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The aim of this work is to investigate electronic structure, magnetic properties, and electrical resistivity of
the FeTi,_,V,Sn 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 theHe _,V,Sn 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,Fg_,V,Sn alloys, wherk=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 di%® We also report electrical
resistivity calculations using a Falicov-Kimball model. Many-body calculations have shown that the @arrow
band originating from the Fe impurity atoms is responsible for the unusual temperature dependencies of the
physical properties of the K&i;_,V,Sn alloys.
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. INTRODUCTION concentration antisite defects in #éSn and FeTi;_,V,Sn
alloys. Heusler alloys follow the well-known Slater-Pauling
Fe,TiSn belongs to a group of materials commonly re-behavior for the binary transition metal allo¥sin such a
ferred to as Heusler alloys with the formwaY Z, whereX  picture the total spin momeiM scales with the total number
andY are two different transition metals a@dis a nonmag-  of valence electrong. For the Heusler alloy#l =Z—24."
netic element. Heusler alloy$ave attracted great interest In this simple picture, one expedié=0 for F&TiSn, while
during the last 100 years due to their interesting and diversé! #0 for FeVSn. Indeed, Fg/Sn is known to be a
magnetic properties such as itinerant and localized magnderromagnet with Curie temperaturé-=200 K and M
tism, Pauli paramagnetism or heavy-fermié#F) behavior = 1.32 g per formula unit:®
(e.g., Refs. 2—7 Two members of this family R¥Al (Ref. The aim of this work is to investigate the electronic struc-
8) and FeTiSn (Ref. 7) have recently attracted a lot of at- ture, electrical resistivity, and magneti.c prope.rties of
tention in connection with possibtielectron heavy-fermion  F&Ti1-xVxSnh. Our band-structure calculations are in agree-
behavior, where the resistivity displays an anomalous temMent with infrared and optical spectroscopy results and sug-

perature dependence, and specific-heat measurements revg%ﬁ[_ an interband tranzition w_hictu caan be inte;rpietedsas ex-
an upturn in C(T)/T resembling that of conventional citation across a pseudogap in the density of stlESS)

f-electron HF compounds. However, band-structure calculadt €F

tions yield only a minor mass renormalizatidrt! An infra-
red (IR) study reported recently for F@Al (Ref. 12 and Il. EXPERIMENTAL DETAILS

Fe,TiSn (Ref. 13 also finds no characteristic features of the  pgycrystalline samples of K&i;_,V,Sn have been pre-
HF state in these compounds. In contrast, the mass enhanggared by arc melting the constituent elemeifis 99.99%, Ti
ment evident in theS/T upturn is still indicative of heavy- 99.99%, V 99.99%, Sn 99.999% in pusityn a water cooled
fermion-like behavior. The effective mass obtained forcopper hearth in a high-purity argon atmosphere with a Zr
Fe, TiSn corresponding to the value of the electronic specifiagetter. Each sample was remelted several times to promote
heaty is ~40 times the free-electron mass. homogeneity and annealed at 800°C for 2 weeks. The
Fe,TiSn is an excellent example of a Heusler-type alloy,samples were carefully examined by x-ray-diffraction analy-
in which the local environment profoundly influences thesis and found to be single phase.
magnetic and electrical transport properties. The linearized The dc magnetization was measured using a commercial
muffin-tin orbital (LMTO) calculationd yield a nonmagnetic superconducting quantum interference device magnetometer
ground state and a pseudogap at the Fermi leyelwhile  from 1.8 K to 400 K in magnetic fields up to 5 T.
the local disorder leads to weak ferromagnetism which de- Electrical resistivity measurements were made using a
stroys the gap atr.” To better understand the influence of standard four-wire technique.
the magnetic ground state on the physical properties of The XPS(x-ray photoelectron spectroscompectra were
FeTiSn at e, we present an investigation of the low- obtained with monochromatized A, radiation at room
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temperature using a PHI 5700 ESCA spectrometer. The spec- The numerical calculations of the electronic density of
tra were measured immediately after cleaving the sample in states of off-stoichiometric E&iSn with antisite(AS) de-
vacuum of 101° Torr. The spectra were calibrated accord-fects were performed for a supercell;FEgSrg, which con-
ing to Ref. 17. Binding energies were referenced to the Ferniiained eight F€TiSn formula units. We analyzed two differ-
level (ez=0). ent situationsi(i) an excess of Fe atoms occupying the Ti
The electronic structure of the ordered compounds wadtomic positions of the off-stoichiometric F&i;Sng
studied by the all-electron self-consistghMTO) method  (F&:1TisSmig) sampleii) Fe and Ti atoms at antisite atomic
and the calculations were performed using the TB LMTO-4.7°0Sitions (Fgs— Tias) in [FesTias][TizFe\s]Sns. In both
code® To test the reliability of the approximate TB LMTO Situations, one lattice defect occurs per eight unit cells. The
results and to investigate the effect of the Coulomb correlad B-LMTO calculations for ordered B&i,_,V,Sn structures
tion interaction within the Fe-8 band states, the electronic Were performed for concentrations=0.25, 0.5, and 0.75
structure of the stoichiometric FBSn was also studied us- YsIN9 & Supefce” with four underlyldgzl unit pells.
ing the general potentialfull potential) linear augmented Changes in_the electromc ar]d magnetic structure of
plane-wave(FP-LAPW) method. The calculations were per- Fe2T|1,XVXSn alloys were |nvest|’gated by means of the
formed using theviEn2k codel® Korringa-Kohn-Rostoker  Green's-function (KKR-GF)

