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This work reports on ab initio calculations and experiments on the half-metallic ferromagnetic Heusler
compounds Co2TiZ �Z=Si, Ge, Sn�. Aim is a comprehensive study of the electronic-structure and thermo-
electric properties. The impact of the variation in the main group element Z on those properties is discussed.
X-ray diffraction was performed on the compounds and the lattice parameters are compared to other Co2-based
compounds. Hard x-ray photoemission measurements were carried out and the results are compared to the
calculated electronic structure. The experimentally determined electronic structure, magnetic properties, and
transport measurements agree well with the calculations. The electronic and thermoelectric properties were
measured for temperatures from 2 to 950 K. The electrical resistivity exhibits a pronounced cusp-type anomaly
at the Curie temperature �TC� where a distinct maximum appears. The strongest magnetic-scattering resistivity
is found in Co2TiSn with 1.7 �� m. The resistivity becomes nearly constant at higher temperatures. The
measured thermal conductivity is on the order of 5 W m−1 K−1. The measured Seebeck coefficient �S�T�� is
similar in all three compounds and exhibits also a very distinct anomaly at the magnetic phase transition. A
maximum value of −50 �V K−1 is found for Co2TiSn at TC. Most interesting is that S stays constant above the
Curie temperature in all three compounds.

DOI: 10.1103/PhysRevB.81.064404 PACS number�s�: 72.15.Jf, 61.05.cp, 71.15.Mb, 71.20.Be

I. INTRODUCTION

Heusler compounds have the general composition X2YZ,
where X and Y are transition metals and Z is a main group
element. An exceptional electronic structure was found in the
Heusler compounds Co2MnAl and Co2MnSn by Kübler, Wil-
liams, and Sommers1 who proposed that the minority-spin
density at the Fermi energy vanishes in those compounds.
This prediction was later extended to include also other Heu-
sler compounds2–4 and specially all compounds based on
Co2.5 All those compounds are supposed to exhibit a com-
plete spin polarization at the Fermi energy such that they
behave as a metal for one spin direction and as an insulator
for the other one. Compounds with that special behavior are
called half-metallic ferromagnets.6 It was concluded that
half-metallic ferromagnetism should lead to peculiar trans-
port properties. In this paper, the transport properties of Heu-
sler compounds containing Co and Ti are investigated with
respect to their use as materials for magnetic or thermoelec-
tric devices. The interesting feature of these compounds is
that they do not carry a strongly localized magnetic moment
at the atom in the Y position as is observed if Y is Mn.

The research in the field of thermoelectric materials has
experienced a great increase in the recent years due to their
practical application as power generators or as cooling and

heating devices. Several material classes, such as Clathrates,7

Bismuth Tellurides,8 Skutterudites,9,10 and Heusler com-
pounds with C1b structure11 have been investigated lately.
Only few investigations have been carried out for Heusler
compounds with L21 structure. The investigations were
mainly based on the compound Fe2VAl.12,13 New ways of
so-called spincalorics try to combine magnetic and thermo-
electric properties in a single device that allows to manipu-
late spin-transport phenomena.

This paper focuses on the material class Co2TiZ, �Z=Si,
Ge, or Sn� with L21 structure. The Heusler compounds are
attractive as materials combining magnetic and thermoelec-
tric properties due to their peculiar electronic structure and
its easy tunability. The physical properties can be easily
changed by the substitution of atoms with ones that have
similar radii and charges. Likewise the magnetic moments,
resistivity or the Seebeck coefficient can be manipulated that
way. This is especially important for new types of magneto-
thermoelectric devices because a tuning of the carrier con-
centration allows to optimize the efficiency of the materials.

The efficiency of a purely thermoelectric material is de-
scribed by the figure of merit �ZT� �Ref. 14� that depends on
the temperature T as well as the electronic- and thermal-
transport properties. State of the art materials are filled scut-
terudite compounds with a ZT�1.2 at 700 K,9,10 semicon-
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ducting clathrates with a ZT�1 at 700 K,7 and Heusler
compounds with C1b structure with a ZT�1.5 at 800 K.11

Indeed, such materials naturally do not carry magnetic prop-
erties. Therefore, new materials have to be found that are
optimized for thermoelectric as well as magnetic properties.

In this paper, the properties of the Heusler compounds
Co2TiZ �Z=Si, Ge, Sn� are investigated theoretically and
experimentally. Since the compounds are supposed to be
half-metallic ferromagnets all calculations are carried out for
spin-polarized and non-spin-polarized ground states. The re-
sults are compared to the experimental data and discussed in
the respective chapters. X-ray diffraction was performed for
the structure determination and the obtained cell parameters
were set into context of other compounds with similar com-
positions. For the surface investigations energy-dispersive
x-ray spectroscopy �EDX� was used to ensure the homoge-
neity of the samples. The magnetic properties as well as the
obligatory transport measurements were performed. In a final
characterization step, hard x-ray photoelectron spectroscopy
�HAXPES� was performed on the compounds to experimen-
tally determine the electronic structure and compare it to the
calculated results.

II. COMPUTATIONAL DETAILS

The electronic structure of the compounds was calculated
by means of the full-potential linearized augmented plane-
wave �FLAPW� method as implemented in WIEN2K.15,16 The
exchange-correlation functional was taken within the gener-
alized gradient approximation �GGA�.17 A 25�25�25-point
mesh was used as base for the integration in the cubic sys-
tems resulting in 455 k points in the irreducible wedge of the
Brillouin zone. The energy convergence criterion was set to
10−5 Ry and simultaneously the criterion for charge conver-
gence to 10−3e−. The muffin-tin radii were set to 2.5a0B
�a0B=0.5291772 Å� for the transition metals as well as the
main group element. Further details of the calculations are
reported in Ref. 5.

A. Electron transport

BOLTZTRAP �Ref. 18� was used for the calculation of the
transport properties. This program is based on Boltzmann
transport theory. In the present work it was modified to allow
a simultaneous treatment of the two spin channels and the
resulting spin-averaged transport quantities. The changes
were necessary, in particular, because one of the spin chan-
nels is supposed to be semiconducting in the investigated
materials while the other is metallic. For the calculation of
transport properties, an enlarged 403 mesh with 1661 irreduc-
ible points was used with WIEN2K. The final calculations with
BOLTZTRAP were performed on an eightfold larger k grid us-
ing the tetrahedron method and energy steps of �E /kB
=5 /80 K.

The basics of transport theory are described in the text-
books of Ziman19 or Mizutani.20 In general, the Boltzmann
transport equations allow to calculate the electrical conduc-
tivity from the electronic structure.18,20,21 Neglecting effects
of an external magnetic field as well as higher-order terms in

the electric field �V �where V is the electric potential� and
temperature gradient �T, the linear transport equations for
the electric �Ji� and thermal �Ui� current densities are given
by

Ji = �ij� jV + �ij� jT ,

Ui = − T�ij� jV + �ij� jT , �1�

where i , j assign the directions in space. �ij, �ij, and �ij
are the electric- and thermal-conductivity tensors. �ij and �ij
are related through the Lorentz number L by �ij =−LT�ij.
The conductivity tensors depend on the electronic structure,
that is on the E�k� relation. In particular, they depend on the
group velocities v��k� that are given by the derivatives of the
band dispersion v��k�= 1

	

�Ek

�k�
. In relaxation time approxima-

tion one finds the general transport tensor 
ij from

�n,k
ij�k� = e2vi�n,k�v j�n,k� ,


ij�E� =� 
ij�k�
dS

�kE�k�
, �2�

where n is the band index, e is the electron charge, and
�n,k is the relaxation time. Further, it is noted that the density
of states is defined by

n�E�dE =
1

4�3� � dS

�kE�k�
dE . �3�

With help of relaxation-time approximation and transport
tensor 
ij, the electric conductivity tensor is given by

�ij = − e2�
0



�k
i,j�E�
� f�E,�,T�

�E
dE , �4�

where � is the chemical potential and f�E ,� ,T� is the Fermi-
Dirac distribution. In metals, the chemical potential � corre-
sponds to the ground-state Fermi energy 
F in a good ap-
proximation �note: ��T=0�=
F�.

The tensors �ij, �ij, and �ij are diagonal in orthorhombic
systems and the diagonal elements are all equal in cubic or
isotropic systems �for a proof see Ref. 21�. This means that
in isotropic systems, likewise cubic crystals, only the diago-
nal terms �ii=� exist. In analogy, the other tensors will also
become scalar in isotropic systems.

The relaxation time �=�k depends on the electron momen-
tum k, in general. However, detailed studies of the k depen-
dence of � have shown that it is not dependent on the k
direction to a good approximation.22 Although assumed to be
independent of k, the relaxation time �=��T� may be tem-
perature dependent for certain scattering processes of the
electrons. In general, � is expressed as

1

�p
=

1

�e-e
+

1

�e-imp
+

1

�e-ph
+ ¯ . �5�

Here the index p is used to assign a paramagnetic �PM� or
diamagnetic material. For electron-electron scattering ��e-e�
and for scattering of electrons at impurities ��e-imp� the tem-
perature dependence is negligible. The relaxation time for
electron-phonon scattering ��e-ph� depends on the thermal ex-
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citation of phonons and thus on the temperature, too. In mag-
netic materials additional terms may appear,

1

�m
=

1

�e-mag
+

1

�sd
+ . . . , �6�

such that the overall relaxation time is given by 1 /�
=1 /�p+1 /�m. �e-mag arises from electron-magnon scattering.
This relaxation time is temperature dependent because it de-
pends on the thermal occupation of the magnons and there-
fore on the Curie temperature. Finally, �sd describes the so-
called spin-disorder scattering.

