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Substitution effects of 3d transition metal (TM) impurities on electronic and magnetic properties for

Cu12Sb4S13 tetrahedrite are investigated by the combination of low-temperature experiments and

first-principles electronic-structure calculations. The electrical resistivity for the cubic phase of

Cu12Sb4S13 exhibits metallic behavior due to an electron-deficient character of the compound.

Whereas that for 0.5� x� 2.0 of Cu12�xNixSb4S13 exhibits semiconducting behavior. The substituted

Ni for Cu is in the divalent ionic state with a spin magnetic moment and creates impurity bands just

above the Fermi level at the top of the valence band. Therefore, the semiconducting behavior of the

electrical resistivity is attributed to the thermal excitation of electrons from the valence band to the

impurity band. The substitution effect of TM on the electronic structure and the valency of TM for

Cu11.0TM1.0Sb4S13 are systematically studied by the calculation. The substituted Mn, Fe, and Co for

Cu are found to be in the ionic states with the spin magnetic moments due to the large exchange

splitting of the 3d bands between the minority- and majority-spin states. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4871265]

I. INTRODUCTION

Substituted or doped 3d transition metal (TM) elements

in binary compound semiconductors are known as deep-level

impurities, which strongly modify the electronic structure.1–4

Valence states and d-band structures for the TM impurities

have attracted as much interest from their technological im-

portance as well as from the viewpoint of basic physics.

Particularly, diluted ferromagnetic semiconductors such as

In1�xMnxAs,5–8 Ga1�xMnxAs,9,10 and Zn1�xCrxTe11,12 are

expected to be used in spintronics devices. Compared to the

binary compound semiconductors with the zinc blende

structure,5–12 the substitution effect of the TM impurities on the

electronic structure for ternary/electron-deficient semiconduc-

tors has been scarcely studied.

Cu12Sb4S13 tetrahedrite is an electron-deficient semicon-

ductor which has a band gap of 1.2–1.7 eV between the va-

lence band (VB) and the conduction band (CB) and has two

unoccupied states in the VB.13–16 The compound is known

as a mother phase of high-performance and environmentally

friendly thermoelectric materials Cu12�xTMxSb4S13

(TM¼Fe, Ni, and Zn)15,17–20 and as a candidate for applica-

tion in photovoltaic devices as well as in strong near infrared

absorbers.16 Cu12Sb4S13 has the cubic crystal structure

(I�43m) at room temperature.18,21–24 The structure is con-

structed by independent two Cu, two S, and one Sb crystallo-

graphic sites. Cu(1) occupies a tetrahedral void of S atoms

and Cu(2) locates in a sulfur triangle, as shown in Fig. 1.

We have reported the low-temperature electrical resistiv-

ity q for Cu12Sb4S13 and Cu10TM2Sb4S13 (TM¼Mn, Fe, Co,

Ni, and Zn).17 Cu12Sb4S13 exhibits a metal-semiconductor

transition (MST) at 85 K with decreasing temperatures. On the

other hand, q(T) for Cu10TM2Sb4S13 exhibits the semicon-

ducting behavior without the MST in the whole temperature

range. For TM¼Zn, the substituted Zn for Cu supplies the

electron to the VB, and then the VB is filled, so that the semi-

conducting behavior of q(T) exhibits.15 For TM¼Ni, it is

expected that the substituted Ni for Cu supplies the hole to the

VB and that the metallic behavior of q(T) appears like in the

cubic phase of Cu12Sb4S13. Contrary to the expectations, q(T)

for TM¼Ni exhibits semiconducting behavior.

In the present work, we studied TM substitution effects on

the electronic and magnetic properties for Cu12Sb4S13 by the

combination of low-temperature experiments and first-principles

electronic-structure calculations. For Cu12�xNixSb4S13, we per-

formed low-temperature q and magnetic susceptibility v meas-

urements on polycrystalline samples of x¼ 0, 0.5, 1.0, 1.5, and

2.0 and the calculations on x¼ 0, 1.0, and 2.0. Furthermore, the

electronic structure and the valence state of the TM impurity for

Cu11.0TM1.0Sb4S13 (TM¼Mn, Fe, Co, and Zn) were studied

systematically by the calculation.