In the approximate TB-LMTO method the crystal poten- néegzo&” IlntI;]ed ;%,;9“9 _coherent rﬁ)otentlal a;?ptr_ommattmn
tial is treated within the atomic sphere shape approximatioé. | ) alloy d Sorv kus\llr\llglsn eﬁcNang?e_—rchorre ? |o|ntpo en-
(ASA)2 with overlapping Wigner-Seit#W-S) spheres cen- &' Proposed by VOSKo, Voik, and INusalr.The calcurations

tered at atomic positions. The values of the W-S sphere rad ave been spin polarized and all relativistic effects have been
were determined in sucH a way that the sum of all atomi aken into account. The investigations were performed using

sphere volumes is equal to the volume of the unit cell. Whilethe Munich sPR-KKR package(version 2.} of Ebert et al.

in the FP-LAPW approach no such shape approximation iéRef' 3.

used and the crystal potential is expanded into spheflatal

tice) harmonics within the muffin-tifMT) atomic spheres

and into plain waves outside MT spheres. The MT spheres of lll. RESULTS AND DISCUSSION
radii 2.2 and 2.3 a.u. were assumed for transition méte) A. Structural properties

Ti) and Sn atoms, respectively. All electronic structure cal-

culations were performed using the experimental lattice pa- Listed in Table .I are the experlmental!y obtained Igttlce
rameters. parameters for E&i;_,V,Sn alloys assuming ah2,; cubic

In both methods the local spin density approximationstructure. A more detailed analysis of the x-ray diffraction

(LSDA) for the exchange-correlatiqiXC) potential was em- da(t)aé in whic?_ thg cr_yﬁ,tarl] st::l;_cturel dOf Fékl;anSn fo|r>(<j h
ployed. In the TB-LMTO calculations the XC potential was <0.5 was refined with the Rietveld method, revealed the
assumed to be of the form proposed by von Barth-H&tin presence of crystallographic disorder. However, the shape of
and Langreth-Mehl-HULMH) generalized gradient correc-’ the reflections do not agree well with calculations, particu-
tions were included? The FP-LAPW calculations were per- larly in the 2 range of the tail of each line which we have
formed with the use of the gradient corrected LSD XC po_attributed to small distortions of the lattice resulting from
tential in the form developed by Perdew, Burke, and®temic disorder. e y
Ernzerhof(PBE).2% The electronic structure of &SN was The observed and calculated x-ray-diffraction intensities

studied by means of FP-LAPW with the use of the PBE xcfor the (?Ubi(? structure(symmetry Fm3m) are given for
potential, corrected according to the LSBAJ method* to Fe,TiSn in Fig. 1. To explain the divergence between the

account for the Hubbard correlation interaction within theShapes of the x-ray-diffraction line@n the inset of Fig. 1
3d-band states. The LSDAU XC potential was imple- W€ calculated the x-ray-dlﬁract|on spectra for the monoclinic
mented for the @ orbitals of Fe atoms with values for Cou- (SYmmetryC2/c) and orthorhombi¢symmetryF222) struc-

lomb (U) and exchangéJ) parameters equal to 1.2 eV and tures. For FgTiSn, the best fit for the monoclinic deforma-
0.73 eV, respectivelyRef. 25, ' tions of theL2; structure givesa=6.084 A, b=6.073 A,

The TB-LMTO calculations of F&iSn were performed ¢=6-103 A, and =89.43", while for the orthorhombic

. . . o . structure it givesa=6.025 A, b=5.98 A, andc=6.065 A.
for 413k points in the irreducible Brillouin zondBZ) with - . )
the total energy error of about 0.1 mRy. In the TB-LMTO However, in both the cases there is not good agreement be

irelativisti lculati idered tomi tween the intensities of the x-ray-diffraction spectrum and
Semirelativisiic calcuiations, we consicere Byed atomic the calculated intensities. This may be due to atomic disorder
orbitals and the downfoldetistates, while the d Sn elec-

I which can be caused by the following.

trons were treated as cgre states. Within the FP-LAPW cal- (1) Small off-stoichiometry grainéclusters with slightly
culations 500 (% 7x7) k points in the Brillouin zone were  djfferent lattice parameters than those of the homogeneous
assumed (2& vectors in IB4. Thek vectors together with a Fe, TiSn compound may be distributed throughout the poly-
RmiX Kmax parameter of 9.0 result in a total energy error of crystalline sample.

0.1 mRy. The basis set used in the FP-LAPW calculations (2) Polycrystalline samples of the f&;_,V,Sn system
included over 450 functions per unit cell. The local can show a periodic segregation of Fe atoms formed by the
orbitals?® sp type for Fe, Ti, andspd type for Sn, were alternation of enriched and depleted clusters aligned along
added in order to correct for linearization errors. some direction of the matrix. This periodic composition fluc-
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TABLE I. Heusler alloys investigated and their structural and calculated magnetic properties. Calculated £&@%dthe magnetic
momentw. (NM and FM symbols denote, respectively, the non-spin-polarized and spin-polarized mode of calcplations.

