Cr): the equilibrium lattice constants a, the X-Te bond

length LXTe, bulk modulus B, magnetic moments per magnetic atom M lB,

minority-spin gaps GMIS (eV), and half-metallic gaps GHM (eV). All results

shown are obtained using GGA (see text).

Compounds a (Å) L (Å) B (GPa) GMIS (eV) GHM (eV)

Sn3V1Te4 6.9768 3.0211 23.9285 … –

Sn2V2Te4 6.7059 2.9040 29.3370 … –

Sn1V3Te4 6.4471 2.7917 36.3632 0.67 0.12

Sn3Cr1Te4 6.9799 3.0224 42.9614 … –

Sn2Cr2Te4 6.7105 2.9057 29.6065 … –

Sn1Cr3Te4 6.4639 2.7989 36.2736

TABLE IV. Magnetic moment per magnetic atom (f.u.) in units of bohr

magneton lB, for the ZB compounds Sn4–nXnTe4 (X¼V, Cr), at their re-

spective equilibrium volumes, obtained by using the FP-LAPW method

(WIEN2k). Moments associated with X, Te, Sn muffin-tin spheres, and the

interstitial region (Int) are shown separately.

Compounds X (lB) Te(lB) Sn(lB) Int(lB) Tot(lB)

Sn3V1Te4 2.764 �0.084 �0.001 0.595 3.022

Sn2V2Te4 2.696 �0.120 �0.010 0.609 3.055

Sn1V3Te4 2.576 �0.123 �0.016 0.593 3.000

Sn3Cr1Te4 3.853 �0.082 �0.007 0.659 4.163

Sn2Cr2Te4 3.759 �0.126 �0.022 0.675 4.159

Sn1Cr3Te4 3.666 �0.112 0.029 0.703 4.230

FIG. 1. Densities of states in Cr-doped SnTe alloys in RS structure.

FIG. 2. Densities of states in V-doped SnTe alloys in RS structure.

FIG. 3. Densities of states in Cr-doped SnTe alloys in ZB structure.
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Cr-doped RS case. The densities of states are very low, but

clearly nonzero. The same is true for ZB Sn2V2Te.

IV. EXCHANGE INTERACTION AND CURIE
TEMPERATURE

First-principles calculations of the thermodynamic

properties of itinerant magnetic systems, via mapping23,24 of

the zero temperature band energy onto a classical

Heisenberg model

Heff ¼ �
X

i;j

Jij ei � ej ; (1)

have been discussed in detail in our previous publica-

tions.25,26 Here i, j are site indices, ei is the unit vector point-

ing along the direction of the local magnetic moment at site

i, and Jij is the exchange interaction between the moments at

sites i and j. The calculations are based on a mapping proce-

dure due to Liechtenstein et al.27–29 The method was later

extended to random magnetic systems by Turek et al., using

CPA and the TB-LMTO method.30 The exchange integral in

Eq. (1) is given by

Jij ¼
1

4p
lim
�!0þ

Im

ð
trL DiðzÞg"ijðzÞDjðzÞg#ji
h i

dz; (2)

where z ¼ Eþ i� represents the complex energy variable,

L¼ (l, m), and DiðzÞ ¼ P"i ðzÞ � P#i ðzÞ, representing the dif-

ference in the potential functions for the up and down spin

electrons at site “i”. gr
ijðzÞðr ¼"; #Þ represents the matrix ele-

ments of the Green’s function of the medium for the up and

down spin electrons. For sublattices with disorder, this is a

configurationally averaged Green’s function, obtained via

using the prescription of CPA. It should be noted that the

spin magnetic moments are included in the above definition

of Jij. Positive and negative values of Jij imply FM and AFM

couplings, respectively, between the atoms at sites i and j. In

the above procedure outlined by Liechtenstein et al.,27–29

exchange interactions are calculated by considering spin

deviation from a reference state. Negative exchange interac-

tions resulting from calculations based on a FM reference

state would suggest instability of the assumed FM ground

state. With this mind, we have computed the exchange inter-

actions for the most interesting cases, i.e., those promising

robust HM states.

