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This work reports experiments and first-principles calculations on the substitutional semiconducting C1b

compound CoTi1−xMxSb. Diluted magnetic semiconductors have been prepared by substituting titanium in the

semiconducting compound CoTiSb by other 3d transition elements M. Self-consistent calculations of the

electronic structure predict some of the materials to be half-metallic ferromagnets. The structural, electronic,

electric, and magnetic properties of the pure and substituted materials have been investigated. It is found from

the experiments that substitution of up to 10% Ti by Fe, Mn, Cr, and V does not affect the crystalline structure

and the lattice mismatch is less than 0.5% in the substituted compounds. The electric properties can be tuned

from semiconducting to metallic by using different dopants. The M =Cr-doped compound exhibits a metal to

semiconductor transition. Photoemission spectroscopy and conductivity measurements agree well with the

calculated electronic structure. The measured Curie temperature of the Fe-substituted alloy is far above room

temperature ��700 K�. This fact and the very low lattice mismatch between the substituted and the pure

compound make this material a serious candidate for future electronic applications, in particular for magneto-

electronics and spintronics.

DOI: 10.1103/PhysRevB.77.045209 PACS number�s�: 75.50.Pp, 72.80.Ga, 71.20.Be, 61.05.cp

I. INTRODUCTION

Over the last 40 years, the semiconductor industry has

been able to continually shrink the size of electronic compo-

nents on silicon chips, packing ever more performance into

computers. The limits of the current technology are reached,

when smaller component sizes are prevented by the funda-

mental physical laws. In the last decade, spintronics has been

developed as a new approach that has revolutionized the

market for electronic devices. Some predicted advantages of

this new technology are the nonvolatility of data storage, the

increased speed of data processing, the high storage density,

and the low energy consumption. To exploit the full potential

of spintronics, the development of new magnetic materials,

magnetic semiconductors, and half-metallic ferromagnets

�HMFs� is necessary.1 Half-metallic ferromagnets meet all

the requirements of spintronics, as a result of their excep-

tional electronic structure. These materials behave like met-

als with respect to the electrons of one spin direction and like

semiconductors with respect to the electrons of the other spin

direction.

Many attempts have been made to prepare semiconduct-

ing compounds that also have ferromagnetic properties. Mn-

doped GaAs �Ref. 2� was considered to be a suitable com-

pound, but its Curie temperature is only about 150 K �Ref. 3�
and thus still far away from being suitable for application in

electronic devices �see Ref. 4 for a recent review�. Other

materials, such as Mn-doped GaN �TC=228 to 370 K�,5

V-doped TiO2 �TC�400 K�,6 p-�Ga,Ni�N �TC�300 K�,7

NiTi0.9Mn0.1Sn �TC�330 K�,8 or Co-doped ZnO �TC

�300 K�,9 come only close to room temperature or need

special treatments.

The C1b compound NiMnSb was one of the early mate-
rials being predicted to be a HMF by electronic structure
calculations.10 Two alternative structural descriptions of the

C1b structure �space group F4̄3m� are possible. The common

description is that the C1b compounds of composition XMZ �
X, M =transition metals, Z=main group element� consist of

three interpenetrating FCC lattices. From the viewpoint of

electronic structures, the most appropriate description of

these compounds is a zinc-blende MZ lattice stuffed with X

atoms �see Fig. 1�.
In 1984, Kübler found that the Slater-Pauling rule is use-

ful for describing the magnetic properties of C1b

compounds.11 Jung et al.12 recognized that many XMZ com-

pounds can be thought of as comprising Xn+ ions stuffed in a

FIG. 1. �Color online� Crystal structure of CoTi1−xMxSb. The Ti

�or M� atoms are placed in the centers of tetrahedra formed by Co.
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zinc-blende-type �MZ�n− sublattice, where the number of va-

lence electrons associated with the �MZ�n− sublattice is 18

�d10+s2+ p6�. Such closed-shell 18-electron compounds are

nonmagnetic and semiconducting.13–15 The prototype for a

nonferromagnetic compound is CoTiSb. This compound is,

among other C1b compounds, often used as a base for ther-

moelectric materials16,17 by substitution of Ti by other tran-

sition metals18 or by substituting Sb by Sn.19

On the other hand, most of the magnetic and half-metallic

C1b compounds contain manganese or a rare earth metal.