Fm3m DOS atep )%
Compound ain A (evV~Yfu.) (ug/f.u.; ug/atom)
Fe, TiSn 6.074 0.52LMTO) 0
0.0 (LAPW LSDA, LSDA+U) 0
Fe;Ti;Sny 6.069 0.0(LMTO) 0
[FesTiasl[ TioFeas]Sry 6.069 1.83(LMTO-NM) 0
2.12(LMTO-FM) 0.49
Fe,TiggsV g 055N 6.070 3.68KKR-CPA) 0
FeTigg7aVg 129N 2.79(LMTO) 0
FeTiggV oSN 6.065 3.63KKR-CPA) 0.52
Fe: 0.32
Ti: —0.13
V: 0
Sn: —0.02
FeTig75V g 255N 2.68(LMTO) 0.23
Fe: 0.16
Ti: —0.09
V: —0.13
Sn: —0.02
FeTigVg3Sn 6.050 4.01KKR-CPA) 0.6
Fe: 0.37
Ti: —0.15
V. —0.06
Sn: 0.02
FeTiggVo.4SNn 6.038 4.42ZKKR-CPA) 0.67
Fe: 0.42
Ti: —0.17
V: —0.11
Sn: —0.03
FeTigsVosSn 6.044 3.34LMTO) 0.43
Fe: 0.32
Ti: —0.16
V: —=0.21
Sn: —0.02
Fe,VSn 5.959(Ref. 16 4.34(LMTO) 0.81
Fe: 0.62
V. —0.38
Sn: —0.04

tuation could be understood as the wavelength of the conmparts. A band located in the binding ener(BE) range of
position modulation. This modulated structure may be ob8-11 eV and separated by a gap-e2 eV from the valence
served by the formation of satellite reflections around eaclband originating from the states of Sn. The states of Sn
x—ray-diffraction peak. This possibility is currently under in- hybridize with thespd states of TM(Fe, Ti) atoms to form a
vestigation. well resolved band visible in the BE range of 3—6 eV sepa-
rated from the rest of valence band by a low-DOS dip. The
B. Electronic structure part of the valence band which extends from 3 e\ktois
Figures 2 and 3 show the band structure and the totgfomposed mainly of TMi states. The distribution af states
DOS of the compound B&iSn. Apart from energies close to With different symmetries €; and t,;) agrees with the
the Fermi energy«;), band structure and total DOS calcu- scheme described by Galanakisal.”®. The states withe,
lations performed using various methods show almost theéymmetry(of both TM atom$ dominate at the bottom edge
same shape, which is similar to that calculated for other tranef the valence band. According to the scheme of Galanakis
sition metal nonmagnetic Heusler compourds:*>33The et al, the valence-band complex located at energies between
total DOS spectrum decomposes into three clearly separatédd5 and 2 eV is formed mainly by the FEestates oft,,
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FIG. 1. The observe(pointg and calculatedsolid line) x-ray- = .
diffraction pattern of the cubic K&iSn (space grouf-m3m). The % sl Nu\
bottom is the difference between the observed and calculated inten- = B
sities. Inset: an experimental and calculated profile of @20 -
diffraction line. 8 4 )
S LA
character and can be decomposed into a low-energy band of o am— ' (’C)
t,y states and states of, symmetry located near the Fermi 1ol o ]
level. The conduction-band DOS starts justat/Fig. 3a)] 8
or abovesg [Figs. 3b) and 3c¢)] and is separated from the 4
valence band by a gap or quasigap. Thstates of Fe with 8ol ]
symmetrye, form a flat band near the Fermi levigh Figs.
2(a) and 3b)] and the related sharp rise and peak of the DOS 4l .
aboves (shown in Fig. 3. The unoccupieé, andt,4 bands //\
of the Tid states follow in agreement with the scheme of 0 . LY, .
Galanakiset al® 10 -8 6 4 2 0 2
The shape of the DOS generally does not depend on the Energy [eV]

method used for the calculations, excluding the narrow range ) _
FIG. 3. The total density of staté®OS) calculated for F£TiSn

of energies in the vicinity ok. The DOS obtained by the . .
) . - - with the use of three different approachés: TB-LMTO; (b) FP-
TB-LMTO method displays a deep quasigap with the Fermi o,/ b (o) FP-L APW LDA+ U. The zero of the energy scale

is positioned at the Fermi energy. Insets show the total DOS in the

20 LDA vicinity of Fermi level.
TN oK
. energy located at the bottom edge of the conduction band
S 0o — | [Fig. 2@)], while the FP-LAPW with the use of both the
@ ] —~ | LSDA and LSDA+U XC potentials shows the direct energy
E,; %_'/ >_<_ gap Ioc'ated ]US.t atp. The minimal width of the gaat t'he'
8 20 4 Z:< I' k point) obtained with the use of LSDA XC potential is
= . ™ 0.013 eV. It increases ten times when the LA correc-
. \\/ tion is taken into account.
a0 T2 In Fig. 4 ical calculations of the el
Y I A T A XZ WX g. 4, we present numerical calculations of the elec-