II. EXPERIMENTAL DETAILS AND CALCULATION
METHOD

The sample of Cu12�xNixSb4S13 (x¼ 0, 0.5, 1.0, 1.5, and

2.0) with a relative density higher than 96% has been pre-

pared by the hot-press method as described previously.18

Temperature dependence of q was measured in a physicala)ksuekuni@hiroshima-u.ac.jp
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property measurement system (PPMS, Quantum Design)

using an ac four probe method at temperatures between 3 K

and 340 K. For the measurement, Au-wire electrodes were

attached to the sample surface using a gold paste.

Temperature dependence of M was measured using a super-

conducting quantum interference device (SQUID) magne-

tometer on a magnetic property measurement system

(MPMS, Quantum Design) at temperatures between 2 K and

340 K under a constant magnetic field B of 10 kOe.

The electronic structure of Cu12�xNixSb4S13 (x¼ 0, 1.0,

and 2.0) and Cu11.0TM1.0Sb4S13 (TM¼Mn, Fe, Co, and Zn)

was calculated with the OpenMX software package25 based

on density functional theories (DFT), norm-conserving pseu-

dopotentials, and pseudo-atomic localized basis functions.

The electronic structure was self-consistently determined

under an electronic temperature of 300 K by means of the

spin polarized DFT within the generalized gradient approxi-

mation proposed by Perdew, Burke, and Ernzerhof.26 We

used pseudo-atomic orbitals basis functions of Cu8.0-s3p3d2,

TM8.0-s3p3d2, Sb7.0-s3p3d3f1, and S7.0-s3p3d2f1, where

the first symbol denotes the chemical name, followed by the

cutoff radius (Bohr), and the last set of symbols denotes

specification of optimized orbitals.27 We adopted an energy

cutoff of �540 Ry in the numerical integrations and a

k-point grid of 7� 7� 7. The internal atomic coordinates

and the lattice parameter were fully optimized until the

maximum force becomes less than 0.0006 Hartree/Bohr

for x¼ 1.0 and 2.0 of Cu12�xNixSb4S13 and less than

0.0001 Hartree/Bohr for x¼ 0 of Cu12�xNixSb4S13 and

Cu11.0TM1.0Sb4S13 (TM¼Mn, Fe, Co, Zn), while the unit

cell was assumed to be cubic (Fig. 1). The electronic band

dispersion and density of states (DOS) were calculated by

using the optimized atomic coordinates and an equilibrium

lattice parameter (ELP). The calculation with Hubbard U pa-

rameters of 2 eV and 4 eV for electrons in Cu-d and Ni-d

orbitals was performed on the optimized structure for U¼ 0

of Cu12�xNixSb4S13.

III. RESULTS AND DISCUSSION

A. Electronic and magnetic properties for
Cu122xNixSb4S13 (0 £ x £ 2.0)

Temperature dependence of q for Cu12�xNixSb4S13

(0� x� 2.0) is shown in Fig. 2(a). For x¼ 0, the value of q
varies weakly with temperatures down to 275 K, increases

slightly at around 225 K, jumps at around the MST tempera-

ture TMST� 85 K (inset of Fig. 2(a)), and increases exponen-

tially with decreasing temperatures. There are thermal

hystereses in two regions; at around 225 K and around TMST.

The former hysteresis for the present sample of the density

of 98% is smaller than that for a sample of the density of

80%.17 The latter one due to the MST is similar to that for

the lower-density sample.

For x� 0.5, the value of q at 300 K increases as x
increases and q(T) shows semiconducting behavior without

anomalies at around 225 K and TMST. The former result indi-

cates decrease of the carrier density as x increases. For

x¼ 2.0, lnq varies linearly with 1000/T at T< 100 K, as

shown in Fig. 2(b). The data between 100 K and 30 K can be

reproduced by using an equation lnq ¼ lnq0 þ EA=kBT
(q0: pre-exponential factor, kB: Boltzmann’s constant) and

the activation energy EA of 33 meV. The gap energy

Eg¼ 2EA¼ 66 meV is one order of magnitude smaller than

the intrinsic band gap energy of 1.2–1.7 eV.13–16 The

narrow-gap structure for x¼ 2.0 presumably results in the

increase of thermopower with decreasing temperatures at

T< 100 K.18

FIG. 1. Bcc cubic structure (I�43m) and primitive cell of Cu12Sb4S13 tetrahe-

drite. Edge of the primitive cell is depicted by solid lines. CuS4 tetrahedra

are shaded.

