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Electronic structure and thermodynamic properties of the Heusler alloys Fe2Ti1ÀxVxSn
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The aim of this work is to investigate electronic structure, magnetic properties, and electrical resistivity of
the Fe2Ti12xVxSn Heusler alloys. We report x-ray photoelectron valence-band spectra and compare the results
with those obtained from the self-consistent tight-binding linearized muffin-tin orbital method. The changes in
electronic and magnetic structure of the Fe2Ti12xVxSn alloys were also investigated by means of the Korringa-
Kohn-Rostocker Green’s-function method in the coherent potential approximation. Numerical calculations
yield the magnetic ground state for the Fe2Ti12xVxSn alloys, whenx>0.2 in agreement with Slater-Pauling
behavior. The band-structure calculations give a narrow peak in the density of states located in the energy gap
near the Fermi level which is attributed to Fe antisite defects. The numerical calculations are in agreement with
the experimental results recently obtained from infrared investigations of Fe2TiSn. We also report electrical
resistivity calculations using a Falicov-Kimball model. Many-body calculations have shown that the narrowd
band originating from the Fe impurity atoms is responsible for the unusual temperature dependencies of the
physical properties of the Fe2Ti12xVxSn alloys.

DOI: 10.1103/PhysRevB.69.155118 PACS number~s!: 71.20.Be, 71.10.Hf, 71.27.1a, 75.20.Hr
e

st
rs
n

t-

m
e
l
ul

he
n

fo
ifi

y
he
ze

de
of

-

g

r

c-
of

ee-
ug-
ex-

-

Zr
ote
he

ly-

rcial
eter

a

I. INTRODUCTION

Fe2TiSn belongs to a group of materials commonly r
ferred to as Heusler alloys with the formulaX2YZ, whereX
andY are two different transition metals andZ is a nonmag-
netic element. Heusler alloys1 have attracted great intere
during the last 100 years due to their interesting and dive
magnetic properties such as itinerant and localized mag
tism, Pauli paramagnetism or heavy-fermion~HF! behavior
~e.g., Refs. 2–7!. Two members of this family Fe2VAl ~Ref.
8! and Fe2TiSn ~Ref. 7! have recently attracted a lot of a
tention in connection with possibled-electron heavy-fermion
behavior, where the resistivity displays an anomalous te
perature dependence, and specific-heat measurements r
an upturn in C(T)/T resembling that of conventiona
f-electron HF compounds. However, band-structure calc
tions yield only a minor mass renormalization.9–11An infra-
red ~IR! study reported recently for Fe2VAl ~Ref. 12! and
Fe2TiSn ~Ref. 13! also finds no characteristic features of t
HF state in these compounds. In contrast, the mass enha
ment evident in theC/T upturn is still indicative of heavy-
fermion-like behavior. The effective mass obtained
Fe2TiSn corresponding to the value of the electronic spec
heatg is ;40 times the free-electron mass.

Fe2TiSn is an excellent example of a Heusler-type allo
in which the local environment profoundly influences t
magnetic and electrical transport properties. The lineari
muffin-tin orbital ~LMTO! calculations7 yield a nonmagnetic
ground state and a pseudogap at the Fermi leveleF , while
the local disorder leads to weak ferromagnetism which
stroys the gap ateF .7 To better understand the influence
the magnetic ground state on the physical properties
Fe2TiSn at eF , we present an investigation of the low
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concentration antisite defects in Fe2TiSn and Fe2Ti12xVxSn
alloys. Heusler alloys follow the well-known Slater-Paulin
behavior for the binary transition metal alloys.14 In such a
picture the total spin momentM scales with the total numbe
of valence electronsZ. For the Heusler alloysM5Z224.15

In this simple picture, one expectsM50 for Fe2TiSn, while
MÞ0 for Fe2VSn. Indeed, Fe2VSn is known to be a
ferromagnet with Curie temperatureTC5200 K and M
51.32mB per formula unit.16

The aim of this work is to investigate the electronic stru
ture, electrical resistivity, and magnetic properties
Fe2Ti12xVxSn. Our band-structure calculations are in agr
ment with infrared and optical spectroscopy results and s
gest an interband transition which can be interpreted as
citation across a pseudogap in the density of states~DOS!
at eF .

II. EXPERIMENTAL DETAILS

Polycrystalline samples of Fe2Ti12xVxSn have been pre
pared by arc melting the constituent elements~Fe 99.99%, Ti
99.99%, V 99.99%, Sn 99.999% in purity! on a water cooled
copper hearth in a high-purity argon atmosphere with a
getter. Each sample was remelted several times to prom
homogeneity and annealed at 800 °C for 2 weeks. T
samples were carefully examined by x-ray-diffraction ana
sis and found to be single phase.

The dc magnetization was measured using a comme
superconducting quantum interference device magnetom
from 1.8 K to 400 K in magnetic fields up to 5 T.

Electrical resistivity measurements were made using
standard four-wire technique.