E

tronic density of state§TB-LMTO DOS) of Fe, TiSn. Also
20 LDA+U shown in the figure, for comparison, are the XPS valence-
R A VA band spectra. The well-defined peaks in the XPS spectra are
due to electrons which have not suffered an inelastic energy
— | loss emerging from the sample. Electrons that have lost en-
/\ ergy increase the level of the background at binding energies
higher than the peak energy. All XPS bands have had their
backgrounds subtracted which were calculated by means of
the Tougaard algorithrif: The XPS peak intensity also de-
pends on the photoelectronic cross section for the atomic
( orbital of interest. To obtain better agreement between the
calculated spectra and the experimentally obtained one, the
FIG. 2. FP-LAPW band structure of FESn with () LDA and shapes of the DOS are convoluted with Lorentzians with half
(b) LDA+U exchange-correlation potential along various symme-width equal to 0.4 eV and the proper cross sections for par-
try directions in the Brillouin zone. The zero of the energy scale istial states on each atom of the unit cell, which are taken from
shifted to the Fermi energy. Ref. 35. The width of the Lorentziaf®.4 eV) was assumed
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FIG. 4. The total DOS of the cubicFMm3m) Fe, TiSn (thin
curve, convoluted with Lorentzians of half width 0.4 eV, taking
into account proper cross sections for bands with diffefesym-
metry (dotted curvg is compared to the measured XPS valence-
band data corrected for backgrougmbints.

DOS [1/(eV f.u.)]

to be equal to instrumental broadening. The energy spectra of
the electrons were analyzed with an energy resolution better
than 0.4 eV. The experimental spectra are qualitatively very
similar to the approximated DOS curves. In Table | the DOS
at e are listed along with the calculated magnetic moments
w obtained for FgTi;_,V,Sn by TB-LMTO or KKR-CPA.
As one adds V, the magnetic moment gradually increases,
and reaches the maximal value for,#&n (Table I); how-
ever, the values of obtained from the disordered KKR- Energy [eV]
CPA method are always higher than those obtained from the
ordered TB-LMTO. This result may be a consequence of FIG. 6. The total density of state®OS) calculated for the
atomic disorder which usually increases the calculated valuEFesTias][ TizFexs]Srg supercell. Parta) shows the spin-resolved
of u in KKR-CPA. It may also be due to the different ap- total DOS with majority-spin DOS placed at the bottom panel. Part
proximations used for the XC potential in both methods.  (b) gives the total DOS resulting from the spin-polariZ&d) cal-
Results of TB-LMTO band-structure calculations for culations. In parfc), the DOS resulting from the nonspin-polarized
off-stoichiometric Fg Ti;Sry  and defected [FeysTias] is shown.(The zero of the_ energy scale is positioned at the Fermi
X[ Ti;Fe,s]Sry structures are presented in Figs. 5 and 6,8nerdy marked by dash lines at péai and (b). Insets show the
respectively. For the FeTi-Sn off-stoichiometric composi- 0l DOS in the vicinity of the Fermi level.

L S LI L S 25 tion only the nonmagnetic solution has been found. In
36 Fe;Ti;Srg, an excess of R atoms at V antisite positions
20 %4 5 leads to the creation of a sharp and narrow peak in the DOS
35 Ef 2 below e (Fig. 5 and in the middle of energy gap observed
> 15 -§2 2 in the stoichiometric FE&iSn compoundFig. 3. The DOS
§ % § of this peak is composed mainly of tlie- e, states of Fgs
2 10 e which hybridize with thed states of the eight nearest Fe
§ s atoms in octahedral coordination. The contribution to the
5 z DOS peak by other TM atom@e and T), which are more
distant from the Fg; defect, is negligible. The( located
0 above the peak falls into the true energy gap of 0.06 eV.
2 10 -8 -6 -4 - For an[FesTias][ TizFeas]Sry alloy with structural de-
Energy (eV) fects, both magnetic and nonmagnetic solutions have been

FIG. 5. Numerical calculations of the total DOS of paramag-'cound within the TB-LMTO approach. The spin resolvgd apd
netic Fe,Ti-Sn, (space groupEm3m, the supercell contains eight the total DOS for the magnetic solution are presented in Figs.
unit cells. The total DOS(thin curve, convoluted with Lorentzians 6(& and @b), respectively. _ _
of half width 0.4 eV, taking into account proper cross sections for ~1he DOS off FeysTias][ TizFeas]Srg in the magnetic state
bands with different symmetry (dotted curve compared to the €Xhibits a half metallic character at the Fermi level, i.e., the
measured XPS valence-band data obtained forThgSn,,, cor- ~ Minority-spin states contribute to the DOSg|, while the

rected for backgroungpoints. Inset: expanded DOS plot neag majority-spin DOS forms a narrow quasigapsat (Fig. 6).
for Fe,/Ti;Sng. Apart from some features visible within the energy range of
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e+ 0.5 eV, the shape of the total DO®ith three well ' ' '