This is not accidental because the properties of the manga-

nese ions in the M position of the C1b compounds must be

taken into account, as described by Kübler et al.20 These

manganese ions, which have an approximate Mn3+ configu-

ration, exhibit a highly localized moment in the order of

3–4�B. The rare earth �RE� ions in C1b compounds �for

example, RENiSb or REAuSn� also exhibit a charge of +3

and a magnetic moment corresponding to localized f states.21

It is expected that substitution of one of the 3d metals in the

18-electron compounds leads to the formation of localized

magnetic moments. The electronic and magnetic structures

of various dilute magnetic semiconductors based on C1b

compounds were calculated by Nanda and Dasgupta22 or

more recently by Fukushima et al.23

The present work focuses on the search of suitable com-

pounds that bridge both semiconducting and ferromagnetic

properties in almost one material. Therefore, Ti 3d transition

metal substituted compounds based on the semiconducting

CoTiSb were prepared and investigated both theoretically

and experimentally.

II. COMPUTATIONAL DETAILS

The electronic structure has been calculated for pure and

Ti-M substituted CoTi1−xMxSb �where M =Sc, V, Cr, Mn,

Fe� in order to examine their electronic and magnetic prop-

erties. Self-consistent calculations have been performed by

means of the full-relativistic, spin polarized Korringa-Kohn-

Rostocker �KKR� method in combination with the coherent

potential approximation �CPA�.24,25 CPA allows electronic

structure calculations for systems with random distribution

of the atoms as is here the case where M substitutes partially

for Ti.

For the ordered substitutional compounds, the CPA

method has been used to model the statistic distribution of

the atoms on the M site and the Ti atoms on a common site

of the C1b crystalline structure. The Co atoms are placed on

the 4a Wyckoff position, the Ti atoms are placed together

with the atoms on the M site on the 4c position, and the main

group element Sb is finally placed on the 4d position of the

cell with F4̄3m symmetry. The disordered CoTiSb com-

pound also has been treated using the CPA method by plac-

ing vacancies on regular sites and simultaneously the

swapped or excessed part on the 4b Wyckoff position. Six

different kinds of disorder have been respected, as summa-

rized in Table I.

The calculations have been performed using one of the

most common parametrizations of the exchange-correlation

functional as given by Vosco et al.26–28 Additionally, the gen-

eralized gradient approximation has been used in the form

given by Perdew et al.29 The CPA tolerance has been set to

10−4 and the energy convergence criterion to 10−5. f states

are included in the basis of all atoms, as it turned out that l

=2 is a too small value for the orbital momentum to explain

the magnetic properties correctly. 578 irreducible k points

based on a 22�22�22 mesh have been used for integration.

The density of states is calculated for the same number of k

points from the Green function by adding a small imaginary

part of 2 mRy to the energy. For smaller values, the band

gaps may become better visible; however, at the same time,

the DOS becomes much more noisy.

Partial cross sections have been calculated for better com-

parison of the calculated electronic structure with the valence

band photoemission spectra. The orbital momentum and site

resolved cross sections were calculated for atomic valence

states using a modified fully relativistic Dirac solver based

on the computer programs of Salvat and Mayol.30,31 The ra-

dial integrals for the various transitions �s→p, p→s ,d, and

d→p , f� have been computed using the dipole length form.