The XPS~x-ray photoelectron spectroscopy! spectra were
obtained with monochromatized AlKa radiation at room
©2004 The American Physical Society18-1
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temperature using a PHI 5700 ESCA spectrometer. The s
tra were measured immediately after cleaving the sample
vacuum of 10210 Torr. The spectra were calibrated accor
ing to Ref. 17. Binding energies were referenced to the Fe
level (eF50).

The electronic structure of the ordered compounds w
studied by the all-electron self-consistent~LMTO! method
and the calculations were performed using the TB LMTO-
code.18 To test the reliability of the approximate TB LMTO
results and to investigate the effect of the Coulomb corre
tion interaction within the Fe-3d band states, the electron
structure of the stoichiometric Fe2TiSn was also studied us
ing the general potential~full potential! linear augmented
plane-wave~FP-LAPW! method. The calculations were pe
formed using theWIEN2K code.19

In the approximate TB-LMTO method the crystal pote
tial is treated within the atomic sphere shape approxima
~ASA!20 with overlapping Wigner-Seitz~W-S! spheres cen-
tered at atomic positions. The values of the W-S sphere r
were determined in such a way that the sum of all atom
sphere volumes is equal to the volume of the unit cell. Wh
in the FP-LAPW approach no such shape approximatio
used and the crystal potential is expanded into spherical~lat-
tice! harmonics within the muffin-tin~MT! atomic spheres
and into plain waves outside MT spheres. The MT sphere
radii 2.2 and 2.3 a.u. were assumed for transition metal~Fe,
Ti! and Sn atoms, respectively. All electronic structure c
culations were performed using the experimental lattice
rameters.

In both methods the local spin density approximati
~LSDA! for the exchange-correlation~XC! potential was em-
ployed. In the TB-LMTO calculations the XC potential wa
assumed to be of the form proposed by von Barth-Hedi21

and Langreth-Mehl-Hu~LMH ! generalized gradient correc
tions were included.22 The FP-LAPW calculations were pe
formed with the use of the gradient corrected LSD XC p
tential in the form developed by Perdew, Burke, a
Ernzerhof~PBE!.23 The electronic structure of Fe2TiSn was
studied by means of FP-LAPW with the use of the PBE X
potential, corrected according to the LSDA1U method24 to
account for the Hubbard correlation interaction within t
3d-band states. The LSDA1U XC potential was imple-
mented for the 3d orbitals of Fe atoms with values for Cou
lomb ~U! and exchange~J! parameters equal to 1.2 eV an
0.73 eV, respectively~Ref. 25!.

The TB-LMTO calculations of Fe2TiSn were performed
for 413 kW points in the irreducible Brillouin zone~IBZ! with
the total energy error of about 0.1 mRy. In the TB-LMT
semirelativistic calculations, we considered thespd atomic
orbitals and the downfoldedf states, while the 4d Sn elec-
trons were treated as core states. Within the FP-LAPW
culations 500 (73737) kW points in the Brillouin zone were
assumed (20kW vectors in IBZ!. ThekW vectors together with a
Rmt3Kmax parameter of 9.0 result in a total energy error
0.1 mRy. The basis set used in the FP-LAPW calculati
included over 450 functions per unit cell. The loc
orbitals,26 sp type for Fe, Ti, andspd type for Sn, were
added in order to correct for linearization errors.
15511
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The numerical calculations of the electronic density
states of off-stoichiometric Fe2TiSn with antisite~AS! de-
fects were performed for a supercell Fe16Ti8Sn8, which con-
tained eight Fe2TiSn formula units. We analyzed two differ
ent situations:~i! an excess of Fe atoms occupying the
atomic positions of the off-stoichiometric Fe17Ti7Sn8
(Fe21Ti9Sn10) sample,~ii ! Fe and Ti atoms at antisite atom
positions (FeAS↔TiAS) in @Fe15TiAS#@Ti7FeAS#Sn8. In both
situations, one lattice defect occurs per eight unit cells. T
TB-LMTO calculations for ordered Fe2Ti12xVxSn structures
were performed for concentrationsx50.25, 0.5, and 0.75
using a supercell with four underlyingL21 unit cells.

Changes in the electronic and magnetic structure
Fe2Ti12xVxSn alloys were investigated by means of t
Korringa-Kohn-Rostoker Green’s-function ~KKR-GF!
method27 linked to the coherent potential approximatio
~CPA! alloy theory28,29 using an exchange-correlation pote
tial proposed by Vosko, Wolk, and Nusair.30 The calculations
have been spin polarized and all relativistic effects have b
taken into account. The investigations were performed us
the Munich SPR-KKR package~version 2.1! of Ebert et al.
~Ref. 31!.

III. RESULTS AND DISCUSSION

A. Structural properties

Listed in Table I are the experimentally obtained latti
parameters for Fe2Ti12xVxSn alloys assuming anL21 cubic
structure. A more detailed analysis of the x-ray diffracti
data, in which the crystal structure of Fe2Ti12xVxSn for x
,0.5 was refined with the Rietveld method, revealed
presence of crystallographic disorder. However, the shap
the reflections do not agree well with calculations, partic
larly in the 2u range of the tail of each line which we hav
attributed to small distortions of the lattice resulting fro
atomic disorder.