In the following, the k or E dependence of the relaxation
time � is neglected and cubic crystal systems are assumed.
This allows to remove � from the integral and to drop the
directional indices. The result for the conductivity is

�

�
= − e2�

0




�E�
� f�E,�,T�

�E
dE . �7�

Similar to the electric conductivity, the thermal-transport
properties are calculated from the ab initio electronic struc-
ture making use of the Boltzmann transport equations.18,20,21

The electronic part of the thermal conductivity is found from
the integral,

�0

�
= −

1

T
�

0




�E��E − ��2� f�E,�,T�
�E

dE . �8�

In general, the Seebeck coefficient is also a tensor and
derived from the electrical- and thermal-conductivity tensors,

Sij = ��ij�−1�ij . �9�

Similar to the electric-conductivity integral �Eq. �7��, the
nominator for cubic systems is simplified to

�

�
= −

e

T
�

0




�E��E − ��
� f�E,�,T�

�E
dE �10�

and the result for the Seebeck coefficient is S=� /�. The
thermal- and electric-conductivity integrals contain the relax-
ation time �, which is identical in both cases. S does there-
fore not dependent on the relaxation time if assuming that �
is independent of the electron momentum k,

S = −
1

eT

�0

�E��E − ��

� f�E,�,T�
�E

dE

�
0




�E�
� f�E,�,T�

�E
dE

. �11�

Along with the Seebeck coefficient, the electronic thermal
conductivity at zero electric current is defined in an isotropic
system by �e=�0−T�S. S, as defined by Eq. �9�, is small in
the materials investigated here and �e is dominated by �0

wherefore the second term will be omitted in the following.
For the reason of charge neutrality, the number of ther-

mally created holes �h+� below 
F has to be identical with the
number of thermally excited electrons �e−� above 
F. This
leads to a shift of the chemical potential at finite temperature
whenever the density of states is not constant in the vicinity
of the Fermi energy. The temperature dependence of the

chemical potential ��T� of a metal is approximately given by

��T� � 
F −
�2

6
�kBT�2� dn�E�

dE

n�E�
	

E=
F

. �12�

The chemical potential obviously shifts to lower energies
if the density of states at the Fermi energy increases
�dn�E� /dE�0� and to higher energies if n�E� decreases at

F. In metals, however, this shift is usually small and cannot
exceed the width of df�E� /dE that is on the order of few tens
of millielectron volts at moderate temperatures.

B. Phonons

The vibrational properties of the investigated compounds
were calculated by means of PHONON �Ref. 23� on the base
of the results from WIEN2K. The primitive cell containing
four atoms was enlarged to a cell with 16 distinguished at-
oms to calculate the Hellmann-Feynman forces for the pho-
non analysis. For these calculations, a force convergence cri-
terion of 10−4 Rya0B

−1 was used in addition to the energy
convergence criterion.

The knowledge about the phonon-dispersion ��q� relation
and the accompanied density of states g��� allows to calcu-
late various physical properties related to lattice vibrations.
Most basically, the temperature dependence of the lattice
heat capacity of the whole crystal is described in the har-
monic approximation by24

CL = rkB� 
 	�

kBT
�2 exp
 	�

kBT
�

�exp
 	�

kBT
� − 12g���d� , �13�

where r is the number of degrees of freedom, kB is the Bolt-
zmann constant, and h is the Planck constant. Most often, the
properties depending on the lattice vibrations are described
by models based on the Debye temperature �D. Once know-
ing g���, �D is found from a fit of CL �Eq. �13�� to the
Debye model with gD�����2. This procedure results in a
temperature-dependent ��T� and approaches the classical
value for T��D. It is worthwhile to note that the same
procedure can be used to find experimental values of �D
from the measured heat capacity.

The heat transport by lattice vibrations plays an important
role for the thermoelectric-transport properties, besides the
electronic heat conductivity that was given by Eq. �8�.
Within the quasiharmonic approximation and with the aid of
the Debye model, the phonon thermal conductivity is ex-
pressed in the following form:

�L�T� =
kB

2�2vs

 kBT

	
�3�

0

�D/T

�L
x4ex

�ex − 1�2dx . �14�

Here �L is the phonon thermal conductivity, x
=	� / �kBT� is a dimensionless quantity, � is the phonon fre-
quency, �D is the Debye temperature, vs is the velocity of
sound, and �L is the total phonon-scattering relaxation time.
In general, it is temperature and frequency dependent and
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cannot be eliminated as easy from the integral as the � in the
electronic-transport coefficients.

Similar to the relaxation time entering the electronic-
transport properties, �L consists also of several parts arising
from different scattering processes. The following processes
are assumed to limit the heat conduction mediated by
phonons: scattering at grain boundaries, umklapp scattering,
electron-phonon scattering, and Rayleigh-type point-defect
scattering. The phonon-scattering relaxation rate is then writ-
ten as

1

�L
=

1

�b
+

1

�u
+

1

�p
+

1

�e-ph
= cb + cu�2T3e−�D/T + cp�4

+ ce-ph�2. �15�

Here cb, cu, cp, and ce-ph are the parameters which are
related to the strength of boundary, umklapp, point-defect
scattering, and electron-phonon interaction, respectively.
Boundary scattering gives temperature- and frequency-
independent relaxation times ��b�vs /D ,D
ªgrain diameter� and results in a T3-type dependence of �L
on T at low temperatures. Rayleigh-type scattering will
strongly suppress high-frequency phonons since the relax-
ation time �p is proportional to �−4. In case of localized
impurities, an additional resonant scattering term

1

�i
=

ci�
2T2

��E
2 − �2�2 + ��E

2�2 �16�

appears that describes the concentration of impurities
causing resonant scattering. � is the average deformation po-
tential. The resonant vibration frequency �E is determined by
kB�E /	, where �E is the Einstein temperature of the local-
ized vibrational mode.

As mentioned in Sec. I, the efficiency of a thermoelectric
material is characterized by the figure of merit that is defined
by14

ZT =
S2 · �

�
T =

S2T

� · �
�17�

and combines the effects of electronic- and thermal-
transport properties in one quantity.

Both, �e and �L enter the figure of merit in Eq. �17�.
Therefore, ZT does not directly reveal the properties related
only to the electronic structure. Seemingly, the Seebeck co-
efficient might be a better indicator of changes in the elec-
tronic structure. In particular, the transport integral � /� �Eq.
�10�� entering S is very sensitive on changes in the electronic
structure close to the Fermi energy. This is, however, not the
complete truth. Another, well-known effect based on the lat-
tice vibrations influences S, namely, the so-called phonon
drag. It is related to CL and a rough estimation results in a
maximum value of about −86 �V K−1.20 Although this
value may be much too large, the effect itself cannot be
neglected and is most pronounced at temperatures around
T /�D�0.2.

III. EXPERIMENTAL DETAILS

The Co2TiZ �Z=Si, Ge, Sn� samples have been pre-
pared by arc melting of stoichiometric amounts of the ele-
ments. To remove oxygen contaminations the sample cham-
ber was flushed with Ar and afterward evacuated. This
process was repeated three times before each melting. To
remove final trays of oxygen, Ti was heated close to evapo-
ration inside the vacuum chamber before melting the com-
pounds. To ensure the homogeneity, the samples were flipped
before each new melting step. The resulting polycrystalline
ingots were afterward annealed in evacuated quartz tubes for
21 days. This procedure resulted in samples exhibiting the
L21 structure. Bars of about �2�2�8� mm3 were cut from
the pellets and polished before measuring. For powder inves-
tigations, the remainder was crushed by hand using a mortar.

The crystalline structure of the compounds was investi-
gated by x-ray powder diffraction �XRD� using Mo K� ra-
diation �Bruker D8 Advance�. Complementary, temperature-
dependent XRD experiments were performed at the XRD
beamline at the bending magnet D10 of the Brazilian Syn-
chrotron Light Laboratory �LNLS�. For details about the
characteristics of the beamline see Ref. 25.

For the inspection of the surface a scanning electron mi-
croscope �SEM� �Jeol JSM-6400� equipped with an EDX-
detection system �Surface Concept GmbH� was used. The
samples were measured in a vacuum of 3�10−6 mbar. An
acceleration voltage of 20 kV was applied and an inspection
angle of 35° was set up. For the correction the ZAF method
was applied. For the image acquisition the digital image pro-
cessing system and for the quantitative chemical analysis the
program WINEDS 4.0 were used.