FIG. 2. (a) Temperature dependence of electrical resistivity q for

Cu12�xNixSb4S13 (0� x� 2.0). Metal-semiconductor transition at �85 K for

x¼ 0 is emphasized in the inset. The plot of ln q versus 1000/T for x� 0.5 is

shown in (b). The linear line is a fit to the data (see text).

143702-2 Suekuni et al. J. Appl. Phys. 115, 143702 (2014)
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Temperature dependence of v¼M/B for Cu12�xNixSb4S13

(0� x� 2.0) is shown in Fig. 3(a). For x¼ 0, v(T) exhibits

the Pauli-paramagnetic behavior with a sharp drop at around

TMST, below which v becomes negative, as is shown in the

inset of Fig. 3(a). The thermal hysteresis is observed around

TMST in v(T) as well as in q(T). This result demonstrates that

the MST is the first-order phase transition. It should be noted

that v for a sample grown in the salt KCl-LiCl flux exhibits

the positive value in the whole temperature range and v(T)

shows no hysteresis at temperatures between 79 and 86 K.28

The disagreement in v(T) between our and the reported sam-

ples might result from the small composition deviation.

For x� 0.5, the value of v increases as x increases and

v(T) exhibits the Curie-Weiss behavior without the anomaly

around 85 K, as shown in Fig. 3(a). The former result indi-

cates that the substituted Ni has a magnetic moment. The

inverse magnetic susceptibility 1/v for x� 0.5 is plotted in

Fig. 3(b). The linear variation on T at T> 150 K was fitted

by the Curie-Weiss law given by 1/v¼ (T� h)/C, where C is

the Curie constant and h is the paramagnetic Curie tempera-

ture. The Curie constant gives the effective number of Bohr

magneton peff per Ni ion which decreases from 4.0, 3.6, 3.2,

to 3.0 as x increases. The value of peff for x¼ 1.5 and 2.0 is

comparable to 2.83 for the spin only magnetic moment of

Ni2þ ion with the spin S¼ 1. While the Ni-poor sample exhib-

its higher value of peff. This result might be attributed to a

matter that the Pauli spin susceptibility (�10�3 emu mol�1 for

x¼ 0 at 150 K) was not subtracted from the total v or a matter

that the substituted Ni induces the magnetic moments of Cu

and S as mentioned below. The negative values of h of �52 K

for x¼ 0.5 and h of ��40 K for x� 1.0 indicate that the dom-

inant interaction between the spins of Ni is antiferromagnetic.

B. Electronic structures for Cu122xNixSb4S13

(0 £ x £ 2.0) and Cu11.0TM1.0Sb4S13

(TM 5 Mn, Fe, Co, and Zn)

For x¼ 0 of Cu12�xNixSb4S13 (Cu12Sb4S13), the atomic

coordinates and the lattice parameter were optimized based on

the room-temperature cubic phase, and then the ELP of

10.460 Å was obtained. The ELP is larger by 1.6% than a lat-

tice parameter of 10.30 Å at 100 K obtained by the powder

x-ray diffraction measurement. The spin-resolved electronic

band dispersion and DOS are shown in Fig. 4(a). Majority-spin

FIG. 3. (a) Temperature dependence of magnetic susceptibility v¼M/B for

Cu12�xNixSb4S13 (0� x� 2.0) measured in a magnetic field of 10 kOe. The

transition at �85 K for x¼ 0 is emphasized in the inset. The plot of 1/v ver-

sus T is shown in (b). The linear lines are fits to the data (see text).