The observed and calculated x-ray-diffraction intensit
for the cubic structure~symmetry Fm3m) are given for
Fe2TiSn in Fig. 1. To explain the divergence between t
shapes of the x-ray-diffraction lines~in the inset of Fig. 1!
we calculated the x-ray-diffraction spectra for the monoclin
~symmetryC2/c) and orthorhombic~symmetryF222) struc-
tures. For Fe2TiSn, the best fit for the monoclinic deforma
tions of theL21 structure givesa56.084 Å, b56.073 Å,
c56.103 Å, andb589.43°, while for the orthorhombic
structure it givesa56.025 Å, b55.98 Å, andc56.065 Å.
However, in both the cases there is not good agreement
tween the intensities of the x-ray-diffraction spectrum a
the calculated intensities. This may be due to atomic disor
which can be caused by the following.

~1! Small off-stoichiometry grains~clusters! with slightly
different lattice parameters than those of the homogene
Fe2TiSn compound may be distributed throughout the po
crystalline sample.

~2! Polycrystalline samples of the Fe2Ti12xVxSn system
can show a periodic segregation of Fe atoms formed by
alternation of enriched and depleted clusters aligned al
some direction of the matrix. This periodic composition flu
8-2
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TABLE I. Heusler alloys investigated and their structural and calculated magnetic properties. Calculated DOS ateF and the magnetic
momentm. ~NM and FM symbols denote, respectively, the non-spin-polarized and spin-polarized mode of calculations.!

Fm3m DOS ateF m
Compound a in Å (eV21/f.u.) (mB /f.u.; mB /atom)

Fe2TiSn 6.074 0.52~LMTO! 0
0.0 ~LAPW LSDA, LSDA1U) 0

Fe17Ti7Sn8 6.069 0.0~LMTO! 0
@Fe15TiAS#@Ti7FeAS#Sn8 6.069 1.83~LMTO-NM ! 0

2.12 ~LMTO-FM! 0.49
Fe2Ti0.95V0.05Sn 6.070 3.68~KKR-CPA! 0
Fe2Ti0.875V0.125Sn 2.79~LMTO! 0
Fe2Ti0.8V0.2Sn 6.065 3.63~KKR-CPA! 0.52

Fe: 0.32
Ti: 20.13

V: 0
Sn: 20.02

Fe2Ti0.75V0.25Sn 2.68~LMTO! 0.23
Fe: 0.16

Ti: 20.09
V: 20.13
Sn: 20.02

Fe2Ti0.7V0.3Sn 6.050 4.01~KKR-CPA! 0.6
Fe: 0.37

Ti: 20.15
V: 20.06
Sn: 0.02

Fe2Ti0.6V0.4Sn 6.038 4.42~KKR-CPA! 0.67
Fe: 0.42

Ti: 20.17
V: 20.11
Sn: 20.03

Fe2Ti0.5V0.5Sn 6.044 3.34~LMTO! 0.43
Fe: 0.32

Ti: 20.16
V: 20.21
Sn: 20.02

Fe2VSn 5.959~Ref. 16! 4.34 ~LMTO! 0.81
Fe: 0.62

V: 20.38
Sn: 20.04
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tuation could be understood as the wavelength of the c
position modulation. This modulated structure may be
served by the formation of satellite reflections around e
x-ray-diffraction peak. This possibility is currently under in
vestigation.

B. Electronic structure

Figures 2 and 3 show the band structure and the t
DOS of the compound Fe2TiSn. Apart from energies close t
the Fermi energy («F), band structure and total DOS calc
lations performed using various methods show almost
same shape, which is similar to that calculated for other tr
sition metal nonmagnetic Heusler compounds.9–11,32,33The
total DOS spectrum decomposes into three clearly separ
15511
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parts. A band located in the binding energy~BE! range of
8–11 eV and separated by a gap of;2 eV from the valence
band originating from thes states of Sn. Thep states of Sn
hybridize with thespdstates of TM~Fe, Ti! atoms to form a
well resolved band visible in the BE range of 3–6 eV sep
rated from the rest of valence band by a low-DOS dip. T
part of the valence band which extends from 3 eV to«F is
composed mainly of TMd states. The distribution ofd states
with different symmetries (eg and t2g) agrees with the
scheme described by Galanakiset al.15. The states witheg

symmetry~of both TM atoms! dominate at the bottom edg
of the valence band. According to the scheme of Galana
et al., the valence-band complex located at energies betw
0.5 and 2 eV is formed mainly by the Fe-d states oft2g
8-3
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character and can be decomposed into a low-energy ban
t2g states and states oft1u symmetry located near the Ferm
level. The conduction-band DOS starts just at«F @Fig. 3~a!#
or above«F @Figs. 3~b! and 3~c!# and is separated from th
valence band by a gap or quasigap. Thed states of Fe with
symmetryeu form a flat band near the Fermi level@in Figs.
2~a! and 3~b!# and the related sharp rise and peak of the D
above«F ~shown in Fig. 3!. The unoccupiedeg andt2g bands
of the Ti-d states follow in agreement with the scheme
Galanakiset al.15

The shape of the DOS generally does not depend on
method used for the calculations, excluding the narrow ra
of energies in the vicinity of«F . The DOS obtained by the
TB-LMTO method displays a deep quasigap with the Fe

FIG. 1. The observed~points! and calculated~solid line! x-ray-
diffraction pattern of the cubic Fe2TiSn ~space groupFm3m). The
bottom is the difference between the observed and calculated in
sities. Inset: an experimental and calculated profile of the~220!
diffraction line.