The measurements of the Seebeck coefficient, thermal
conductivity, and resistivity were carried out with a physical
property measurement system �model 6000 Quantum De-
sign, with the options P400, P600, and P640� from 2 to 400
K. The bars have been contacted by copper stripes, that were
wrapped around the sample to homogenize the current pass-
ing through. Additionally, the stripes were glued to the
sample with a silver epoxy paste to improve the contact. The
samples were polished before contacting to remove oxide
layers which may have formed between the synthesis and the
measurement. The sample chamber was flooded with He and
afterward evacuated. The thermoelectric properties were
measured at a pressure of about 1.2�10−4 mbar by a stan-
dard four-point ac method. An additional correction term for
the heat loss at the heating shoes was introduced and applied
to the thermal-conductivity data as it was suggested by
Müller et al.26 and Quantum Design.27 The electrical conduc-
tivity and the Seebeck coefficient were determined in the
temperature range of 340�T�900 K using the RZ2001i
unit of Ozawa Science, Japan. Both parameters were re-
corded simultaneously as a function of temperature in an Ar
atmosphere. The Seebeck coefficient was measured by a
steady-state method and the electrical conductivity by the dc
four-point method. The magnetic properties were investi-
gated by a superconducting quantum interference device
�SQUID, Quantum Design MPMS-XL-5� using nearly
spherical pieces with a weight of about 8 mg.

For the HAXPES investigations, the sample bars were
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fractured in situ. This assures that the samples are free of
oxygen contaminations. The HAXPES experiments were
performed at the beamline BL15XU of SPring-8 �Japan�.
The photon energy was fixed at 5.947 keV using a double-
crystal monochromator and a Si�333� postmonochromator.
The emitted photoelectrons were analyzed for their kinetic
energy and detected by means of a hemispherical analyzer
�VG Scienta, R4000�. The overall energy resolution �mono-
chromator plus analyzer� was set to 250 meV, as verified by
spectra of the Au valence band �VB� at the Fermi energy.
The angle between the electron trajectory to the spectrometer
and photon propagation is fixed at 90°. The photons are p
polarized, that is, the electric field vector is in the plane of
incidence and always pointing in the direction of the electron
detector. A near normal-emission ��=8°� detection angle was
used. This corresponds to an angle of incidence of �=90°
−�=82°. One should notice, however, that these angles
might not be that sharply defined for the fractured samples
but rather vary across the area of the light spot due to surface
roughness.

IV. RESULTS AND DISCUSSION

A. Results of the first-principles calculations

The basis for the calculation of the thermoelectric proper-
ties is the calculated electronic structure. From that basis the
transport properties are calculated. As starting point, the
electronic structure of the Co2TiZ compounds with Z=Si,
Ge, or Sn was calculated using the FLAPW method as de-
scribed above. The lattice parameter a of the compounds was
optimized before calculating the electronic-structure and
transport properties. The resulting lattice parameters are
summarized in Table I together with the accompanied bulk
moduli B. Both quantities were found from an equation of
state fit of the total energy as function of the volume of the
primitive cell. The lattice parameter increases with increas-
ing ordinal number of the main group element. At the same
time, the bulk modulus decreases. The decrease in B with
increasing a is caused by the weakened interaction between
the Co atoms. At larger Co-Co distances the Co d electrons
have less overlap.

In spin-polarized calculations, these compounds turn out
to be half-metallic ferromagnets as was previously shown by
various authors.4,5,28–30 The band structure of Co2TiGe is
shown in Fig. 1 as the representative for all three com-
pounds. A band gap in the minority states occurs at the Fermi
energy 
F. This minority gap is characteristic for half-

metallic materials. The size of the gap amounts to �EHMF
=569 meV and the top of the minority valence band is lo-
cated 400 meV below 
F. The majority-band structure is me-
tallic with a single band crossing 
F in the � direction. Due
to the band gap in the minority states, the magnetic moment
is integer and has a value of exactly 2�B for the primitive
cell. A closer analysis shows that the magnetic moment is
mainly located at the Co atoms. That means, each of the two
Co atoms in the primitive cell carries a magnetic moment of
about 1�B. Details of the calculated band structure and the
local magnetic moments were just confirmed by the experi-
mental investigation of the spin-resolved unoccupied density
of states.31

Besides the minority gap, a pronounced hybridization gap
is observed above the low-lying s bands at approximately
−10 eV. This indicates a strong bond between the Ge atoms
and the surrounding Co atoms. The latter themselves form a
very stable simple cubic sublattice. Consequently, the Ge at-
oms are well fixed in the CsCl-like positions of the Co sub-
lattice and Ge and Ti atoms cannot easily be exchanged.
Hence, a B2-type disorder as often observed in Al-containing
Heusler compounds becomes improbable.

The Co2TiZ compounds with Z=Si or Sn have very simi-
lar electronic structures. In particular, they are also half-
metallic ferromagnets with a magnetic moment of exactly
2�B for the primitive cell. The main differences appear due
to the change in the lattice parameter. This change causes a
slight variation in the slope of the dispersion curves E�k�. As
a consequence, the size of both the minority gap as well as
the hybridization gap are slightly different. These parameters
are compared in Table I. The hybridization gap �Ehyb is
slightly smaller in the Si- or Sn-based compounds compared

TABLE I. Band-structure parameters for Co2TiZ �Z=Si, Ge, Sn� compounds. Given are the relaxed
lattice parameter a, the bulk modulus B, the size of the hybridization gap �Ehyb, the valence-band maximum
of the minority states with respect to the Fermi energy EVBM, and the size of the band gap �EHMF of the
minority states.

Z a �Å� B �GPa� �Ehyb �eV� EVBM �eV� �EHMF �eV�

Si 5.758 207 2.01 −0.61 0.785

Ge 5.850 190 2.81 −0.40 0.569

Sn 6.093 169 2.16 −0.22 0.504

FIG. 1. �Color online� Spin-resolved electronic structure of
Co2TiGe. Shown are the band structures for the �a� majority and �c�
minority electrons together with the �b� density of states.
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to the case of Ge. The size of the minority gap �EHMF de-
creases with increasing ordinal number of the main group
element. It is smallest in the Sn-based compound that has the
largest lattice parameter. In Co2TiSn, the Fermi energy is
located close to the middle of the minority-band gap whereas

F is shifted toward the conduction-band minimum of the
minority states in Co2TiSi and Co2TiGe.

So far the electronic structure of the ferromagnetic �FM�
state was calculated. The question arises how it is influenced
and changed when approaching and crossing the magnetic
phase transition. In a simple model of localized moments one
may assume that the minority and majority states become
mixed. In the investigated compounds, neither the moment at
the Ti atoms nor that at the Co atoms are completely local-
ized. Therefore, localized models may fail.

The disordered local-moment �DLM� technique32 is a
powerful approach to derive at solutions without a net
magnetic moment—but with nonvanishing individual
moments—in the primitive cell. In the DLM case, two iden-
tical atoms with opposite spin polarization are set at each site
of the cell and the charge distribution is found from the
coherent-potential approximation.

DLM calculations were performed for the Co2TiZ com-
pounds but it was not possible to stabilize individual mag-
netic moments in the investigated systems. That is, the mo-
ment at the Co sites vanished in the self-consistent DLM
approach. This demonstrates that the compounds behave
completely itinerant and underlines another time that local-
ized magnetic moments are not a necessary condition for the
appearance of half-metallic ferromagnetism. Further it
should be noted that the density of the minority states van-
ishes identically in the investigated compounds due to their
half-metallic character. A simple mixing of densities would
therefore not at all change the averaged transport properties
from the purely electronic point of view. An alternative ap-
proach is the use of nonpolarized �spin-polarized� calcula-
tions. In the following, the results from such non-spin-
polarized calculations—often attributed paramagnetic—are
compared to the results from the spin-polarized calculations.

Figure 2 compares the total density of states of all three
investigated compounds for energies close to 
F. The energy
range is reduced to display the states in the vicinity of the
Fermi energy because the states at these energies are most
interesting for the transport properties. The electronic struc-
ture was calculated for the non-spin-polarized �PM� and the
spin-polarized �FM� cases. The total density of states is the
sum of the majority and minority states for the spin-polarized
calculation �see Fig. 1 for the spin-resolved densities of
Co2TiGe�.

The changes in the density of states are obvious if com-
paring the spin-polarized and nonpolarized cases. The den-
sity at 
F is considerably larger in the PM case for all three
compounds. The main difference appears from the unoccu-
pied density of states in the FM calculation. In Co2TiGe, the
states at about 0.5 eV above 
F are unoccupied minority
states �compare Fig. 1�. In the PM state one has no exchange
splitting and those states are found below 
F. For Co2TiSi
and Co2TiSn, the high density of states close to 
F in the PM
states is derived in the same way. From the differences of the
electronic structure of the FM and PM states one expects also

differences in the calculated transport properties.
Figure 3 compares the ferromagnetic and non-spin-

polarized band structure of Co2TiGe in the vicinity of the
Fermi energy. Obviously, one band is crossing in the spin-
polarized case in the Fermi energy and contributes to the
transport properties. This band has t2g character at � and
along the fourfold � direction. In the � direction with lower,
twofold rotational symmetry it has an admixture of eg char-
acter that connects to the K point. Both, majority and minor-
ity bands exhibit a Van Hove singularity �saddle point� in the

FIG. 2. �Color online� Total density of states of Co2TiZ �Z
=Si, Ge, Sn�. Displayed are the results of non-spin-polarized
�PM� and spin-polarized �FM� calculations.