FIG. 4. Spin-resolved electronic band

dispersion and DOS for U¼ 0 of

Cu12�xNixSb4S13 (x¼ 0 (a), 1.0 (b),

and 2.0 (c)). The red and blue areas

describe partial DOS for Ni.

143702-3 Suekuni et al. J. Appl. Phys. 115, 143702 (2014)
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bands agree with minority-spin ones that indicates a

non-magnetic character for x¼ 0. The calculated energy gap

extends from 1.2 eV to 1.7 eV with increasing the U values

from 0 to 4 eV, as shown in Fig. 5(a). The gap energy for

U¼ 4 eV agrees with the energy of 1.7 eV obtained by the

ultraviolet photoelectron spectroscopy.16

The Fermi level EF (E¼ 0 in figures) for x¼ 0 lies on

the VB top with a sharp peak of the DOS, as shown in Figs.

4(a) and 5(a). There are two unoccupied states in the VB.

The overall feature is consistent with that reported

previously.13–15 The electron deficient character for x¼ 0

results in the metallic behavior in q(T) at T> TMST. For

U¼ 0, the VB in the vicinity of EF consists mainly of

hybridized orbitals of Cu-3d and S-3p. Whereas for

U¼ 4 eV, the S-3p component becomes dominant. For either

case, the VB top is constructed by several bands around

C- and P-points. The bands around the P-point project

upward from EF in our result that is different from the

reported electronic structure in which the bands lie at energy

slightly below EF.
15

For x¼ 1.0, we found that the substitution of Ni for

Cu(1) is 0.27 eV more stable than that for Cu(2) and the

spin-polarized state is energetically favorable. The optimiza-

tions of the atomic coordinates and the lattice parameter give

the ELP of 10.439 Å. For x¼ 2.0, the optimizations were

performed within a lowest-energy configuration wherein two

Ni locate at the nearest-neighbor tetrahedral sites. Here, we

assumed that the spin directions of two Ni are antiparallel

(antiferromagnetic) based on the experimental results. As a

result, we obtained the ELP of 10.420 Å.

The spin-resolved band dispersion and DOS for U¼ 0

of x¼ 1.0 and x¼ 2.0 are shown in Figs. 4(b) and 4(c),

respectively. In these figures, partial DOS for Ni is also dis-

played. For x¼ 1.0, three minority-spin bands are lifted up

above EF in comparison with x¼ 0 and the majority-spin VB

is fully occupied. The minority-spin DOS just above EF con-

sist mainly of the Ni-3d, Cu-3d, and S-3p orbitals. This result

suggests that the substituted Ni induces the magnetic

moments of Cu and S. For x¼ 2.0, two bands are lifted up

above EF in both the spin states. The lifted bands, impurity

bands (IBs), consist mainly of the Ni-3d and S-3p orbitals.

The Number of the IBs (2) above EF agrees with that of the

unoccupied 3d states for Ni2þ (3d8) which was confirmed

experimentally. According to the result, we will consider the

number of IBs above EF as the number of unoccupied 3d

states for the TM impurity in the following discussion for

Cu11.0TM1.0Sb4S13. With increasing the U values from 0 to

4 eV, the IBs move toward a deeper position of the gap

between the VB and the CB, as shown in Fig. 5(b). The EF

for U� 2 eV stays in a gap between the VB and the IB that

probably results in the semiconducting behavior of q(T) for

x¼ 2.0.

For Cu11.0TM1.0Sb4S13 (TM¼Mn, Fe, Co, and Zn), we

found that TM prefers to substitute for Cu(1) and the

spin-polarized state is energetically favorable. Indeed, for

TM¼ Fe, neutron powder diffraction29 and M€ossbauer spec-

troscopy30 results have confirmed that iron is in the Cu(1)

site. The TM¼Mn, Fe, Co, and Zn have the ELPs of

10.497 Å, 10.468 Å, 10.448 Å, and 10.491 Å, respectively.

The spin-resolved DOS for U¼ 0 of TM¼Mn, Fe, Co,

and Zn is shown in Fig. 6 together with that of TM¼Ni. The

partial DOS for the TM impurity is also displayed in the fig-

ure. Since the decomposed DOS of the s- and p-orbitals for

TM distribute well in energy whereas that of the 3d orbitals

is localized, the (broad) peak structure of the partial DOS in

the figure is composed of the 3d orbitals.