FIG. 2. FP-LAPW band structure of Fe2TiSn with ~a! LDA and
~b! LDA1U exchange-correlation potential along various symm
try directions in the Brillouin zone. The zero of the energy scale
shifted to the Fermi energy.
15511
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energy located at the bottom edge of the conduction b
@Fig. 2~a!#, while the FP-LAPW with the use of both th
LSDA and LSDA1U XC potentials shows the direct energ
gap located just at«F . The minimal width of the gap~at the
G kW point! obtained with the use of LSDA XC potential i
0.013 eV. It increases ten times when the LDA1U correc-
tion is taken into account.

In Fig. 4, we present numerical calculations of the ele
tronic density of states~TB-LMTO DOS! of Fe2TiSn. Also
shown in the figure, for comparison, are the XPS valen
band spectra. The well-defined peaks in the XPS spectra
due to electrons which have not suffered an inelastic ene
loss emerging from the sample. Electrons that have lost
ergy increase the level of the background at binding ener
higher than the peak energy. All XPS bands have had t
backgrounds subtracted which were calculated by mean
the Tougaard algorithm.34 The XPS peak intensity also de
pends on the photoelectronic cross section for the ato
orbital of interest. To obtain better agreement between
calculated spectra and the experimentally obtained one,
shapes of the DOS are convoluted with Lorentzians with h
width equal to 0.4 eV and the proper cross sections for p
tial states on each atom of the unit cell, which are taken fr
Ref. 35. The width of the Lorentzian~0.4 eV! was assumed

n-

-
s

FIG. 3. The total density of states~DOS! calculated for Fe2TiSn
with the use of three different approaches:~a! TB-LMTO; ~b! FP-
LAPW LDA; ~c! FP-LAPW LDA1U. The zero of the energy scal
is positioned at the Fermi energy. Insets show the total DOS in
vicinity of Fermi level.
8-4
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ELECTRONIC STRUCTURE AND THERMODYNAMIC . . . PHYSICAL REVIEW B 69, 155118 ~2004!
to be equal to instrumental broadening. The energy spect
the electrons were analyzed with an energy resolution be
than 0.4 eV. The experimental spectra are qualitatively v
similar to the approximated DOS curves. In Table I the DO
at eF are listed along with the calculated magnetic mome
m obtained for Fe2Ti12xVxSn by TB-LMTO or KKR-CPA.
As one adds V, the magnetic moment gradually increa
and reaches the maximal value for Fe2VSn ~Table I!; how-
ever, the values ofm obtained from the disordered KKR
CPA method are always higher than those obtained from
ordered TB-LMTO. This result may be a consequence
atomic disorder which usually increases the calculated va
of m in KKR-CPA. It may also be due to the different ap
proximations used for the XC potential in both methods.

Results of TB-LMTO band-structure calculations f
off-stoichiometric Fe17Ti7Sn8 and defected @Fe15TiAS#
3@Ti7FeAS#Sn8 structures are presented in Figs. 5 and
respectively. For the Fe17Ti7Sn8 off-stoichiometric composi-

FIG. 4. The total DOS of the cubic (Fm3m) Fe2TiSn ~thin
curve!, convoluted with Lorentzians of half width 0.4 eV, takin
into account proper cross sections for bands with differentl sym-
metry ~dotted curve!, is compared to the measured XPS valen
band data corrected for background~points!.

FIG. 5. Numerical calculations of the total DOS of parama
netic Fe17Ti7Sn8 ~space group:Fm3m, the supercell contains eigh
unit cells!. The total DOS~thin curve!, convoluted with Lorentzians
of half width 0.4 eV, taking into account proper cross sections
bands with differentl symmetry ~dotted curve!, compared to the
measured XPS valence-band data obtained for Fe21Ti9Sn10, cor-
rected for background~points!. Inset: expanded DOS plot neareF

for Fe17Ti7Sn8.
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tion only the nonmagnetic solution has been found.
Fe17Ti7Sn8, an excess of FeAS atoms at V antisite positions
leads to the creation of a sharp and narrow peak in the D
below «F ~Fig. 5! and in the middle of energy gap observe
in the stoichiometric Fe2TiSn compound~Fig. 3!. The DOS
of this peak is composed mainly of thed2eg states of FeAS
which hybridize with thed states of the eight nearest F
atoms in octahedral coordination. The contribution to t
DOS peak by other TM atoms~Fe and Ti!, which are more
distant from the FeAS defect, is negligible. The«F located
above the peak falls into the true energy gap of 0.06 eV.

For an @Fe15TiAS#@Ti7FeAS#Sn8 alloy with structural de-
fects, both magnetic and nonmagnetic solutions have b
found within the TB-LMTO approach. The spin resolved a
the total DOS for the magnetic solution are presented in F
6~a! and 6~b!, respectively.