FIG. 3. �Color online� Comparison of the band structure of
Co2TiGe close to 
F. Shown are the band structures from �a� spin-
polarized and �b� nonpolarized calculations. Note that majority �full
lines� and minority states �dotted lines� are shown in �a� in one plot
for better comparison with the nonpolarized case.

BARTH et al. PHYSICAL REVIEW B 81, 064404 �2010�

064404-6



� direction at about 0.3 eV below and 0.66 eV above 
F,
respectively. In the nonpolarized case, where the exchange
splitting is removed, only one Van Hove singularity remains
at 0.24 eV above 
F. Further it is seen that much more bands
are crossing the Fermi energy and contribute to the transport.
Thus it is expected that the electric resistivity in the non-
spin-polarized state is lower compared to the ferromagnetic
state.

As mentioned in Sec. II A, the chemical potential �
changes with temperature. Figure 4 illustrates the effect of
the temperature on the chemical potential as calculated for
the three compounds under investigation. The shift ���T� is
calculated for the spin-polarized electronic structure. At low
temperatures the shift of � follows a parabolic shape ex-
pected from Eq. �12�. Clear deviations are obvious for tem-
peratures of above 400 K. The shift is nearly the same for the
compounds with Z=Si or Ge whereas it is considerably
stronger in the Sn-containing compound. This effect is clear
from the differences in the density of states as explained
above.

In the next step, the conductivity was calculated. Figure 5
compares the conductivity integrals � /� calculated for the
spin-polarized and nonpolarized electronic structure. Obvi-
ously, the conductivity integral is larger and exhibits a
slightly stronger temperature dependence in the nonpolarized
case. This is expected from the higher density of states at the
Fermi energy �see Fig. 2�. The weak dependence of the cal-
culated conductivity integrals � /� on temperature is typical
for metals. Overall the changes are not very large because all
influences of the relaxation time � are omitted.

The inset of Fig. 5�a� shows the expected temperature
dependence of a spin-polarized current for the case that no
depolarization effects due to the temperature dependence of
the magnetization occurs. That is, it is assumed that the ma-
terials stay completely in the half-metallic ferromagnetic
state and no mixing of minority and majority states occurs
over the entire temperature range. For low temperatures the
current is completely carried by majority electrons and 100%
spin polarized. A discernible reduction in the polarization of
the current is only observed at temperatures above 300 K. It
is interesting to note that the Sn-based compound exhibits at

high temperatures the highest polarization P�T� even it has
the smallest minority gap. This demonstrates that the tem-
perature dependence of the spin polarization of the current is
not simply determined by the size of the minority gap but
depends more critically on details of the electronic structure
close to the Fermi energy. For Co2TiSn, the Fermi energy is
found in the middle of the minority-band gap and, indeed,
farther away from the minority-band edges.

Figure 6 displays the calculated Seebeck coefficient S and
figure of merit ZTe. The calculations were performed for the
spin-polarized �FM� as well as the nonpolarized �PM� elec-
tronic structure. Here, ZTe contains only the electronic ther-
mal conductivity �e. The overall value of ZT, however, will
also depend on the lattice contribution �L to the thermal con-
ductivity that may even exceed the electronic part in magni-
tude. According to Eq. �17� it is expected that ZTe overesti-
mates the overall value. The calculation of the overall ZT
may become very complicated due to the influences of the
different relaxation times entering the equations for �e and
�L. For the present purpose it is sufficient to compare the
values of ZTe. It is clear from Fig. 6 that ZTe and thus ZT is
different for the non-spin-polarized and spin-polarized calcu-
lations. This observation will hold even if accounting for a
reduction in ZT by the influence of �L.

In the spin-polarized calculations the Seebeck coefficient
is positive and increasing at low temperatures for all three

FIG. 4. �Color online� Temperature dependence of the chemical
potential. The shift ���T� of the chemical potential with tempera-
ture T was calculated for the spin-polarized electronic structure of
Co2TiZ with Z=Si, Ge, or Sn.

FIG. 5. �Color online� Temperature dependence of the conduc-
tivity integral � /�. The temperature dependence of was calculated
for the �a� spin-polarized and �b� nonpolarized electronic structure
of Co2TiZ with Z=Si, Ge, and Sn. The inset in �a� shows the ex-
pected spin polarization of the electric current if neglecting the
magnetic phase transition.
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compounds. This is expected from simple models that esti-
mate the Seebeck effect from the change in the density of
states close to the Fermi energy. The behavior at low tem-
peratures is clear, as only one band with a free-electronlike
shape is crossing 
F. At higher temperatures, however, S de-
creases with T. This is due to the increasing influence from
lower-lying bands. These flat bands are clearly seen at about
−100 meV in Fig. 1 for Co2TiGe and appear as maxima in
the density of states in Fig. 2. This demonstrates that simple
free-electron-based calculations are not sufficient to explain
the Seebeck coefficient. The calculated Seebeck coefficient
of all three compounds is negative with increasing absolute
value in the nonpolarized case. Here, several different bands
that are crossing the Fermi energy contribute to the transport
properties. This underlines another time that the Seebeck co-
efficient as calculated from Eq. �9� is a measure for the band
dispersion rather than the density of states. Indeed, it aver-
ages over all contributing bands close to the Fermi energy.

The calculation of S�T� in Fig. 6 already includes the
temperature shift of the chemical potential ��T�. The chemi-
cal potential may be changed also by other effects. Small
deviations from the nominal composition will change the
electron concentration resulting in a shift of the Fermi energy
and accordingly of ��T�. The same is true for small amounts
of impurities or disorder in the samples. To estimate the ef-
fect of such changes in �, the Seebeck coefficient was cal-
culated as a function of the chemical potential for a fixed
temperature of 300 K. The results for the spin-polarized and
nonpolarized electronic structure of Co2TiGe are compared
in Fig. 7.

From Fig. 7 it is obvious that a shift of � by about −100
or +150 meV is already enough to change the sign of the
Seebeck coefficient in the ferromagnetic state. Large changes
are also observed if the chemical potential in the non-spin-
polarized state is shifted to lower values. At −100 meV the
Seebeck coefficient is one order of magnitude larger than at
the nominal zero position of �. These findings demonstrate

that already small changes in the electronic structure will
change the Seebeck coefficient considerably.

In the next step the vibrational properties of the investi-
gated compounds were studied. The results of the phonon
calculations are based on the spin-polarized electronic-
structure calculations. Figure 8 compares the calculated pho-
non dispersion h��q� and the accompanied density of states
g��� of the Co2TiZ compounds with Z=Si, Ge, and Sn. The
largest bandwidth is obtained for the Si-based compound. In
that compound, the upper energies are determined by the
optical modes arising from the vibrations of the Si atoms.
The bandwidth decreases with increasing mass of the main
group elements and is lowest in the compound based on Sn.
The topmost separate bands in Co2TiGe arises from the op-
tical modes related to the vibrations of the Ti atoms. The
separation of those bands is less pronounced in Co2TiSn.

Figure 9 displays the temperature dependence of the pho-
non part CL�T� of the specific heat calculated from the pho-
non densities shown in Fig. 8. The temperature dependence
of the heat capacity was used to determine the Debye tem-
peratures �D of the compounds. The results for �D are com-
pared to the average phonon energies 	�̄ in Table II. The
average phonon frequency is calculated from the density of
states by �̄=��g���d�. Both quantities show the same be-
havior and decrease with increasing mass of the Z element.
This is, indeed, expected from the behavior of the phonon
density of states of the different compounds.

FIG. 6. �Color online� Calculated temperature dependence of the
Seebeck coefficient and figure of merit. The dependence of S ��a�
and �b�� and ZTe ��c� and �d�� on temperature T was calculated for
the spin-polarized �FM� and nonpolarized �PM� electronic structure
of Co2TiZ with Z=Si, Ge, and Sn. Note the different scale of ZTe in
the FM ��c�� or PM ��d�� case.

FIG. 7. �Color online� Dependence of the Seebeck coefficient of
Co2TiZ compounds on the chemical potential. The dependence of
S��� was calculated for T=300 K for the spin-polarized and the
nonpolarized cases.
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B. Structure and composition

The crystal structure of the samples was investigated by
powder XRD using Mo K� as well as synchrotron radiation.
The obtained diffraction patterns are shown in Fig. 10. All
compounds exhibit a cubic structure and no impurity phases
were detected within the limits of the method. The fcc typi-
cal �111� and �200� reflexions are clearly detected for the Si-
and Sn-based compounds. This gives advice on the cubic L21

structure �space group: Fm3̄m� as main phase of those com-
pounds. The �200� reflexion is absent, however, in Co2TiGe
when Mo K� radiation is used. The absence of this reflexion
might point on a B32-type disorder �NaTl-like structure with

Fd3̄m symmetry�.33 On the other hand, it has to be noted that
the contributing elements are all from the same row of the
periodic table and therefore have similar scattering factors.
To prove the influence of the scattering factors a XRD
experiment34 was performed with the pattern taken at h�
=7111.96 eV.