In addition, the electron mean free path was calculated using

the Tanuma-Powell-Penn �TPP-2M� equations.32

III. EXPERIMENTAL DETAILS

CoTi1−xMxSb �M =V, Cr, Mn, Fe� samples have been pre-

pared by arc melting of stoichiometric amounts of the con-

stituents in an argon atmosphere at 10−4 mbar. Special care

was taken to avoid oxygen contamination. This was ensured

by evaporating Ti inside the vacuum chamber before melting

the compound as well as by additional purifying of the pro-

cess gas. The resulting polycrystalline ingots were afterward

annealed in evacuated quartz tubes for 14 days at 1073 K.

This procedure resulted in samples exhibiting the C1b struc-

ture. Flat disks were cut from the ingots and polished for

spectroscopic investigations of bulk samples. For powder in-

vestigations, the remainder was crushed by hand using a

mortar. The correct structure has been verified by x-ray pow-

der diffraction �XRD� using excitation by Cu K� radiation.

The temperature dependent XRD measurements have

been performed at the x-ray powder diffraction beamline at

TABLE I. Models for disordered CoTiSb. Given are the site

occupation numbers for the four different Wyckoff positions in the

F4̄3m lattice. Rows 1–3 give the swapped structures and rows 4–6

the excess or lack structures. The occupancy of the positions by the

vacancy ��� is always chosen such that the sum of the occupancies

is 1.

4a 4b 4c 4d

Co-Vc 0.9 Co 0.1 Co Ti Sb

Ti-Vc Co 0.1 Ti 0.9 Ti Sb

Sb-Vc Co 0.1 Sb Ti 0.9 Sb

Co excess Co 0.05 Co Ti Sb

TiSb lack Co � 0.95 Ti 0.95 Sb

Excess/lack Co 0.05 Co 0.95 Ti 0.95 Sb
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is obviously the additional peak at about 3 eV below the

Fermi energy. This peak can only be explained with the oc-

currence of additional Fe 3d states in this region of the va-

lence band. They show up in Fig. 14�a� and as well in Fig.

15. A semiconducting band gap of CoTiSb within a width of

100 meV cannot be detected at the given energy resolution

of the spectra. The general shape of the high energy photo-

emission spectra agrees, however, very well with the calcu-

lated electronic structure.

VI. SUMMARY AND CONCLUSION

The C1b compounds CoTi1−xMxSb �M =Sc,Ti,V,Cr,

Mn,Fe� have been synthesized and investigated both experi-

mentally and theoretically. The band structure calculations

predict for CoTi0.9Sc0.1Sb and CoTi0.9V0.1Sb a semiconduct-

ing behavior as well as a half-metallic behavior for

CoTi0.9Cr0.1Sb, CoTi0.9Mn0.1Sb, and CoTi0.9Fe0.1Sb. The

measurements of the electric resistivity approve these predic-

tions. The pure CoTiSb and the V-substituted CoTi0.95V0.05Sb

compounds exhibit a semiconducting behavior, while

CoTi0.95Fe0.05Sb is metallic and CoTi0.95Cr0.05Sb undergoes a

metal to semiconductor transition with a transition tempera-

ture of Tt�210 K. It was shown, however, that any site dis-

order is able to destroy the semiconducting properties of the

parent compound. The calculated magnetic properties agree,

in particular, for the Fe- and Mn-substituted compounds,

well with the measured properties.

The electronic structure of the CoTiSb and CoTi0.9Fe0.1Sb

has been investigated by means of photoemission spectros-

copy. In particular, the HAXPES spectra agree with the cal-

culated density of states and show clearly the differences

between the pure and the Fe-substituted compound. In par-

ticular, the additional Fe 3d states were observed at about

3 eV below the Fermi energy. This indicates clearly the lo-

calized properties of the doped d electrons.

The C1b structure was verified by XRD for all samples. A

very low lattice mismatch is observed between pure CoTiSb

and the Ti-M-substituted compounds. This result makes that

substitutional series interesting for spintronic applications

such as spin light emitting diodes or other spin injection

devices. One should be able to prepare thin film devices

including these materials and it should be possible to grow

them epitaxially with clean and smooth interfaces. If depos-

iting layer by layer, one can use the Co planes to merge the

different materials without any interface at all.
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