The DOS of@Fe15TiAS#@Ti7FeAS#Sn8 in the magnetic state
exhibits a half metallic character at the Fermi level, i.e.,
minority-spin states contribute to the DOS («F), while the
majority-spin DOS forms a narrow quasigap at«F ~Fig. 6!.
Apart from some features visible within the energy range

-

-

r

FIG. 6. The total density of states~DOS! calculated for the
@Fe15TiAS#@Ti7FeAS#Sn8 supercell. Part~a! shows the spin-resolved
total DOS with majority-spin DOS placed at the bottom panel. P
~b! gives the total DOS resulting from the spin-polarized~FM! cal-
culations. In part~c!, the DOS resulting from the nonspin-polarize
is shown.~The zero of the energy scale is positioned at the Fe
energy marked by dash lines at part~a! and ~b!. Insets show the
total DOS in the vicinity of the Fermi level.!
8-5
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«F60.5 eV, the shape of the total DOS~with three well
separated subbands! resembles that of the pure Heusler co
pound Fe2TiSn ~in Fig. 3!, in both the magnetic and nonmag
netic @Fig. 6~c!# states.

Shown in Fig. 5 is a comparison of the calculated DOS
Fe17Ti7Sn8 and the XPS spectra for Fe21Ti9Sn10. The LMTO
calculations predicted a nonmagnetic ground state for
material as well as an interesting electronic structure in
DOS neareF . There is also an energy gap and a sharp p
in the d states located;0.1 eV beloweF . The XPS resolu-
tion is not good enough to see any structure in the X
spectra neareF . Hence, it is not possible to confirm th
band-structure calculations for the extrad peak in the gap for
the off-stoichiometric material. However, in accord wi
band-structure calculations near the Fermi level, an infra
study performed on Fe2TiSn ~Ref. 13! suggests that there ar
additional bands centered neareF and an interband transitio
which can be interpreted as excitation across a pseudog

The two magnetic and nonmagnetic solutions calcula
for the @Fe15TiAS#@Ti7FeAS#Sn8 composition are found very
close on the total-energy scale. The magnetic energy
upon magnetic polarization is;520 K/f.u. (5130 K/atom)
which relates to the magnetic critical temperatures obser
in these materials. The calculated magnetic structure
@Fe15TiAS#@Ti7FeAS#Sn8 is of cluster character. The magnet
properties of this sample are attributed to the FeAS atomic
defects with a localized magnetic moment of 2.67mB . In the
nearest neighborhood of FeAS, the magnetic moment local
ized on the remaining seven Fe atoms is only 0.2–0.4mB ,
while the TiAS atom shows opposite induced polarizati
with a local moment of 0.4mB . The cluster consists of FeAS
and eight surrounding atoms (73Fe1TiAS) and shows an
effective moment of;4.5mB . These magnetic clusters, lo
cated at every eighth unit cell, are embedded in an oppos
polarized background of Sn atoms and TM~Fe, Ti! atoms
located at second and next coordination spheres of FAS
magnetic defects.

X-ray-diffraction analysis of Fe2TiSn suggests that ther
is a monoclinic or orthorhombic deformation of theL21 cu-
bic structure. Based on this we analyzed the electronic st
ture of the orthorhombic Fe2TiSn alloy ~space group:F222,
lattice parameters listed in Table I! using the LSDA FP-
LAPW method. The results of these calculations are o
slightly changed in comparison to the results obtained for
cubic alloy. The electronic structure calculations for t
orthorhombic distortion, using the PBE XC-potential, pred
a nonmagnetic solution with;5 mRy higher total energy o
the crystal in comparison to that of cubic Fe2TiSn with the
L21-type structure.

Figures 7 and 8 show the DOS calculated
Fe2Ti0.8V0.2Sn by KKR-CPA and TB-LMTO and for
Fe2Ti0.5V0.5Sn by TB-LMTO. The calculated XPS spect
are compared to the experimental XPS spectra. Both m
ods give a magnetic ground state for Fe2Ti12xVxSn alloys
with x>0.2. In TB-LMTO calculations the exchange spl
ting reduces the gap~or pseudogap! at eF . Atomic disorder
in KKR-CPA clearly suppresses the gap, and as a result,
DOS neareF displays a deep valley. In general, there is
15511
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good agreement between the XPS spectra obtained ex
mentally and the calculated ones. However, in the vicinity
eF , the TB-LMTO calculations are in much better agreeme
with experiment.