A Rietveld refinement of the experimental data was per-
formed assuming an ordered L21 structure as well as differ-
ent disordered structures. The obtained cubic lattice param-
eter a does, indeed, not depend on the assumption of disorder
in the cubic structures. The resulting values measured at
room temperature using Mo K� as well as synchrotron radia-
tion are summarized in Table III and compared to calculated
values as well as values previously published by other au-
thors. The lattice parameters are in good agreement with pre-
viously reported ones.

FIG. 9. �Color online� Calculated lattice specific heat of the
Co2TiZ compounds.

FIG. 10. �Color online� Powder XRD of the Co2YZ compounds
with Z=Si, Ge, Sn. The diffraction pattern are measured at room
temperature with Mo K� radiation. The inset displays a diffraction
pattern of Co2TiGe measured with a photon energy of h�
�7.1 keV. Note the logarithmic intensity scale of the inset.

FIG. 8. �Color online� Phonon properties of Co2TiZ compounds.
Shown is the phonon dispersion h��q� and the accompanied density
of states g��� for Z=Si, Ge, and Sn.

TABLE II. Phonon properties of Co2TiZ �Z=Si, Ge, Sn� com-
pounds. Given are the Debye temperature �D and the temperature
equivalent of the average phonon frequency �̄.

Compound �D �K� 	�̄ /kB �K�

Co2TiSi 469 349

Co2TiGe 395 295

Co2TiSn 370 275

ITINERANT HALF-METALLIC FERROMAGNETS Co2Ti… PHYSICAL REVIEW B 81, 064404 �2010�

064404-9



Furthermore, the temperature dependence of the lattice
parameter of the Ge- and Sn-containing compounds was
studied using synchrotron radiation. The results are displayed
in Fig. 11. In both compounds the lattice parameter exhibits
a nonlinear dependence and decreases by about 0.25% when
reducing the temperature from 300 to 20 K. The data were
fitted to a a�T�=a0�1+�T+�T2� model for the thermal ex-
pansion. For both compounds, the linear-expansion coeffi-
cients are ��5�10−6 K−1 and the quadratic terms are in
the order of ��10−8 K−2. The order of magnitude of both

coefficients is typical for most metals. The calculated values
acalc are slightly larger compared to the extrapolated values at
0 K. This is typical for volume optimizations using GGA as
exchange-correlation functionals. The small deviation of
about 0.5%, however, does not change the results of the cal-
culations of the electronic structure.

In Fig. 12 the lattice parameters for Co2YZ compounds
are shown. On the x axis the transition metals at the Y posi-
tion are displayed with increasing atomic numbers from to Ti
to Fe. In part �a� of Fig. 12 the Z position is fixed with Z
=Al, Ga, and In and in part �b� the Z position is fixed with
Z=Si, Ge, Sn.

For the compounds Co2YZ �Z=Al, Ga, In� displayed in
Fig. 12�a� no trend concerning the exchange at the Y position
can be given. The difficulties arise due to the lack of lattice
parameters for Co2YIn compounds and the sublattice inter-
mixing in Co2TiZ, Co2MnZ, and Co2FeZ with �Z
=Al, Ga, In�. Although it is observable that the lattice pa-
rameter are declining with an increasing atomic number at
the Y position. An increase in the lattice parameter with the
increase in the atomic number from Al to In is not observed.
Although this is expected due to the increase in the atomic
radius of the elements in the group.

A trend in part �b� of Fig. 12 is observed even though the
data for Co2VGe, Co2CrZ, and Co2FeSn compounds is not
available. For all Co2YZ �Z=Si, Ge, Sn� systems the in-

TABLE III. Lattice parameters of Co2TiZ compounds with Z
=Si, Ge, Sn. The 0 K values are extrapolated from a fit of the
temperature-dependent data.

Compound T �K� aexp �Å� acalc �Å� alit �Å�

Co2TiSi 300 5.849 5.758 5.743a

Co2TiGe 300 5.82 5.831b

20 5.808

0 5.8069 5.850

Co2TiSn 300 6.066 6.076c

20 6.053

0 6.0527 6.093

aReference 35.
bReference 36.
cReference 37.

FIG. 11. �Color online� Temperature dependence of the lattice
parameter of Co2TiGe and Co2TiSn. The photon energy was set to
about 7.1 keV. Lines are the results of a nonlinear curve fitting �see
text�.

FIG. 12. �Color online� Shown are the lattice parameters of the
Co2YZ compounds and their change with a fixed Y and a varying Z
position. �a� The Y position is occupied by a 3d transition metal and
Z with an element of the IV main group of the periodic table. Data
were taken from Refs. 5 and 38–57. �b� The Y position is occupied
by a 3d transition metal and Z with an element from the III main
group of the periodic table. Data were taken from Refs. 35, 39–44,
46, and 58–67.
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crease in the lattice parameter is about 0.1 Å when Si is
exchanged with Ge and 0.25 Å for the exchange of Ge with
Sn for a given element at the Y position. The cell parameter
is decreasing from Co2TiZ �Z=Si, Ge, Sn� to Co2VZ �Z
=Si, Ge, Sn�. The influence of atoms with higher atomic
numbers at the Y position is small compared to the change
from Ti to V. The experimentally determined lattice param-
eters for Co2TiSn and Co2TiSi follow the observed trends
very well. The cell parameter values for Co2TiGe are smaller
than expected.

EDX spectroscopy was performed on the compounds. The
results of the quantitative chemical analysis are presented in
Table IV. All the 2:1:1 compositions are within the
experimental68 error of 5%. On the edges of the samples
small Al impurities were found. The Al is introduced by the
glue, that was used for the mounting of the sample. In Fig.
13 the SEM micrograph of the Co2TiSi surface is displayed.
Two segregations are identified at the surface. The first one
denoted with A at the cutting edges is the before mentioned
Al. It is found for all three compounds. The second segrega-
tion denoted with B is an accumulation of elementary Si. The
Si impurity covers an area of about 4000 �m2. The Ge- or
Sn-containing compounds exhibit a uniform composition.

C. Hard x-ray photoelectron spectroscopy

High-energy photoelectron spectroscopy was carried out
to prove the calculated electronic structure. Figure 14 shows
a wide energy scan of Co2TiSi. No foreign contents or im-
purities are detected. Only a very small contribution of CO at

the surface �O 1s at −530 eV and C 1s at −286 eV� of the
sample is visible.

A more detailed analysis was performed on the 2p core
level of Co and Ti that are shown in the inset of Fig. 14. Both
states exhibit a clear spin-orbit splitting �SO=E�p3/2�
−E�p1/2� that is summarized in Table V. The splitting does
not change with composition within the resolution of the
experiment and agrees well with the calculated values of
14.8 and 5.8 eV for Co and Ti, respectively. It is worth not-
ing that neither calculated nor measured binding energies
exhibit pronounced chemical shifts between the compounds,
as expected. The overlap of several peaks with peaks of other
elements, for example, Co 2p and Sn 3p does not allow a
quantitative analysis of the compounds.

The spin-orbit splitting of the Co 2p states as determined
by x-ray absorption spectroscopy31 �5.7 eV for Ti and 15.1
eV for Co� is close to the values determined by x-ray photo-
emission spectroscopy �XPS�. The difference results from
the fact that the final state involves the band broadening of
the 3d states just above the Fermi edge. This peak broaden-
ing also does not allow to determine a Co:Ti intensity ratio
that can be compared with XPS. However, all three com-
pounds showed similar intensity ratios for Co and Ti spectra.

Figure 15 compares the spectra of the shallow core level
of the compounds in the energy range from −180 eV up to

TABLE IV. Chemical composition of the Co2TiZ compounds.
Values are given in at. %. R gives the ratio Co2:Ti:Z.

Element Co2TiSi Co2TiGe Co2TiSn

Co 49 50 53

Ti 23 23 25

Z 28 27 22

R 2:0.94:1.14 2:0.92:1.08 2:0.94:0.83

FIG. 13. SEM micrograph of Co2TiSi. A and B mark Al and the
Si impurities, respectively.

FIG. 14. �Color online� Hard x-ray core-level spectra of Co2TiZ
�Z=Si, Ge, Sn�. Shown is a wide energy scan spectrum of
Co2TiSi. The inset displays the 2p core level of Co and Ti of the
compounds with Z=Si, Ge, Sn in more detail. The measurements
were performed at T=300 K using an excitation energy of 5.947
keV.

TABLE V. Intensity ratios and spin-orbit splitting of the Co and
Ti 2p core states in Co2TiZ compounds. The intensity ratios R
= I�Co� / I�Ti� are taken from the 2s and 2p3/2 states and have an
uncertainty of 5%, mainly due to nearby other transitions and sat-
ellites. The spin-orbit splitting �SO is given in eV.