The results in Tables I and III show that the HM state

occurs mostly in the RS structure and for V-doping. In Figs.

6–8, we show results for the cases with 75%, 50%, and 25%

doping with V, respectively, for the RS structure. All of

these cases show HM character. Calculations of exchange

interactions were carried out for both FM and disordered

local moment (DLM) reference states. This was necessary,

since although the exchange interactions between the V

atoms were found to be antiferromagnetic (i.e., negative) for

the FM reference state, the interactions among the Sn- and

V-atoms were non-negligible and so were those between

V-atoms and empty spheres (required by ASA for space-

filling). Some of these interactions were found to be ferro-

magnetic (positive). These interactions appear as a result of

induced moments on the nonmagnetic atoms and the empty

spheres. These induced moments disappear for the DLM ref-

erence state, where only the robust moment of the magnetic

atom stays non-zero. Within the Stoner model, a nonmag-

netic state above the Curie temperature Tc is characterized

FIG. 4. Densities of states in V-doped SnTe alloys in ZB structure.

FIG. 5. Minority spin densities of states in Cr-doped SnTe alloys in RS

structure.

FIG. 6. Exchange interaction between the V-atoms in RS Sn0.25V0.75Te as a

function of interatomic distance, expressed in units of lattice parameter a,

for DLM (upper panel) and FM (lower panel) reference states. WIEN2k

equilibrium value of a¼ 5.9096 Å.

213704-4 Liu, Bose, and Kudrnovsk�y J. Appl. Phys. 114, 213704 (2013)
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by the vanishing of the local moments in magnitude, which

costs considerably more energy than is needed to disorder

the local moments, leading to a state of zero net magnetiza-

tion. In the DLM model,31,32 the nonmagnetic state is

described as one where the local moments remain nonzero in

magnitude above Tc, but disorder in their direction above Tc

causes global magnetic moment to vanish. Within the collin-

ear moment formulation, where all local axes of spin-

quantization point in the same direction, DLM can be treated

as a binary alloy problem25 with 50% of the moments point-

ing in a direction opposite to the rest, the magnitudes of all

moments being the same. Figs. 6–8 show that the AFM inter-

actions between the V atoms persist in the DLM state,

although somewhat reduced in magnitude. For 75% V, for

the FM reference state the magnetic moments per cell are

found to be �2.9–3.0 lB for the curves shown in Fig. 6,

while the numbers for the DLM state are �2.6–2.7 lB.

Similar results follow for the other two cases shown in Figs.

7 and 8. The strength of the AFM interactions weakens with

the decrease in V-concentration. The fact that the magnitude

of the moment is not drastically reduced in the DLM state

from its FM state value points to the validity of the

Heisenberg model description adopted in this work.

In contrast to the RS structure, the ZB structure appears

to promote FM interactions. We illustrate this in Fig. 9,

where the exchange interactions between the V-atoms for the

FM reference state are compared for Sn0.5V0.5Te in RS and

ZB structures. The lattice parameter values are around the

equilibrium values given by FP-LAPW WIEN2k code, vary-

ing from below to above. According to Table III, this mate-

rial is not HM, but the situation persists for Sn0.25V0.75Te,

which does show HM gap (for both RS and ZB structures).

The ZB structure gives a FM Sn0.25V0.75Te, while the corre-

sponding RS compound is AFM (Fig. 10). Fig. 9 illustrates

the point that with increasing distance between the V and Te

atoms in the RS structure, i.e, with decreasing hybridization

of the d-orbitals of V with the s- and p-orbitals of Te, the

AFM exchange interactions between the V atoms decrease in

magnitude. With increasing lattice parameter, the overlap of

the neighboring d-orbitals of V also decreases. This has the

effect of the V-V interaction to grow towards FM. This is

further increased in the ZB phase with much larger lattice

parameter, where the V-V interactions are not only FM, but

also seem to have saturated. These trends are also reflected

in Fig. 10.

FIG. 8. Exchange interaction between the V atoms in RS Sn0.75V0.25Te as a

function of interatomic distance, expressed in units of lattice parameter a,

for DLM (upper panel) and FM (lower panel) reference states. WIEN2k

equilibrium value of a¼ 6.2608 Å.