C. Magnetic susceptibility

Shown in Fig. 9 are magnetic susceptibilityx data plotted
asx versusT andx21 versusT between 1.8 and 300 K fo
Fe2Ti12xVxSn alloys. The magnetic susceptibilityx deviates

FIG. 8. Numerical calculations of the DOS of Fe2Ti0.5V0.5Sn for
both spin directions. The total DOS~thin curve!, convoluted with
Lorentzians of half width 0.4 eV, taking into account proper cro
sections for bands with differentl symmetry~dotted curve!, is com-
pared to the measured XPS valence-band data, corrected for b
ground~points!. The measured XPS valence-band data and the
culated XPS spectra are plotted in the upper panel in arbitrary u

FIG. 7. Numerical calculations of the DOS of Fe2Ti0.75V0.25Sn
for both spin directions~TB-LMTO—thin line andSPR-KKR—thick
line!. The upper panel shows the total TB-LMTO DOS of the cub
(Fm3m) Fe2Ti0.75V0.25Sn ~thin curve!. The DOS convoluted with
Lorentzians of half width 0.4 eV, taking into account proper cro
sections for bands with differentl symmetry~dotted curve!, com-
pared to the measured XPS valence-band data for the Fe2Ti0.8V0.2Sn
sample, corrected for background~points!. The thick line represents
the simulated XPS spectrum obtained fromSPR-KKR calculations.
The measured XPS spectra and the calculated XPS spectra are
ted in the upper figure in arbitrary units.
8-6
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markedly from a Curie-Weiss law for Fe2TiSn and
Fe2Ti0.9V0.1Sn and signals the onset of the weak magne
behavior. Some rather characteristic features inx(T) coin-
cide with an abnormal change visible at;240 K in the ex-
perimental lattice parametera versusT plot ~in Fig. 10!. In
Ref. 7 the magnetic-susceptibility anomaly was found
arise from a distribution of magnetic defects. While Fe2TiSn
is nominally nonmagnetic, magnetization can be induced
this alloy by wrong site iron atoms as a result of incompl
ordering.36 Recently we attributed this abnormal change ox
at ;240 K to thermal fluctuations of ferromagnetic Fe pa
ticles induced by atomic disorder.37 Sincex versusT curves
exhibit very similar features in the Ti-rich Fe2Ti12xVxSn al-
loys, one explanation for enhanced susceptibilityx(T) below
room temperature is the presence of superparamagnetis
the Fe2Ti1.9V0.1Sn sample.

The susceptibility data also show thatx under zero-field
cooling ~ZFC! is linear with T21/2 for Fe2Ti1.9V0.1Sn ~inset
of Fig. 9! at T,9.5 K. Anderson38 showed that if spin com-

FIG. 9. Magnetic susceptibilityx and x21 vs temperature for
Fe2TiSn, Fe2Ti0.9V0.1Sn, and Fe2Ti0.5V0.5Sn. The applied magnetic
field was 0.5 T. For Fe2TiSn, the ZFC susceptibility was also me
sured at a magnetic field of 5 mT~solid curve!. The inset shows the
ZFC x measured atH55 mT for Fe2TiSn vsT21/2.

FIG. 10. The distance between two~220! crystallographic
planesd220 normalized tod220 at T5300 K vs temperature for
Fe2Ti12xVxSn alloys.
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pensation is the dominant mechanism responsible for
low-temperature magnetic behavior,x varies asT21/2 in the
low-temperature limit; the ZFCx versusT data are in good
agreement with this theoretical prediction and indica
Kondo-lattice behavior.

However, the susceptibility data plotted in Fig. 9 sho
that x(T) obeys the Curie-Weiss law for Fe2Ti0.5V0.5Sn at
T.40 K. The fit parameters to the equationx(T)5C/(T
2u)1x0 are C52.90 emuK/mol, u520.5 K, andx051
31023 emu/mol. The constantC5Nm2/3kB has a value that
is close to the valueC expected for an iron configuratio
d6Fe21, if one assumes that the angular momentum of
Fe ions is quenched in the disordered alloy, i.e.,J5S and
gJ52.

The LMTO calculations for Fe2Ti0.5V0.5Sn predicted a
magnetic ground state~Table I! with a magnetic moment o
0.43mB per formula unit which is comparable to the satur
tion magnetic momentm obtained from an extrapolation o
the M versus 1/H plots to 1/H50.

The magnetic properties are enhanced with increasin
concentration in Fe2Ti12xVxSn. Fe2VSn is known to be a
ferromagnet with a Curie temperatureTC5200 K and m
51.32mB per formula unit.16 Our LMTO calculations pre-
dict a magnetic momentm50.81mB for Fe2VSn which is
smaller than the value obtained experimentally. This d
agreement can result from atomic disorder, obtained exp
mentally for the Fe-Heusler alloys, which leads to stro
enhancement of the magnetic moment.7

D. Electrical resistivity

Shown in Fig. 11 are electrical resistivityr/rmax versusT
data for Fe2Ti12xVxSn and Fe21Ti9Sn10 between 1.8 and 750
K, where rmax is the maximal value ofr for each curve
which is located at 377 K for Fe2TiSn, 230 K for
Fe2Ti0.9V0.1Sn, and 112 K for Fe2Ti0.5V0.5Sn. The resistivity
minimum inr(T) is strongly reduced with applied magnet
field ~Fig. 12!. The negative magnetoresistance f
Fe2Ti0.9V0.1Sn, which atT51.8 K is about 7% of the resis