separated subbandesembles that of the pure Heusler com- 20 [Fe,Tiy gV ,SN

20

pound FgTiSn (in Fig. 3), in both the magnetic and nonmag- - -3
netic [Fig. 6(c)] states. 5 2
Shown in Fig. 5 is a comparison of the calculated DOS of CORTY 10 8
Fe 7 Ti;Sng and the XPS spectra for R&igSny. The LMTO 2 'g
calculations predicted a nonmagnetic ground state for this ® <
material as well as an interesting electronic structure in the 2 0 1o §
DOS neareg . There is also an energy gap and a sharp peak a 8
in the d states located-0.1 eV belower . The XPS resolu- =
tion is not good enough to see any structure in the XPS 10 . . A

spectra neafkg. Hence, it is not possible to confirm the 12 -8 -4 0
band-structure calculations for the extrpeak in the gap for
the off-stoichiometric material. However, in accord with
band-structure calculations near the Fermi level, an infrared FIG. 7. Numerical calculations of the DOS of F&, 72V 255N
study performed on KE&iSn (Ref. 13 suggests that there are for both spin direction§TB-LMTO—thin line andspr-kkr—thick
additional bands centered negrand an interband transition line). The upper panel shows the total TB-LMTO DOS of the cubic
which can be interpreted as excitation across a pseudogap({Fm3m) FeTio7sVos5n (thin curve. The DOS convoluted with

The two magnetic and nonmagnetic solutions Ca|cu|ate&or§nt2|ans of half W|_dth 9.4 eV, taking into account proper cross
for the [ Fe,Tias][ Ti;Feas]Srs composition are found very sections for bands with differettsymmetry(dotted curvg, com-

close on the total-energy scale. The magnetic energy gaiffed to the measured XPS valence-band data for §iBds¥ oSN

. R — sample, corrected for backgroufpbintg. The thick line represents
upon magnetic polarization is 520 KA.u. (=130 K/atom) the simulated XPS spectrum obtained fraPr-KKR calculations.

Whlt(;]h relatestto_ tf|1e n;ﬁgnetl(lz Clmlczl temper?turef o?servijihe measured XPS spectra and the calculated XPS spectra are plot-
in these materials. e calculated magnetic structure oL in the upper figure in arbitrary units.

[FesTias][ TizFeas] Sy is of cluster character. The magnetic
properties of this sample are attributed to the d~atomic
defects with a localized magnetic moment of 2487 In the
nearest neighborhood of & the magnetic moment local-
ized on the remaining seven Fe atoms is only 0.2¢0.4
while the Ti,g atom shows opposite induced polarization
with a local moment of 0.4g. The cluster consists of kg
and eight surrounding atoms X#e+ Tiag) and shows an
effective moment of~4.5ug. These magnetic clusters, lo-  Shown in Fig. 9 are magnetic susceptibiljpydata plotted
cated at every eighth unit cell, are embedded in an oppositelgs y versusT and y ~* versusT between 1.8 and 300 K for
polarized background of Sn atoms and TMe, T) atoms  Fe,Ti;_,V,Sn alloys. The magnetic susceptibilipydeviates
located at second and next coordination spheres @f Fe
magnetic defects. 1 '
X-ray-diffraction analysis of FiSn suggests that there Fe,TlhsVosSN
is a monoclinic or orthorhombic deformation of th@; cu- %
bic structure. Based on this we analyzed the electronic struc- 50 AT 141 50
ture of the orthorhombic K&iSn alloy (space groupF222,
lattice parameters listed in Table Using the LSDA FP-
LAPW method. The results of these calculations are only
slightly changed in comparison to the results obtained for the
cubic alloy. The electronic structure calculations for the
orthorhombic distortion, using the PBE XC-potential, predict
a nonmagnetic solution witk5 mRy higher total energy of
the crystal in comparison to that of cubic ,H&n with the
L2,-type structure. 12 8 4 0
Figures 7 and 8 show the DOS calculated for
FeTipaVo,Sn by KKR-CPA and TB-LMTO and for Energy (eV)

F&TigsVosSn by TB-LMTO. The calculated XPS spectra  pg g Numerical calculations of the DOS of Ay 2V Sn for

are compared to the experimental XPS spectra. Both methyq spin directions. The total DOghin curve, convoluted with

ods give a magnetic ground state for,Fg_,V,Sn alloys | grentzians of half width 0.4 eV, taking into account proper cross
with x=0.2. In TB-LMTO calculations the exchange split- sections for bands with differehsymmetry(dotted curvé is com-

ting reduces the gafor pseudogapat e . Atomic disorder  pared to the measured XPS valence-band data, corrected for back-
in KKR-CPA clearly suppresses the gap, and as a result, thground(points. The measured XPS valence-band data and the cal-
DOS neareg displays a deep valley. In general, there is aculated XPS spectra are plotted in the upper panel in arbitrary units.

Energy (eV)

good agreement between the XPS spectra obtained experi-
mentally and the calculated ones. However, in the vicinity of
€, the TB-LMTO calculations are in much better agreement
with experiment.