FIG. 9. Comparison of the exchange interaction between the V atoms in ZB

and RS Sn0.50V0.50Te as a function of interatomic distance expressed in units

of lattice parameter a. Reference state is chosen as FM. WIEN2k ZB and RS

equilibrium values of a are 6.7059 Å and 6.2608 Å, respectively.

FIG. 7. Exchange interaction between the V atoms in RS Sn0.50V0.50Te as a

function of interatomic distance, expressed in units of lattice parameter a,

for DLM (upper panel) and FM (lower panel) reference states. WIEN2k

equilibrium value of a¼ 6.0837 Å.

FIG. 10. Comparison of the exchange interaction between the V atoms in

ZB and RS Sn0.25V0.75Te as a function of interatomic distance expressed in

units of lattice parameter a. Reference state is chosen as FM. Equilibrium

lattice parameter values are given in Tables I and III.

213704-5 Liu, Bose, and Kudrnovsk�y J. Appl. Phys. 114, 213704 (2013)
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Even though we did not find any HM case for Cr-doped

SnTe, it is important to point out that such materials would

be overwhelmingly FM. In Fig. 11, we show the exchange

interactions in both ZB and RS structures for Sn0.5Cr0.5Te,

with lattice parameters around the LAPW equilibrium val-

ues. The results shown are for FM reference state.

From the viewpoint of spintronic devices, both FM and

AFM HM materials are of potential interest. The ideal case

is a HM AFM material, which is a fully compensated ferri-

magnet. Such a compound should be insensitive to external

magnetic field, and unlike a ferromagnet, would not bring in

stray flux. As a result, devices based on these AFM HM

materials are expected to consume less energy. AFM HM

materials have attracted considerable attention in recent

years.33–37

We estimate the Curie temperature Tc for the ZB struc-

ture Sn0.25V0.75Te, which exhibits FM interactions among

the V-atoms. We have calculated the Curie temperature Tc

using both the mean-field approximation (MFA) and the

more accurate random-phase approximation (RPA).38 If the

magnetic sublattice consists only of the magnetic atoms X,

then in the MFA, the Curie temperature is given by

kB TMFA
c ¼ 2

3

X
i 6¼0

JX;X
0i ; (3)

where the sum extends over all the neighboring shells and

involves the exchange interactions between the magnetic

atoms X. MFA is known to grossly overestimate Tc. A much

more improved description of finite-temperature magnetism

is actually provided by the RPA. Again, if the magnetic sub-

lattice consists only of the magnetic atoms X, then the RPA

Tc given by

ðkB TRPA
c Þ�1 ¼ 3

2

1

N

X
q

½JX;Xð0Þ � JX;XðqÞ��1 : (4)

Here, N denotes the order of the translational group applied

and JX;XðqÞ is the lattice Fourier transform of the real-space

exchange interactions JX;X
ij . We have modified Eqs. (3) and

(4) for our Sn1–xXxTe alloys using virtual crystal approxima-

tion (VCA). This involves simply weighting the Tc’s

obtained from Eqs. (3) and (4) by the square of the concen-

tration (x2) of the X (TM) atoms. The RPA-VCA neglects

the magnetic percolation effect39–41 which is important, in

particular, for the case of low concentration of magnetic

atoms. Its effect is estimated to be significant for less than

20% concentration of magnetic atoms and weaker for con-

centrated alloys under consideration in this work. For the

25%, 50%, and 75% TM-doping of the Sn-sublattice consid-

ered, the percolation effect may lower the estimated Tcs

somewhat, by decreasing amounts.

In the upper panel of Fig. 12, we show the variation of

Tc with lattice parameter in ZB structure Sn0.25V0.75Te for

values around the FP-LAPW equilibrium lattice parameter.