FIG. 11. Reduced electrical resistivityr(T)/rmax vs lnT for
Fe2TiSn, Fe21Ti9Sn10, Fe2Ti0.9V0.1Sn, and Fe2Ti0.5V0.5Sn. The val-
ues ofr at Tmax are, respectively: 487mV cm (Tmax5376 K) for
Fe2TiSn, 549mV cm (Tmax564.8 K) for Fe21Ti9Sn10,
991 mV cm (Tmax5246 K) for Fe2Ti0.9V0.1Sn, and 371mV cm
(Tmax5120 K) for Fe2Ti0.5V0.5Sn.
8-7
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tivity value at H50, is a characteristic of Kondo-lattic
compounds. The resistivity data presented in Fig. 12 a
provide further evidence for Kondo-lattice behavior
Fe2Ti12xVxSn. One can distinguish Fe2TiSn and
Fe2Ti0.9V0.1Sn, both of which have a lnT dependence ofr
and Fe2Ti0.5V0.5Sn which had lnT and a sharp peak inr at
T54.1 K, resulting from the magnetic phase transition.
this alloy, we suggest a magnetic ground state in a Ko
lattice with partial screening. The resistivity atTmax is
490 mVcm for Fe2TiSn, 580mVcm for Fe21Ti9Sn10, and
950 mVcm for Fe2Ti0.9V0.1Sn, while for the magnetic
Fe2Ti0.5V0.5Sn sample,rmax5370 mV cm. Upon increasing
the temperature,r decreases smoothly and at 750 K reach
a value within the range 73–50 % ofrmax. Our r data can-
not be described by a hopping-type temperat
dependence39 where r5r0exp(T0 /T)p but rather by a two-
level Schottky function r5a1b(T0 /T)2exp(T0 /T)/@1
1exp(T0 /T)#2. For Fe2TiSn, the fit parameter isT0

5800 K. The divergence between the experimental data
the calculated curve is too high, especially at temperatu
T,Tmax. We can only speculate that the mechanism caus
the observed electrical transport properties could be at
uted to interband transitions through a small gap locate
eF and is roughly understood in terms of thermal excitatio
~i.e., a many-body problem!.

E. Many-body aspects

An additional aim of this investigation of Fe2Ti12xVxSn
was to calculate, within the many-electron model, the te
perature variation of the quasiparticle structure and the m
sured quantities like electrical resistivity, thermoelect
power, electronic specific heat, etc. From the band-struc
calculations presented for defected Fe17Ti7Sn8 and
@Fe15TiAS#@Ti7FeAS#Sn8 structures it becomes clear that th
sharp DOS feature visible just below«F is due to thed
2eg (eu) states of FeAS atoms.15 The doubly degenerat
FeASd2eg band is almost fully occupied. The electron
of that band ~denoted in the following asd electrons!
propagate by first forming ad hole which interacts with

FIG. 12. Reduced electrical resistivityr(T)/rmax vs T for
Fe2Ti0.9V0.1Sn and Fe2Ti0.5V0.5Sn, measured atH50 and atH
55 T ~open points!.
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the other electrons from much broader bands. The accom
nying dynamical processes are discussed in detail
Ref. 40.

Taking into account the analysis of the one-particle el
tronic structure, we started the many-body investigat
along the line described by Liu.41 The proposed two-band
Hamiltonian with a strongly correlated, narrow band inte
acting via hybridization with a broad band was applied
describe the non-Fermi-liquid behavior of the cerium a
uranium compounds.41 The similarity of the physical proper
ties and the single-particle electronic structure
Fe2Ti12xVxSn with those of cerium and uranium
compounds42,43supports the supposition that the origin of th
physical properties of both groups of materials is the sam

Therefore, to investigate thermodynamic properties
Fe2Ti12xVxSn alloys we consider a Hamiltonian which is
version of the Kimball-Falicov model41

H5(
ks

«k
(c)cks

† cks1(
i ,s

« i
(d)dis

† dis

2Ucd (
i ,ss8

(
k,k8

disdis
† cks8

† ck8s8e
i (k2k8)Ri

1V(
iks

~cks
† dise2 ikRi1H.c.!1Udd(

i
di↑

† di↑di↓
† di↓ ,

~1!

where the first term represents the kinetic energy of the c
duction~c! electrons. The second term stands for the ene
of electrons in the localized orbitals of the narrow FeAS
d2eg band. TheUcd term represents the Coulomb attractio
between thed2eg hole and quasi-free band electron. TheV
term is thec-d hybridization which is assumed to be wea
and the last term (Udd) describes the Coulomb repulsio
within the d band.

The approximations used in the Hamiltonian equation~1!
are made within the scheme which provides the followi
simple physical picture. It is assumed that the heavyd elec-
tron propagates via hybridization with a broad band oc
electrons. The process involves the hopping of thed electron
in and out of the FeAS site. The FeAS narrow energy band lies
inside the broadc band. The creation of thed hole gives
rise to a strong local attractive potential to thec band
electrons represented in the Hamiltonian equation~1! by
Ucd . The hopping of the hole generated in this way
accompanied by a simultaneous motion of the cha
cloud. Such an oscillating cloud is represented in the mo
by a local harmonic oscillator~local boson! which can be
excited to higher energies with increasing temperatureT. The
characteristic oscillator frequencyv0 after some standard
manipulations was included in the model parameters. F
lowing Ref. 41, we also ignore the effect of Coulomb rep
sion U f f in zeroth order and restrict the occupation numb
of the d band to less than one. The propagation of thed
electron within the crystal is similar to that of a polaron
insulators.
8-8
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ELECTRONIC STRUCTURE AND THERMODYNAMIC . . . PHYSICAL REVIEW B 69, 155118 ~2004!
The derivation of the Dyson equation for thed electrons is
complicated and tedious and the interesting details can
found in Ref. 41. The final form of the equation used is

v2«k
(c)5

W

4G~a! Fb

pGa21 ebx1e2 ipa

cosh~bx!1cos~pa!