C. Magnetic susceptibility

DOS ( states/eV f.u.)
Intensity ( Arbitrary Units )
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0.3 : ! : ! 400 1.1
—°—F92TiSn e
Fe,TiSn (5mT, ZFC) 14 L
——Fe,Ti V 8n .
_._FezTio,svo.ssn ° F 300 5 0.99 -
0.18 o R 2
~ 0.27 ~0.16 = 5 0.8 -
g §0,14 . o - Fe,Tisn
E 50'12 ° - 200 g 077 _FemTigsnw r
3 0.1, B /// g osd Fe,Ti V,,Sn |
= 0.08 o = * Fe,Ti .V _Sn
0.1 03 04 05 06 07 - 2 0505 .
" ~° 0.5 T T
et - 100 1 10 100 1000
¢ T(K)
. FIG. 11. Reduced electrical resistivig(T)/pmax VS InT for
0 < r = f 0 FeTiSn, Fe,TigSnyg, FeTigoVy 1SN, and FeTigsVysSn. The val-
0 100 200 300 400 ues ofp at T, are, respectively: 48720 cm (T =376 K) for
T(K) FeTiSn, 549uQcm (Tha—=64.8K) for Fe,TigSmy,

] o 991 uQ cm (T,,0=246 K) for FeTipgVoSn, and 371u{) cm
FIG. 9. Magnetic susceptibility and y ! vs temperature for (Trma= 120 K) ";g: FeTipeVosSN. 090

Fe TiSn, FeTiy oV 1Sh, and FgligsVysSn. The applied magnetic

field was 0.5 T. For EiSn, the ZFC susceptibility was also mea- . is th . hani ible f h
sured at a magnetic field of 5 m$olid curve. The inset shows the pensation Is the domlnant mec_anlsm respo_nﬁzlt_)e or the
ZFC y measured aH=5 mT for FeTiSn vs T~ 12, low-temperature magnetic behavigr,varies asT in the

low-temperature limit; the ZFG versusT data are in good
agreement with this theoretical prediction and indicate
é(ondo-lattice behavior.

However, the susceptibility data plotted in Fig. 9 show
that xy(T) obeys the Curie-Weiss law for FEysVosSn at
T>40 K. The fit parameters to the equatinT)=C/(T

markedly from a Curie-Weiss law for FESn and
FeTiggV 1SN and signals the onset of the weak magneti
behavior. Some rather characteristic featureg((i) coin-
cide with an abnormal change visible a240 K in the ex-
perimental lattice parameterversusT plot (in Fig. 10. In

- o —6)+ xo are C=2.90 emuK/mol, #=20.5 K, and yp=1
Ref. 7 the magnetic-susceptibility anomaly was found to>< 10~ emu/mol. The constait = N2/3ks has a value that

ise f istributi f i i . While,Fi ; : . .
arise from a distribution of magnetic defects lle, H&n s close to the value€C expected for an iron configuration

is nominally nonmagnetic, magnetization can be induced i} 6 24
this alloy by wrong site iron atoms as a result of incompleted F.e ’ .'f one assumes that '_[he angular momentum of the
Fe ions is quenched in the disordered alloy, iJesS and

ordering®® Recently we attributed this abnormal change of g,=2

at ~240 K to thermal fluctuations of ferromagnetic Fe par-J_~" . ) .
ticles induced by atomic disord&rSincey versusT curves The LMTO calculations for FellosVosSN predicted a
magnetic ground stat@able ) with a magnetic moment of

exhibit very similar features in the Ti-rich F&,_,V,Sn al- . D
loys, one explanation for enhanced susceptibjity) below 9‘43“5 per f_ormula unit wh|c_h is comparable to the satura-
tion magnetic moment obtained from an extrapolation of

room temperature is the presence of superparamagnetism
b P Perp 9 the M versus 1 plots to 1H=0.

the FeTi; V1SN sample. . . o .
Thz SllJ.zcgétibility dzta also show thatunder zero-field The magnet}c pro.pertles are enhanqed with increasing V
cooling (ZFC) is linear with T~Y2 for Fe,Ti; oV 1SN (inset ?grrrlg%r;gitgnv\;;:h?lé:fuxr\iiexség}ngzgfunrg—kznooc\)/vlz fngza
ig. <9.5K. g if spi - . — :
of Fig. 9) at T<9.5 K. Andersoif’ showed that if spin com =1.32 ug per formula unitt® Our LMTO calculations pre-

dict a magnetic moment=0.81ug for Fe,VSn which is

1.000 : : A : . LT
f smaller than the value obtained experimentally. This dis-
iy agreement can result from atomic disorder, obtained experi-
< 0.9991 p\ G T mentally for the Fe-Heusler alloys, which leads to strong
8 ¥ enhancement of the magnetic momeént.
o 0.9981 -
"_’g —_— =05 D. Electrical resistivity
o 0.9979 :;:8:? I Shown in Fig. 11 are electrical resistivipy p,ax Versust
= x=0 data for FeTi; _,V,Sn and FgTigSno between 1.8 and 750
0.996 K, where pax IS the maximal value ofp for each curve