This is the only HM case we have encountered among the

various doping levels studied. For comparison, in the lower

panel of the same figure, we show the Tc values for

Sn0.50V0.50Te. The results shown are for the FM reference

states and calculated using the RPA. A problem arises in the

computation of Tc using either Eq. (3) or Eq. (4) when, in

addition to the robust moments on the magnetic atoms, there

are induced moments on apparently non-magnetic atoms, in-

terstitial spaces or, in case of the LMTO method, empty

spheres. This problem has been discussed in detail in our

previous publication25 and references cited therein. As

shown by Sandratskii et al.,23 the calculation of Tc using

RPA is considerably more involved even for the case where

only one secondary induced interaction needs to be consid-

ered, in addition to the principal interaction between the

strong moments. The complexity of the problem increases

even for MFA, if more than one secondary interaction is to

be considered. Since we are only interested in a rough esti-

mation of Tc, we simply use the the RPA prescription consid-

ering only the TM moments in Eq. (4). The results further

modified in the spirit of VCA, are shown in Figs. 12 and 13.

Fig. 13 shows the results for the Cr-doping case to illustrate

the point that Cr-doping leads to FM interactions for both

ZB and RS structures. This result is consistent with our pre-

vious study for TM-doped semiconductor GeTe,45 where the

Cr-doped cases were found to be overwhelmingly FM.

FIG. 11. Exchange interaction between the Cr atoms in ZB and RS

Sn0.50Cr0.50Te as a function of interatomic distance expressed in units of lat-

tice parameter a. Reference state is chosen as FM. Equilibrium lattice pa-

rameter values are given in Tables I and III.

FIG. 12. Tc (via RPA together with VCA) versus lattice parameter a in ZB

Sn0.25V0.75Te. The arrow indicates the value for the equilibrium lattice

parameter.
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V. ELECTRICAL RESISTIVITY

The residual resistivity of the half-metals was calculated

by using the linear-response theory as formulated in

the framework of the TB-LMTO-CPA method and the

Kubo-Greenwood (K-G) formalism.42,43 Within the K-G for-

malism, transport properties, such as conductance or conduc-

tivity at the energy E: r(E), can be expressed in the form

rðEÞ / Tr dðE� HÞJdðE� HÞJ
� �

; (5)

where J is the velocity or current operator. The physical con-

ductivity is obtained by setting E¼EF. The velocity/current

operator can be related, via the Heisenberg equation of

motion, to the commutator of the Hamiltonian H and the

position operator x (with e ¼ �h ¼ 1)

J ¼ �i½x;H�: (6)

The Dirac delta functions appearing in Eq. (5) can be related

to the imaginary part of the Green’s function G(E � H).

The representation of the Green’s function and the evalua-

tion of the matrix elements of J in the TB-LMTO basis have

been discussed in detail in Refs. 42 and 43. Since the equi-

librium lattice parameters given by the TB-LMTO method

are slightly different from those given by the FP-LAPW

scheme, we have considered a few lattice parameter values

around the FP-LMTO equilibrium values. As mentioned ear-

lier, the differences in the equilibrium lattice parameter val-

ues are not only due to the differences in the two methods

and the exchange-correlation potentials used, but also due to

the fact that the FP-LAPW values are for ordered alloys and

the TB-LMTO values are for partially ordered alloys (with

disorder in the Sn-sublattice). The calculated resistivity orig-

inates from the disorder in the Sn-sublattice due to the TM

dopant atom. The purpose of this study is to get estimates of

the resistivity of these alloys in relation to other disordered

metallic systems such as metallic glasses and liquid metals.