For TM¼Mn, the DOS for the 3d orbitals lie in the

minority-spin CB and the majority-spin VB, as shown in Fig.

6(a): The minority-spin 3d bands are hardly occupied, while

the majority-spin ones are occupied. This result suggests that

FIG. 5. Spin-resolved electronic DOS for U¼ 0, 2, and 4 eV of

Cu12�xNixSb4S13 (x¼ 0 (a) and 2.0 (b)).

FIG. 6. Spin-resolved electronic DOS

for U¼ 0 of Cu11.0TM1.0Sb4S13

(TM¼Mn (a), Fe (b), Co (c), Ni (d),

and Zn (e)). The red area describes

partial DOS for TM.

143702-4 Suekuni et al. J. Appl. Phys. 115, 143702 (2014)
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manganese is in the Mn2þ (3d5) high-spin configuration.

For TM¼ Fe, the minority-spin 3d bands appear in the

band gap and the majority-spin 3d bands lie in the VB at

about 2.5 eV below EF, as shown in Fig. 6(b). This result is

in agreement with a result of previous calculation.15 Five

IBs consisting mainly of the Fe-3d and S-3p orbitals appear

above EF that suggests iron is in the Fe3þ (d5) high-spin

state. The replacement of Fe3þ for Cu was ascertained by

the Fe M€ossbauer experiment for x¼ 0.5 and 1.0 of

Cu12�xFexSb4S13.30 (For x� 1.5, substitution of Fe2þ for

Cu takes place.) We can clearly see the crystal field split-

ting of the 3d bands into t2 and e bands that is expected for

iron in a tetrahedral site. For TM¼Co, the minority-spin

3d bands appear in the band gap and the majority-spin 3d

bands lie in the VB at about 2 eV below EF, as shown in

Fig. 6(c). Three IBs consisting mainly of the Co-3d and

S-3p orbitals appear above EF that suggests cobalt is in the

Co2þ (d7) state. For TM¼Ni, the 3d bands appear at energy

just above EF in the minority-spin state and lie in the

majority-spin VB at about 2 eV below EF, as shown in Fig.

6(d). For TM¼Zn, the 3d bands lie at 7 eV below EF, as

shown in Fig. 6(e), implying that zinc is in the Zn2þ (d10)

state. Thus, the 3d bands for TM¼Mn, Fe, Co, and Ni

show the exchange splitting of 2 eV–3.5 eV between the mi-

nority and majority spin states and the minority-spin 3d

bands shift down in energy on going from Mn to Ni. The

former character leads to the high-spin states of Mn2þ and

Fe3þ ions.

In the electron-deficient semiconductor Cu12Sb4S13, the

substituted Mn, Fe, Co, and Ni for Cu(1) have spin magnetic

moment like in the binary compound semiconductors.3 For

Cu11.0TM1.0Sb4S13, TM supplies electron to the VB that

decrease the number of holes contributing to the electrical con-

duction. This feature is different from that for GaAs: the substi-

tuted Mn dopes large number of carriers which contribute to

the conduction and induce the ferromagnetism.31 Further exper-

imental and theoretical works on Cu12�xTMxSb4S13 (x> 1.0)

are required to confirm the magnetism and the types of

exchange interaction between magnetic moments of the TM

ions.

IV. CONCLUSION

The electronic and magnetic properties of Cu12�xNixSb4S13

(0� x� 2.0) were investigated by the combination of experi-

mental and theoretical studies. The results confirm that the

substituted Ni is in the divalent ionic state with the spin mag-

netic moment due to the large exchange splitting of the 3d

bands between the minority- and majority-spin states. The

thermal excitation of electrons from the VB to the IB results

in the semiconducting behavior of q(T) for x¼ 2.0. The

electronic-structure calculation for Cu11.0TM1.0Sb4S13

(TM¼Mn, Fe, Co, and Ni) proposed that the TM impurity is

in the divalent or trivalent ionic states and modifies elec-

tronic structure.
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