0 100 K 200 300 which is located at 377 K for R&iSn, 230 K for
FeTiggVo.1Sn, and 112 K for F£lig sV sSh. The resistivity
FIG. 10. The distance between tw@20) crystallographic ~Minimum inp(T) is strongly reduced with applied magnetic

planesd,,, normalized tod,,, at T=300 K vs temperature for field (Fig. 12. The negative magnetoresistance for
Fe,Ti;_,V,Sn alloys. FeTiggVo.1SNn, which afT=1.8 K is about 7% of the resis-
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: : : the other electrons from much broader bands. The accompa-
1.021 - nying dynamical processes are discussed in detail in
Ref. 40.
H N e nugwag;""."- Taking into account the analysis of the one-particle elec-
8 S eeeet i tronic structure, we started the many-body investigation
S 0.981 - along the line described by Litt. The proposed two-band
& Fe,Ti V_ Sn, H=0 Hamiltonian with a strongly correlated, narrow band inter-
0.96 ° Fe,Ti, V, 8n,H=5T acting via hybridization with a broad band was applied to
= Fe,Ti .V, Sn, H=0 describe the non-Fermi-liquid behavior of the cerium and
0.94 o Fe,Ti V, Sn H=5T uranium compound®: The similarity of the physical proper-
. . . ties and the single-particle electronic structure of
0 50 100 150 200 Fe,Ti;_,V,Sn with those of cerium and uranium

TLK) compound®“*3supports the supposition that the origin of the

FIG. 12. Reduced electrical resistivity(T)/pmax vs T for  Physical properties of both groups of materials is the same.

Fe,TigoVo,SN and FeTigeVo:Sn, measured aH=0 and atH Therefore, to investigate _thermodyngmiq propgrtie_s of
=5 T (open points Fe, Ti;_,V,Sn alloys we consider a Hamiltonian which is a

version of the Kimball-Falicov mod®l

tivity value at H=0, is a characteristic of Kondo-lattice

compounds. The resistivity data presented in Fig. 12 also

provide further evidence for Kondo-lattice behavior in H=2> 8(kC)ClaCk0+2 e{¥d],di,
FeTi;_V,Sn. One can distinguish FESn and 7 "

FeTigoVo4Sn, both of which have a Ih dependence o T
and FeTigsVosSn which had IT and a sharp peak ip at _Ucd,z, E di 1,y Chr o €K KOR
T=4.1 K, resulting from the magnetic phase transition. In hoo Kk

this alloy, we suggest a magnetic ground state in a Kondo
lattice with partial screening. The resistivity 8ty a, IS
490 nQcm for FeTiSn, 580uQcm for FeTigSny, and
950 uQacm for FeTigoVosSn, while for the magnetic @
FeTigsVosSn samplep,a,= 370 w2 cm. Upon increasing

the temperaturey decreases smoothly and at 750 K reachesvhere the first term represents the kinetic energy of the con-
a value within the range 73—-50 % pf,.4. Our p data can- duction(c) electrons. The second term stands for the energy
not be described by a hopping-type temperaturedf electrons in the localized orbitals of the narrow,&e
dependenc® where p=poexp(To/T)® but rather by a two- d—e&g band. TheUq term represents the Coulomb attraction
level Schottky function p=a+b(To/T)2exp(To/T)/[1 betvvgen thel—e, hplg aljd qua;i—frfae band electron. T¥e
+exp(To/T)2 For FeTiSn, the fit parameter isT, term is thec-d hybridization which is assumed to be weak,
=800 K. The divergence between the experimental data an@nd the last termUyy) describes the Coulomb repulsion
the calculated curve is too high, especially at '[emperature‘é”th'n thed band. . . I )
T<Tax- We can only speculate that the mechanism causin%r The approximations used in the Hamiltonian equatibn

; : - are made within the scheme which provides the following
the observed electrical transport properties could be atmb%imple physical picture. It is assumed that the hedjec-

uted to interband transitions through a small gap located &on propagates via hybridization with a broad bandcof

er and is roughly understood in terms of thermal eXCitationselectrons. The process involves the hopping ofdledectron
(i.e., a many-body problem

in and out of the Fg; site. The Fgg narrow energy band lies
inside the broact band. The creation of thd hole gives
rise to a strong local attractive potential to tleeband
electrons represented in the Hamiltonian equatitbh by

An additional aim of this investigation of k& ;_,V,Sn  U.. The hopping of the hole generated in this way is
was to calculate, within the many-electron model, the temaccompanied by a simultaneous motion of the charge
perature variation of the quasiparticle structure and the mealoud. Such an oscillating cloud is represented in the model
sured quantities like electrical resistivity, thermoelectricby a local harmonic oscillatoflocal boson which can be
power, electronic specific heat, etc. From the band-structurexcited to higher energies with increasing temperatuiehe
calculations presented for defected ;F&,Srg and characteristic oscillator frequency, after some standard
[FesTias][ TizFeas]Srg structures it becomes clear that the manipulations was included in the model parameters. Fol-
sharp DOS feature visible just belogt is due to thed lowing Ref. 41, we also ignore the effect of Coulomb repul-
—ey (e,) states of Fgs atomst® The doubly degenerate sion U¢s in zeroth order and restrict the occupation number
Fexsd—e, band is almost fully occupied. The electrons of the d band to less than one. The propagation of the
of that band (denoted in the following asl electron$  electron within the crystal is similar to that of a polaron in
propagate by first forming @& hole which interacts with insulators.