The results are summarized in Table V. The metallic charac-

ter of the system increases with the TM dopant concentra-

tion. The resistivity decreases with increasing DOS at the

Fermi level as well as decreasing lattice parameter. The

latter should result in increased hopping, i.e., increased dif-

fusivity of the states at the Fermi level. For the RS systems,

the resistivity of the 25% V-doping case is very high com-

pared with that of a typical liquid metal or a metallic glass,

which is around 150–200 lX cm. This is partly due to high

value of the lattice parameter, resulting in reduced hopping

between neighboring sites in general and partly due to the

high value of the local moment on V atoms, giving rise to

high magnetic scattering. Of course the high value of the

moment itself can be traced to increased lattice parameter

and reduced co-ordination with respect to elemental solid V,

which is nonmagnetic. With increasing V-concentration, the

lattice parameter as well as the local moment on V-atoms

decreases and the resistivity comes down, decreasing by a

factor of 10% or more by the time 50% V-doping is

reached. For 75%-V, the resistivity is in the typical liquid/

glassy metal range. For the 75% V-doped ZB alloy, the re-

sistivity is somewhat increased with respect to the corre-

sponding RS structure value, mainly due to the increased

lattice parameter. In addition, at these high values of the lat-

tice parameter, resistivity appears to have reached saturation

with respect to small lattice parameter variation. The calcu-

lated resistivities are all for the magnetic or low temperature

phase. For comparison, we have also included the ZB

Sn0.50V0.50Te alloys as the last entry. This compound is not

a half-metal, but almost so with a very high degree of spin

polarization. As a result, its resistivity is not drastically dif-

ferent from that of the HM compound ZB Sn0.25V0.75Te,

FIG. 13. Tc (via RPA together with VCA) versus lattice parameter a in ZB

and RS Sn0.50Cr0.50Te alloys. The arrow indicates the value for the equilib-

rium lattice parameter.

TABLE V. Resistivity q of the RS and ZB HM compounds in units of lX
cm, as computed by using the Kubo-Greenwood formalism. Calculations

were done for a few lattice parameter values a around the Wien2k equilib-

rium values (Tables I and III) of the corresponding ordered alloys, shown in

parentheses beside the compound name. Resistivity values for the corre-

sponding lattice parameters are shown.

Compounds a(Å) q(lX cm)

RS Sn0.75V0.25Te (6.2608 Å):

6.171185 3724.90

6.224923 4113.53

6.278661 4482.32

6.332398 4829.87

RS Sn0.50V0.50Te (6.0837 Å):

6.049738 359.57

6.103477 374.55

6.157214 389.53

RS Sn0.25V0.75Te (5.9096 Å):

5.834789 130.19

5.888526 143.58

5.942264 183.35

ZB Sn0.25V0.75Te (6.4471 Å):

6.368232 239.86

6.421969 241.11

6.475707 243.06

6.529445 245.65

ZB Sn0.50V0.50Te (6.7059 Å):

6.583182 371.11

6.690657 394.46

6.744394 402.54

6.798131 411.06

213704-7 Liu, Bose, and Kudrnovsk�y J. Appl. Phys. 114, 213704 (2013)

 [This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:

139.57.97.68 On: Thu, 19 Dec 2013 19:36:07



being somewhat higher in accordance with the Nordheim44

rule.

VI. SUMMARY OF RESULTS AND CONCLUSIONS

Via first-principles calculations, we have examined the

possibility of HM states in bulk Sn1–xTMxTe alloys, with TM

being the transition metals V, and Cr. In their elemental

forms, V and Cr both crystallize in bcc structures, and while

Cr is AFM, V is nonmagnetic. Although the ground state

structure of the above alloys is found to be RS, we have

explored the possibility of half-metallicity in RS as well as

the closely related ZB structures. It is hoped that with suitable

substrates some of these alloys may be grown in ZB structure

as well. Attempts to do so would be worthwhile if they

showed promise of potential interest for spintronic and other

related applications. All the cases studied are for high doping

levels: 25%, 50%, and 75% doping of the Sn-sublattice with

the TM atoms. Thus, the magnetic effects are due to modifi-

cations of band structure and consequent spin-polarization,

and not due to percolation among the magnetic atoms as

found in dilute magnetic semiconductors. We identify several

HM candidates in the RS structure. Exchange calculations

indicate that the ground states in these cases would be AFM

or would support complex magnetic structure. 75% doping of

the Sn-sublattice with V-atoms in the ZB structure does indi-

cate FM ground state. We also find that Cr-doping over-

whelmingly supports FM ground state, even though such

states would most probably not be HM. The preponderance

of FM state for Cr-doping in both ZB and RS structures as

well as the AFM tendencies of the V-doped alloys is in line

with our previous study for TM-doped semiconductor

GeTe.45 Low temperature resistivities of the HM alloys seem

to vary from the typical metallic glass/liquid metal value to

about 2–3 times higher in most of these cases.
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