Compound �SO Co 2p �SO Ti 2p

Co2TiSi 14.94 6

Co2TiGe 14.91 6.1

Co2TiSn 14.95 6
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the Fermi energy in more detail. The very low intensity of
the valence band compared to the shallow core level is ob-
vious. Some states of the contributing elements exhibit
nearly the same binding energies and cannot be resolved.
These are Co 3s and Si 2p at about −101 eV as well as
Co 3p and Ti 3s states at about −60 eV. In particular, the
overlap of the latter two does not allow to use the shallow
core level for determination of the stoichiometry of the in-
vestigated compounds. The increasing influence of the spin-
orbit interaction becomes visible in the Ge-containing com-
pound. The spin-orbit splitting of the Ge 3p and 3d states
amounts to 3.98 and 0.55 eV, respectively, whereas the spin-
orbit splitting of the Co or Ti 3p states is not resolved. The
splitting of the Sn 4d states amounts to 1 eV. At the Co or Ti
states noteworthily chemical shifts are not observed compar-
ing the different compounds. The binding energies are the
same within the experimental resolution.

Figure 16 displays the valence-band photoemission spec-
tra and the calculated total density of states of the three com-
pounds investigated here. For better comparison the density
of states is convoluted by a Fermi-Dirac distribution �T
=300 K� and smoothed by Gaussian with a width of 250
meV. The latter accounts for the experimental resolution but
neglects, however, any broadening caused by lifetime effects.
The photoemission spectra were taken at room temperature

using an excitation energy of about 6 keV. It was previously
demonstrated69 that the cross section of the contributing
states �s, p, and d� are nearly equal at this photon energy.
This allows easily a direct comparison of the photoemission
spectra and the calculated density of states.

The main features of the valence-band spectra of the
Co2TiZ compounds agree well with the calculated density of
states. The characteristic Heusler sp hybridization gap
�around −7 eV� and the contributions of the a1g states aris-
ing from the s electrons of the main group element are
clearly resolved. The largest gap is obtained for Z=Ge. Both,
the size of the gap and the position of the a1g band maximum
follow the same trend in the spectra and the density of states.
The absolute positions are shifted due to the hole effect. The
shorter lifetimes of holes several electron volt below the
Fermi energy result in an energy shift in the spectra com-
pared to the ground-state density of states. The maximum at
about −4 eV arises from a pd hybridization of Co d states
with p states of the main group element. With increasing Z of
the main group element, its intensity increases strongly and it
shifts toward the Fermi energy. The increase in the intensity
when changing the main group element is a typical cross-
section effect. The group of bands at −2 eV consist of ma-
jority t2g and minority eg states. The width of these bands is
considerably largest in the Si-containing compound and de-
creases for the Ge- and Sn-containing compounds. The
electronic-transport properties are mainly defined by the d
states crossing the Fermi energy. In the present compounds
these are steep eg bands. The shift of the onset of the flat t2g
bands following these eg bands from −0.95 to −0.7 eV if
going from Si to Sn is clearly revealed in the spectra. Over-
all, the calculated electronic structure is confirmed by the
photoelectron spectra.

FIG. 15. �Color online� Hard x-ray semicore-level spectra of
Co2TiZ �Z=Si, Ge, Sn�. The Ti 3p states and the valence band
�VB� are only marked in �a�, other unassigned features in the spec-
tra are metallic satellites of the nearby direct transitions. The mea-
surements were performed at T=300 K using an excitation energy
of 5.947 keV.

FIG. 16. �Color online� Hard x-ray valence-band spectra and
density of states of Co2TiZ �Z=Si, Ge, Sn�. �a� shows the
valence-band spectra and �b� the calculated density of states. The
measurements were performed at T=300 K using an excitation en-
ergy of 5.947 keV. The density of states is convoluted by a Fermi-
Dirac distribution and smoothed by Gaussians to reflect the finite
temperature and resolution of the photoelectron emission
experiment.
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D. Magnetic properties

In a first step toward the magnetic and thermoelectric
properties, the magnetic behavior of the compounds was ex-
amined. This is important in the case of Co2TiZ, because the
band structure is influenced strongly by the type of magnetic
order. Therefore, the Curie temperature TC and the magnetic
moment were determined. The Co2-based Heusler alloys that
are half-metallic ferromagnets show a Slater-Pauling-type
behavior for the magnetization what means that the satura-
tion magnetization scales linearly with the number of va-
lence electrons.4,70 This results for all three compounds in a
theoretical magnetic moment of 2�B in the primitive cell.

Low-temperature magnetometry has been carried out by
means of the SQUID to investigate the field dependence of
the magnetization and to determine the Curie temperatures of
the samples. Selected results are shown in Fig. 17. The total
magnetic moments of the ferromagnetic samples, measured
at 5 K and in saturation, are just below 2�B for all three
compounds �see Table VI�.

The Curie temperatures TC were determined by the tem-
perature dependence of the magnetization measured in a
small induction field of �0H=10 mT. See the inset of Fig.
17 for Co2TiSi as an example. The Curie temperatures are
380 K for both Co2TiSi and Co2TiGe, and 355 K for
Co2TiSn. These values fit the theoretical predictions for the
Curie temperatures of Heusler compounds very well. An ap-
proximately linear dependence is obtained for Co2-based

Heusler compounds when plotting the Curie temperature of
the known, 3d-metal-based Heusler compounds as a function
of their magnetic moment.70 According to this plot a TC be-
tween 300 and 400 K is expected. Kübler developed an ab
initio method for calculating the Curie temperatures from the
energies of spiral spin-density waves.71 This method was ap-
plied to Co2-based Heusler compounds.72 The calculated re-
sults are in very good agreement with the values obtained
here for the Co2TiZ �Z=Si, Ge, Sn� compounds.

In Table VI the measured Curie temperatures and the
magnetic moments are summarized. The agreement between
TC from SQUID measurements and the temperature TR of the
resistivity maxima are obvious �see also Sec. IV E 1�. The
linear dependence reported in Ref. 70 yields values between
350 and 400 K. These agree with experimentally determined
values and thus can be used as a rule of thumb to predict the
Curie temperature. The values determined with the mean-
field calculations72 are a little higher than the values of the
experiments. For the total spin magnetic moments the experi-
mentally determined results by the SQUID agree very well
with the data obtained from the calculations, they are at 5 K
throughout about 2�B as expected from the calculations with
a half-metallic ferromagnetic ground state.

Further details of the magnetic structure, especially the
site-resolved magnetic moments, are reported in Ref. 31. The
Ti moment is small and shows antiparallel to the Co moment.
Element-specific magnetic moments extrapolated to 0 K us-
ing SQUID data assume values of −0.05�B per Ti atom and
1.0�B per Co atom. The ratio between orbital and spin mo-
ment is 0.06 for Co2TiSi, 0.14 for Co2TiGe, and 0.09 for
Co2TiGe.

E. Transport properties

1. Electrical resistivity

The resistivity data for temperatures from 2 to 400 K were
obtained by a standard ac four-probe method and the data
from 350 to 950 K were measured by a standard dc four-
point method. Figure 18 shows the temperature dependence
of the resistivity. A typical metallic behavior is observed for
the low-temperature range from 2 K up to the Curie tempera-
ture. Above TC, a decrease in the resistivity is observed. The

FIG. 17. �Color online� Magnetization of Co2TiGe. Displayed
are the hysteresis curves for T=5, 300, and 390 K. The inset shows
the temperature dependence measured in an induction field of
�0H=10 mT.

TABLE VI. Determinations of the Curie temperatures �TC�, the
maxima of the resistivity �TR�, and the total magnetic moments m
for the Co2TiZ compounds.

Compound TC �K� TR �K� m ��B�

Co2TiSi 380�5 370�20 1.96

Co2TiGe 380�5 350�30 1.94

Co2TiSn 355�5 360�15 1.97

FIG. 18. �Color online� Measured temperature-dependent elec-
trical resistivity of Co2TiZ compounds with Z=Si, Ge, Sn.
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decrease is very pronounced up to about 600 K and stays
nearly constant at higher temperatures. This behavior leads
to a pronounced anomaly of the resistivity at TC. The resis-
tivity measurements for Co2TiSn agree well with previous
findings of other authors.73 Other than in many ferromag-
netic materials, here the Curie temperature can be easily re-
lated to the maximum of the resistivity appearing at TR. The
determined values are 370, 350, and 360 K for Co2TiSi,
Co2TiGe, and Co2TiSn, respectively. These values agree well
with the magnetic measurements.

In a first analysis, the residual resistivity ratios �RRR� were
determined from the resistivity measured at 2 and 300 K.
The results are summarized in Table VII. Compared to para-
magnetic metals, the resistivity at 300 K might be altered by
the influence of the nearby phase transition at TC. The mix-
ture of spin polarized with nonpolarized states will reduce
the resistivity already in that temperature range. This ex-
plains the rather small RRR values. The Co2TiGe sample ex-
hibits the lowest ratio of the investigated compounds. This
may be an indication for undetected antisite disorder in that
sample. As mentioned above, the determination of the struc-
ture and possible disorder by XRD is complicated due to the
similar scattering cross sections of the contributing atoms in
that compound. Further, the relaxation time � has been cal-
culated for 5 K and for 700 K from the comparison of mea-
sured and calculated data. The temperatures were chosen to
be well below and above the Curie temperature to exclude
the influences of the magnetic phase transition. The values
were calculated from the experimental resistivity �exp and the
calculated conductivity integral �see Eq. �7� and Figs. 5 and
19�,

�̄ =
1

�exp��/��calc
=

�� · ��calc

�exp
. �18�

This yields an estimate for the mean relaxation time �̄.
The results are shown in Table VII. The obtained values are
in agreement with the values reported for Bi2Te3 �Refs. 74
and 75� or Al �Ref. 76� regarding the large uncertainty of �.