+v; (cladioe‘ikRi+H.c.)+Udd2i dfidi;dfid;

E. Many-body aspects
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The derivation of the Dyson equation for thelectrons is ' (a) '
complicated and tedious and the interesting details can be ;
found in Ref. 41. The final form of the equation used is

n, =048
—n =0.0087 eV
------- 1 =0.0105 eV

N
T

W a—1 eBX+e—i7ra

O~

T AT (a)
B 7T a=1
xf e ™| sin| — dr, 2
0 B s s s
Q 50 100 150

whereB=(kgT) %, x=(w—2%/7. Temperature [K]
The energy parametey(=[27V2Acsc(mra)/W]¥?) de-

B

T

-
T

cosh Bx)+coq ma)

C/T [mJ/K*mol]

n=0.0105 eV

termines the characteristic energy scale of the model and B~ (b) 2048

..
-~

depends on the interaction strengisU .4 (a¢><U_y), T is
the Euler gamma function and is thec-band width. In the
investigations presented here thelectron Bloch-DOS was
used in the form of a wide parabola simulating the
Fe, TiSn-DOS neak¢ (Fig. 3). The position of the atomid
level was assumed to be”=0 and thec-d hybridization wol i n,=0.48
constantV=0.1 eV was established. The value afwas i ngR049
taken to be close to 11.For the calculations of the resis- ) ) \
tivity, we used the Boltzmann-like formula given in Ref. 41.
The Dyson equation for the self-energy, which describes the
guasiparticles in thal band, was solved numerically. Be-
cause of the very flat band thed electrons play an essential
role in creating quasiparticles. The structure of the resulting
quasiparticle spectrum is temperature dependent.

The concept of the Dingle temperatfféTy) was used
to simulate broadening of the DOS peak visible &t
[Fig. 13c)] for increasing concentration of the f&egatoms.
Doniach and Sunjt¢ studied the x-ray edge problem at
T=0 K for disordered systems and observed broadening rg 13 The temperature dependencéathe d-like quasipar-
of the singularity in a way similar to that of increasing cie specific heaC,, divided by temperaturd, (b) the d-like qua-
temperature. siparticle electrical resistivity for different sets of model parameters

Figure 13b) presents the results for the resistivity. , andd-like quasiparticle band populatioms,, and(c) the d-like
The calculated temperature and disorder dependencies giiasiparticle electrical resistivity for different degrees of atomic
the resistivity follow qualitatively the experimental observa- disorder simulated by a Dingle temperature.
tions.

14} "r' .' \\\\\\\\\\ /‘-\—-—'8

———
——

12

7=0.0087 eV

Resistivity [arb. units]

Resistivity [arb. units]

0 100 200 300 400 500 600
Temperature [K]

calculations also predict a nonmagnetic ground state; how-
ever, atomic disorder leads to the appearance of a magnetic
IV. SUMMARY cluster. Using the TB-LMTO method, we have shown that
al‘or [FeTi AS][Ti7FeAS_]Srg yv_ith a small cor_mentratio_n
of Feyg atoms at antisite positions, the calculations predict a
flat, narrow bandnarrow peak in DOSlocated just below
€r , Which results from the hybridized states of the cluster.
The narrow peak in the DOS attributed toEeccupying

Experimental investigations have shown that sever
properties observed in the F&@Sn Heusler alloy, e.g., the
semiconductor-like behavior of the resistivity, the large
(compared to a normal mejatalue of the low-temperature

electron_|c specmc_- h_e_at coeffig:zlent, and the low-temperature nvigite atomic positions leads to anomalous thermodynamic
magnetic susceptibility~T~ ", resemble those observed ., qrties in FgTiSn and its V alloys attributed to many-
in the nonmagnetic narrow-gap semiconductor FeSi knowtyqqy effects. The high-temperature resistivity data obtained
as ad Kondo insulator. The FAiSn crystallizes in th&.2,  for = Fg,TiSn,  Fe,TigSn,  FeTigdVe,Sn, and
structure; however, a more detailed analysis of the x-rayge,Tj, v, Sn suggest that the mechanism of the electrical
diffraction data suggests a modulated structure or orthorhomyransport properties are attributed to interband transitions
bic distortion of the unit cell, both cases resulting from through a small gap located at, in agreement with our
atomic disorder. numerical calculations. Therefore, during our investigation
The electronic structure calculations have shown thabf the thermodynamic properties of A&, _,V,Sn alloys, we
FeTiSn is semimetallic and nonmagnetic. The TB-LMTO considered the Kimball-Falicov model, which qualitatively
method proved that the Fe defects in the nonmagnetic systedescribes the experimenta(T) dependencies. The Dingle
give rise to a narrow, and strongly correlatddike band temperature was used to simulate broadening of the DOS
located in the energy gap neag. For the FeTi;_,FeSn  peak visible atef.
and FeTi;_,V,Sn alloys, wherex=<0.1, the band-structure The electronic structure of the &, _,V,Sn alloys are
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also investigated by KKR-CPA method to analyze the influ- ACKNOWLEDGMENTS

ence of atomic disorder on electronic and magnetic proper- _
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