3E
0

b

e2txFsinS pt

b D Ga21

dt, ~2!

whereb5(kBT)21, x5(v2«d)/h.
The energy parameterh„5@2pV2Acsc(pa)/W#1/a

… de-
termines the characteristic energy scale of the model
depends on the interaction strengthsV, Ucd (a}Ucd), G is
the Euler gamma function andW is thec-band width. In the
investigations presented here thec-electron Bloch-DOS was
used in the form of a wide parabola simulating t
Fe2TiSn-DOS near«F ~Fig. 3!. The position of the atomicd
level was assumed to be«d50 and thec-d hybridization
constantV50.1 eV was established. The value ofa was
taken to be close to 1.0.41 For the calculations of the resis
tivity, we used the Boltzmann-like formula given in Ref. 4
The Dyson equation for the self-energy, which describes
quasiparticles in thed band, was solved numerically. Be
cause of the very flatc band thed electrons play an essentia
role in creating quasiparticles. The structure of the result
quasiparticle spectrum is temperature dependent.

The concept of the Dingle temperature41 (TD) was used
to simulate broadening of the DOS peak visible at«F
@Fig. 13~c!# for increasing concentration of the FeAS atoms.
Doniach and Sunjic44 studied the x-ray edge problem
T50 K for disordered systems and observed broaden
of the singularity in a way similar to that of increasin
temperature.

Figure 13~b! presents the results for the resistivit
The calculated temperature and disorder dependencie
the resistivity follow qualitatively the experimental observ
tions.

IV. SUMMARY

Experimental investigations have shown that seve
properties observed in the Fe2TiSn Heusler alloy, e.g., the
semiconductor-like behavior of the resistivity, the lar
~compared to a normal metal! value of the low-temperature
electronic specific-heat coefficient, and the low-temperat
magnetic susceptibilityx;T21/2, resemble those observe
in the nonmagnetic narrow-gap semiconductor FeSi kno
as ad Kondo insulator. The Fe2TiSn crystallizes in theL21
structure; however, a more detailed analysis of the x-r
diffraction data suggests a modulated structure or orthorh
bic distortion of the unit cell, both cases resulting fro
atomic disorder.

The electronic structure calculations have shown t
Fe2TiSn is semimetallic and nonmagnetic. The TB-LMT
method proved that the Fe defects in the nonmagnetic sys
give rise to a narrow, and strongly correlatedd-like band
located in the energy gap neareF . For the Fe2Ti12xFexSn
and Fe2Ti12xVxSn alloys, wherex<0.1, the band-structure
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calculations also predict a nonmagnetic ground state; h
ever, atomic disorder leads to the appearance of a magn
cluster. Using the TB-LMTO method, we have shown th
for @Fe15TiAS#@Ti7FeAS#Sn8 with a small concentration
of FeAS atoms at antisite positions, the calculations predic
flat, narrow band~narrow peak in DOS! located just below
eF , which results from the hybridizedd states of the cluster
The narrow peak in the DOS attributed to FeAS occupying
antisite atomic positions leads to anomalous thermodyna
properties in Fe2TiSn and its V alloys attributed to many
body effects. The high-temperature resistivity data obtain
for Fe2TiSn, Fe21Ti9Sn10, Fe2Ti0.9V0.1Sn, and
Fe2Ti0.5V0.5Sn suggest that the mechanism of the electri
transport properties are attributed to interband transiti
through a small gap located ateF , in agreement with our
numerical calculations. Therefore, during our investigat
of the thermodynamic properties of Fe2Ti12xVxSn alloys, we
considered the Kimball-Falicov model, which qualitative
describes the experimentalr(T) dependencies. The Dingl
temperature was used to simulate broadening of the D
peak visible ateF .

The electronic structure of the Fe2Ti12xVxSn alloys are

FIG. 13. The temperature dependence of~a! thed-like quasipar-
ticle specific heatCel divided by temperatureT, ~b! the d-like qua-
siparticle electrical resistivity for different sets of model paramet
h andd-like quasiparticle band populationsnel , and~c! the d-like
quasiparticle electrical resistivity for different degrees of atom
disorder simulated by a Dingle temperature.
8-9
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also investigated by KKR-CPA method to analyze the infl
ence of atomic disorder on electronic and magnetic prop
ties of these alloys. Both TB-LMTO and KKR-CPA numer
cal calculations yield a magnetic ground state
Fe2Ti12xVxSn alloys whenx>0.2; they also give an in-
crease of magnetic moment as a function of V concentrat
,
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