The maximum of resistivity at TC is associated to the
ferromagnetic to paramagnetic transition. Changes in the be-
havior of the resistivity at the Curie temperature are well
known for the ferromagnetic metals Ni �Refs. 77 and 78� and
Fe.19 Most often they are best seen as singularity in the tem-
perature derivative �� /�T of the resistivity. A similar change
was recently reported for Co2TiAl,79 a compound that is
closely related to the Co2TiZ compounds investigated here.
Such changes are, however, very small compared to the
changes observed for the investigated compounds. A real
metal to insulator transition as explanation for the behavior
of the resistivity at TC is improbable. In that case one would
expect a change in the resistivity by an order of magnitude.
Maxima of the resistivity at TC were reported for rare-earth
metals where they occur in the resistivity along the c
axis.80,81 Much less pronounced deviations were reported for
Gd compounds.82

Similar, cusp-type anomalies of the resistivity close to TC
were also reported for other Heusler compounds.83,84 Other
than in the present study, the investigated compounds
Ni2MnSn and Pd2MnSn exhibit strong, localized magnetic
moments at the Mn atoms whereas a similar localized mo-
ment is not possible at the Ti atoms of the Co2TiZ com-
pounds. According to Ref. 83 the maximum value of the
magnetic-scattering resistivity �m

� can be evaluated as the dif-
ference between �pm�0� and �0, where �pm�0� is the estimated
residual resistivity of the paramagnetic part and �0 the re-
sidual resistivity of the ferromagnetic part. The values of �m

�

are displayed in Table VII. The values are of about the same
magnitude as the ones reported for Fe3Si. The cusp-type re-
sistivity behavior was theoretically investigated by
Kataoka.85 According to his predictions the cusp-type resis-
tivity anomaly is an indicator for half-metallic ferromag-
netism which is in perfect agreement with the prediction of
the band-structure calculations shown above.

Besides the anomaly in magnetic-scattering resistivity,
changes in the electronic structure at the phase transition
may also give a direct raise to changes in the temperature
dependence of the resistivity. The calculations of the resis-

TABLE VII. Residual resistivity, relaxation time, and magnetic-
scattering parameters of Co2TiZ compounds with Z=Si, Ge, Sn.
The residual resistivity ratios �RRR� are determined from the resis-
tivity at 2 and 300 K. The relaxation times � are determined for
temperatures far below �5 K� and far above �700 K� the Curie
temperature. Physical units are given in the last column.

Co2TiSi Co2TiGe Co2TiSn

RRR 1.22 1.11 1.4

� �5 K� 2.9 2.2 2.7 fs

� �700 K� 1.8 1.8 1.6 fs

�0 2.23 3 2.45 �� m

cR 119.1 29.9 12.5 p� m /Kn

n 1.47 1.7 1.96
d�
dT �T�TC

−0.5 −1.2 −1.1 n� m /K

�m
� 0.9 0.8 1.7 �� m

FIG. 19. �Color online� Calculated temperature dependent resis-
tivity ��. The resistivity integral � ·� of Co2TiZ �Z=Si, Ge, Sn� is
calculated from the conductivity integrals � /� in different magnetic
states weighted by the magnetization in the molecular-field approxi-
mation. The inset shows the expected spin polarization of a current
in Co2TiSi that is proportional to the magnetization.
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tivity integrals �that is, resistivity � multiplied by the relax-
ation time �� are displayed in Fig. 19.

In Fig. 19 the behavior of the resistivity of the compounds
is shown for a temperature dependent, mixed magnetic state.
For the mixing, the conductivity integrals �see Fig. 5� have
been weighted according to the magnetization m�T� shown in
the inset of Fig. 19 for Co2TiSi �for details see also Ref. 79�.
Displayed is the resistivity for a weighted mixture of a spin-
polarized and a non-spin-polarized calculation. The weight-
ing has been calculated according to a normalization of the
magnetization at 5 K, which is assumed to be 100% at this
temperature. It should be kept in mind that the resistivity
integral respects only the temperature-dependent changes in
the electronic structure in the vicinity of the Fermi energy.
Whereas all other temperature effects are included in the
relaxation time � that will also change with temperature and
includes all quasiparticle excitations �phonons, magnons,
etc.� and all scattering-related effects. For low temperatures
the ferromagnetic behavior dominates the resistivity integral
and it is sharply declining at the Curie temperature. For tem-
peratures above the Curie temperature, the resistivity integral
behaves analogous to the non-spin-polarized calculation. A
drop of about 25% of the resistivity integral is observed at
the Curie temperature. This explains partially the experimen-
tally observed change in the resistivity at the Curie tempera-
tures very well, although the drop is not that sharp as ex-
pected. The peak is smeared out because of the temperature-
dependent vanishing of the magnons, above the Curie
temperature. Further the influence of different relaxation
times is not negligible anymore �compare the � values far
below and far above TC in Table:VII�.

2. Thermal conductivity

For further evaluation of the compounds as possible mag-
netic and thermoelectric materials the thermal conductivity
was measured in the range from 2 to 400 K. In Fig. 20 the
thermal conductivities of the studied samples is displayed.
For Co2TiSi and Co2TiGe the thermal conductivity is in-
creasing with a T3 law at low temperatures and then chang-
ing to a linear increase with T. Co2TiSn follows the T3 law
too but reaches a maximum at about 50 K. From there the
thermal conductivity decreases according to the T−1 law to

the temperature of 140 K. Afterward the thermal conductiv-
ity increases linearly as is observed for the other compounds.

The peak indicates, that the Co2TiSn sample is well or-
dered and has only few defects. The bigger or more disor-
dered the unit cell becomes, the more the low-temperature
peak is discriminated. The thermal conductivity may be
separated into two parts by �=�e+�l. �e is the electronic
contribution and �l is the lattice contribution. Figure 21 dis-
plays the experimental and the calculated results of the elec-
tronic part of the thermal conductivity �e. The experimental
results are derived from the resistivity using the Wiedemann-
Franz law. The theoretical data are results of the calculation
as described above. The electron of the minority channel
were neglected due to their small contribution in this tem-
perature range. The scattering factor has been determined by
comparison of the experimental and calculated results of the
resistivity. The agreement of the values is very good for all
three compounds. From the calculation of �e+�l one finds
ratios of �e /�l of 1.03, 0.73, and 0.74 at 300 K for Co2TiSi,
Co2TiGe, and Co2TiSn. These ratios may need further opti-
mization to reach a value of 0.5 which is proposed86 to be the
best ratio with respect to a high figure of merit. The
temperature-dependent electronic part of the thermal conduc-
tivity is displayed in Fig. 21. The dotted lines represent the
calculated values multiplied by the relaxation time �.

In Fig. 22 the lattice thermal conductivity for Co2TiZ �Z
=Si, Ge, Sn� is shown. For all three compounds the ther-
mal conductivity increases according to the T3 law for low
temperatures. For Co2TiSi and Co2TiGe the phononic part of
the thermal conductivity stays constant above 100 K with
3.4 W m−1 K−1 and 3.8 W m−1 K−1, respectively. For
Co2TiSn a pronounced peak is observed at about 40 K. This
can be explained by a dominating phononic part of the ther-
mal conductivity by boundary scattering, that is diminishing
for higher temperatures, see Eq. �14�. For temperatures
above 250 K a small increase is observed. The increase is
explained by a change in the duration of the measurement
time leading to a small increase in the values. The increase in
the total thermal conductivity is only related to the electronic
contribution above 150 K.

FIG. 20. �Color online� Measured thermal conductivity of
Co2TiZ compounds with Z=Si, Ge, Sn.

FIG. 21. �Color online� Temperature dependence of the elec-
tronic thermal conductivity of Co2TiZ compounds with Z
=Si, Ge Sn. Values obtained by the Wiedemann-Franz law using
the measured resistivity are drawn as symbols �WF�. Lines �BT�
represent the calculated �0 values multiplied by a relaxation time �
�Eq. �8��.
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3. Seebeck coefficient

Figure 23 shows the Seebeck coefficient that was mea-
sured for temperatures from 2 to 950 K. The values decrease
with increasing temperature up to the Curie temperature and
stay nearly constant at higher temperature. The mean values
above TC are −31, −35, or −51 �V K−1 for Co2TiSi,
Co2TiGe, or Co2TiSn, respectively. The maximum absolute
values are rather large compared to the most elemental met-
als and are close to the Seebeck coefficient of elemental Co
that exhibits about −30 to −45 �V K−1 at temperatures be-
tween 300 and 500 K.87

The Seebeck coefficient of all three investigated com-
pounds is negative over the entire temperature range. For
Co2TiSn a negative increase in the Seebeck coefficient is
observed at about 80 K. This is close to T /�D�0.2 with �D
being the Debye temperature where the largest influence of a
phonon drag is expected. This assumption is in agreement
with the measurement of the thermal conductivity where a
peak at low temperatures is observed.

As seen from Eq. �11� the Seebeck coefficient is, to a first
approximation, independent of the relaxation time. It pro-
vides a sensitive test of the electronic structure for metals in
the vicinity of the Fermi energy. From the calculations re-

ported in Sec. IV A, the density of states is slightly increas-
ing in the ferromagnetic case whereas it is decreasing in the
non-spin-polarized case which leads to opposite signs for the
Seebeck coefficient in comparison of both cases. The experi-
mentally determined Seebeck coefficient is clearly negative
at T�50 K. This is not explained by the ferromagnetic elec-
tronic structure which is dominated by the majority electrons
even if a mixing with the minority states is assumed at T
�0. For a better description the non-spin-polarized and the
ferromagnetic calculations may be mixed as used before for
a partial explanation of the anomalous resistivity.

In Fig. 24 the Seebeck coefficient is calculated in the
temperature range from 5 to 700 K for the mixed ferromag-
netic and non-spin-polarized electronic structure with
weights according to a molecular-field approximation �see
also Ref. 79�. In the ferromagnetic low-temperature region
the Seebeck coefficient is positive for all three compounds if
the chemical potential at 0 K is set to the calculated Fermi
energy �Fig. 24�a��. It becomes negative already at tempera-
tures below TC and stays negative in the non-spin-polarized
region. The values for the Seebeck coefficient are still too
small, even if a total non-spin-polarized behavior is assumed
far above TC. The calculations demonstrate, nevertheless,
how the Seebeck coefficient is strongly effected when the
electronic structure is considerably changed while crossing
the magnetic phase transition.

FIG. 22. �Color online� Lattice thermal conductivity of Co2TiZ
compounds with Z=Si, Ge, Sn.

FIG. 23. �Color online� Measured Seebeck coefficient of Co2TiZ
compounds with Z=Si, Ge, Sn.

FIG. 24. �Color online� Calculated temperature dependence of
the Seebeck coefficient for a mixture of ferromagnetic and non-
spin-polarized states. �a� shows S�T� calculated for the chemical
potential at T=0 set to the Fermi energy. �b� shows S�T� calculated
for the chemical potential at T=0 shifted 150 meV below the cal-
culated Fermi energy �compare Fig. 7�. S�T� was calculated using
the same model for the magnetization as for the resistivity in Fig.
19.
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Larger Seebeck coefficients may be explained by addi-
tional scattering at grain boundaries or impurities inside of
the sample, however, this will not change its sign. In Sec.
II A, Fig. 7 it was demonstrated that already small changes in
the chemical potential caused by imperfections of the sample
are able to change the sign and magnitude of the Seebeck
coefficient and therefore are able to explain the different sign
observed in the calculations as well as the different magni-
tude. It is well known that the Seebeck coefficient is very
sensitive to the state of the sample and already small changes
in the electron density will change its behavior. Figure 24�b�
shows the calculated result if the chemical potential at 0 K is
shifted to 150 meV below the Fermi energy. Here, the calcu-
lated S�T� stays negative over the entire temperature range
and its shape is much closer to the experimental situation.
The calculation does, however, not explain the constant See-
beck effect above TC, even though the use of different shifts
for the chemical potential of the different compounds may
lead to an even better correspondence to the experiment.

The constant value of the Seebeck effect may better be
interpreted by analyzing Eq. �9� in some more detail. Since S
is constant, the product of �−1 and � has to be constant. The
observed decrease in � has to be exactly compensated by the
influence of the relaxation time �. A further consequence of
the description by a partial or complete non-spin-polarized
behavior is that the number of bands crossing the Fermi en-
ergy increases. Generally � dependents on the character of
the bands and therefore the conductivity integrals for elec-
tronic and thermal transport may be approximated by

�/� =
��i�i

��i
,

�/� =
��i�i

��i
. �19�

Assuming that the �i depend only on the band index i but
not on E or k the Seebeck coefficient depends on the relax-
ation times �i of the contributing bands,

S =
��i�i

��i�i
. �20�

As mentioned in Sec. IV A only one band is crossing the
Fermi energy in the half-metallic ferromagnetic ground state
�t2g majority band� and thus an influence of different relax-
ation times is not expected at low temperatures. The situation
changes, however, in the non-spin-polarized case where sev-
eral bands are crossing 
F in all directions of high symmetry.
This suggests that the constant Seebeck coefficient in the
nonferromagnetic state above TC is governed by effects of
the relaxation time rather than by the pure influence of the
band dispersion. At intermediate temperatures a rather com-
plicated behavior is expected. Figure 25 shows the figure of
merit for temperatures below the Curie temperature of the
compounds. ZT was calculated according to Eq. �17� using
the measured resistivity, thermal conductivity, and Seebeck
coefficient as reported above.

V. SUMMARY AND CONCLUSION

The Co2TiZ �Z=Si, Ge, Sn� Heusler compounds were
investigated theoretically and experimentally with respect to
electronic, magnetic, and thermoelectric properties. The
main focus was on the influence of the main group element
on the properties related to the electronic structure. Indepen-
dent of the main group element, extraordinary anomalies
were found for the transport properties that are caused by the
peculiar electronic structure of the compounds.

Ab initio electronic- and vibrational-structure calculations
on the basis of the FLAPW method were carried out. Spin-
polarized calculations predict half-metallic ferromagnetism
for all three compounds with an approximate energy gap in
the minority states of 0.5–0.79 eV. The calculated magnetic
moments are 2�B with each Co atom carrying 1�B. The
compounds were found to be completely itinerant. The elec-
tronic structure was calculated for non-spin-polarized and
spin-polarized cases with a significant influence on the band
structure. The electrical conductivities � and the Seebeck
coefficient S were calculated for the spin-polarized and the
non-spin-polarized cases and comparisons with regard to the
band structure were made. The figure of merit ZTe was cal-
culated using the electronic part of the thermal conductivity
�e yielding considerably higher values for the nonpolarized
case. It was shown that already small shifts of the chemical
potential have a strong impact on the Seebeck coefficient.
The transport properties are not only influenced by the elec-
trons but also by the phonons. Therefore, the vibrational
properties of the compounds were calculated. The phonon
band width is largest for Co2TiSi and decreases with higher
atomic numbers at the Z position due to the increase in the
mass of the main group element. The lattice specific heat
CL�T� was calculated and the Debye temperatures �D were
determined. In all cases the continuous change in the prop-
erties with increasing atomic number of the main group ele-
ment were demonstrated.

The compounds were synthesized by arc melting and con-
sequent annealing. EDX spectroscopy revealed homoge-

FIG. 25. �Color online� Measured figure of merit of Co2TiZ
compounds with Z=Si, Ge, Sn. The inset shows ZT�T� on a loga-
rithmic scale for better comparison of the low-temperature
behavior.
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neous sample compositions. The crystalline structure was in-
vestigated by XRD and it was found that the compounds
exhibit the L21 structure with an increasing lattice parameter
if going from Si to Sn. By temperature-dependent XRD mea-
surements a linear-expansion coefficient ��5�10−6 K−1� in
the typical range for transition metals was found that is
nearly independent of the composition. High-energy photo-
electron spectroscopy was performed and the results con-
firmed the calculated electronic structure. The bulk-sensitive
valence-band spectra agree well with the calculated density
of states. The determined magnetic properties that are Curie
temperature �about 380 K� and the magnetic moment �2�B�
are in good agreement with the theoretical predictions. In the
resistivity measurements a metallic behavior was observed at
low temperatures. The thermal conductivity � was deter-
mined and separated into the electronic part �e and the
phononic part �l using the Wiedemann-Franz law. From the
electric-transport measurements the highest resistivity
�3.5 �� m� and Seebeck coefficient −50 �V K−1 was
found for Co2TiSn for high temperatures. This compound
exhibits also the highest figure of merit ZT with about 3% at
300 K. In some details, Co2TiSn behaves slightly different
from the Si- or Ge-containing compounds. This is explained
by the larger lattice parameter and heavier mass of Sn. The
larger a influences the electronic structure and the mass the
vibrational properties that enter both together all transport
properties.

Most remarkable is the temperature dependence of the
transport properties, especially of the resistivity and the See-
beck effect. The compounds exhibit a pronounced cusp-type
anomaly of the resistivity at the Curie temperature. The cusp
is associated to the ferromagnetic to paramagnetic phase
transition. For T�TC a negative temperature coefficient is
observed and explained by the magnetic-scattering resistiv-
ity. The highest value for the magnetic-scattering resistivity

�m
� was found for the Sn-containing compound. The resistiv-

ity becomes nearly constant for temperatures well above TC.
The measurement of the Seebeck coefficient revealed also an
anomalous behavior. Below TC its temperature dependence
follows the temperature dependence of the magnetization
rather than a pure temperature dependent occupation of holes
and excited electrons close to the Fermi energy. Most inter-
esting it becomes constant for T�TC for all three com-
pounds. This points on distinct changes in the electronic
structure when crossing the magnetic phase transition. The
results are explained by a shift of the chemical potential and
the inclusion of both the spin-polarized and the nonpolarized
electronic structure.
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