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The aim of this work is to investigate electronic structure, magnetic susceptibility, specific heat, and elec-
trical resistivity of Fe,VGa and the series of Fe,V;_,Ti,Ga Heusler alloys. We report x-ray photoelectron
valence-band spectra and compare the results with those obtained from full potential linear augmented plane
wave method. Fe,VGa is calculated as nonmagnetic semimetal with a pseudogap located at the Fermi level.
Disordered Fe atoms which occupy the V sites, make magnetic clusters, which give rise to negative giant
magnetoresistance (GMR). We found that the Kondo coupling between the low density of carrier and the
magnetic moments is not sufficient to screen the moments, which form a superparamagnetic state below
~20 K. The low temperature decrease in the resistivity and the GMR effect result from a decreased magnetic
scattering as the compound orders magnetically. A detailed analysis of the transport and thermodynamic
properties reveal a metal-insulator transition in Fe,VGa, closely resembling that of Mn doped FeSi. The Ti
doping increases the density of carriers, in consequence the system for x>0.2 is metallic.
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I. INTRODUCTION

The metal-insulator (or semiconductor) transitions are
continuously studied in various correlated systems,' for
which the low-T dependences of the macroscopic physical
properties characteristic of the Landau theory of Fermi
liquids,? are observed when T— 0. Among them there is a
class, the so-called Kondo insulator, which has a narrow en-
ergy gap of the order ~10 K at low temperatures. This class
of compounds exhibits the Kondo effect at high temperatures
and an insulating behavior at low temperatures. Usually, the
heavy-electron Fermi liquid (HF) with a large value of the
linear specific-heat coefficient, y=C/T, is formed in the in-
termetallic f-electron compounds. FeSi is a nonmagnetic nar-
row gap semiconductor® (or Kondo insulator) with unusual
features that it shares with a class of rare-earth compounds
known as hybridization gap semiconductors or Kondo
insulators.* Some other transition-metal-based materials have
characteristics similar to those of f-electron HF or Kondo
insulator systems. The physics of these d-electron interme-
tallic compounds with electronic gaps or pseudogaps at the
Fermi level are therefore studied extensively. Recently, the
Heusler-type Fe,VAI (Ref. 5) and Fe,TiSn (Ref. 6) com-
pounds have been discussed as possible d-Kondo insulators
of the FeSi-type’ due to their unusual electric transport and
thermodynamic properties. Namely, the electrical resistivity
of Fe,VAI and Fe,TiSn exhibits semiconducting-like behav-
ior and the low-T specific-heat data revealed an unusual up-
turn in C/T, commonly observed in heavy fermion systems.
The low-temperature specific-heat measurements for 7—0
yield a term yT with y~ 18 mJ/mol K? for Fe,VAIL?® and
~80 mJ/mol K? for Fe,TiSn,® which results in an effective
mass about 20 and 40 times as large as bare electron band
mass, respectively. This mass enhancement is thought to
originate from spin fluctuations®!” or from excitonic
correlations.!" Within the tight-binding localized muffin-tin
orbital (TB-LMTO) approximation,'? electronic structure
calculations indicated that Fe,TiSn and Fe,VAl should be a
nonmagnetic semimetal with a pseudogap in the density of
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states (DOS) at the Fermi level. In this regard, both alloys
show an apparent similarity to a nonmagnetic narrow-gap
semiconductor, FeSi, which has been classified as a unique
d-electron Kondo insulator. However, when the specific-heat
measurements were carried out in the magnetic fields, they
showed, that the upturn in C(7)/T was rather due to a
Schottky anomaly arising from magnetic clusters, but not to
Kondo interaction.® Also, the band-structure calculations did
not give evidence for HF behavior in Fe,VAI (Ref. 13) and
yield only a minor mass renormalization.>”!!* Likewise, an
infrared (IR) study did not show clear features of the HF
state in the electrodynamic response of Fe,VAL'> For
Fe,TiSn IR study suggests that the apparent mass enhance-
ment ~40m,, where m, is the free-electron mass at low tem-
perature is rather due to a Schottky-like anomaly arising
from magnetic clusters.'®

It is well known that the properties of strongly correlated
electron system are extraordinarily sensitive to the crystallo-
graphic disorder.!” The electronic structure of Fe,VAI and
Fe,TiSn is therefore strongly perturbed by antisite disorder
near the Fermi level €. Deniszczyk and Borgiet have
shown,'®1? using TB-LMTO numerical calculations, that the
Fe antisite defects in the nonmagnetic Fe,VAl and Fe,TiSn
give rise to the narrow, strongly correlated d-like band lo-
cated just below the Fermi level in the pseudogap. Taking
into account the analysis of the one-particle electronic struc-
ture, they showed that the many-body investigations qualita-
tively follow the experimental p(7) and C(T)/T observa-
tions. The character of the ground-state behavior in these
d-electron correlated materials has, however, not been solved
yet.

Electronic structure calculations within the full-potential
screened Korringa-Kohn-Rostocker (FSKKR) method indi-
cated that Heusler alloys show a Slater-Pauling behavior and
the total spin-magnetic moment per unit cell scales with the
total number of valence electrons following the rule M=Z
—24.20 Basing on the results obtained in Ref. 20, Fe,VGa
(also Fe,VAl and Fe,TiSn) should be a nonmagnetic semi-
metal, with a pseudogap in the DOS at the Fermi level. In-
deed, Fe,VGa was predicted from band-structure calcula-
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tions to be semimetallic and nonmagnetic.?! The NMR
measurements®? also supported the assignment of Fe,VGa as
a band semimetal with a finite DOS at the Fermi level. Re-
sistivity p(7) data, however, did not display activated
behavior?® at the low temperatures and supported the metal-
lic (semimetallic) character of Fe,VGa. Fe,VGa is also
known as a weak and inhomogeneous ferromagnet. The
magnetic properties of this alloy are due to atomic disorder
and local off-stoichiometry, characteristic for similar Fe-
Heusler alloys discussed above. Anomalous giant magnetore-
sistance (GMR) effect near 50% reported for Fe,VGa was a
fascinating discovery, which has indicated another possible
mechanism which is responsible either for the specific-heat
anomaly or the metal-insulator transition.’* The origin of
GMR and other anomalies can be explain qualitatively from
the combination of the semiconducting-like matrix and the
magnetic clusters formed by antisite magnetic Fe defects and
the local environment. There is a large number of the doped
magnetic semiconductor,” e.g., Ga;_,Mn,As with the pres-
ence of strong disorder, which plays an essential role in both
magnetic and transport properties of the system with the lo-
calization of carriers. The doped semiconductor/semimetal
Fe,VGa recently attracts a great deal of attention for the
possible applications and the reach physical properties.

The aim of this work is to investigate the electronic struc-
ture, electrical resistivity, and magnetic properties of
Fe,VGa. The band-structure calculations predict a semime-
tallic and nonmagnetic ground state; however, atomic disor-
der leads to appearance of a magnetic clusters. A set of ex-
periments has been embarked on to elucidate the critical
behavior and the role of localized magnetic moments on the
both sides of the metal-insulator transition in Fe,VGa. Our
data suggest that Fe,VGa shows an undercompensated
Kondo effect due to the low carrier concentration at the
Fermi level. The effect of Ti doping leads to increasing of the
density of carriers, in effect the Fe,V_,Ti,Ga alloys are well
Kondo screened metals for x>0.2.

II. EXPERIMENTAL DETAILS

Polycrystalline samples of Fe,V,_,Ti,Ga have been pre-
pared by arc melting the constituent elements (Fe 99.99%, V
99.99%, Ti 99.99%, and Ga 99.99% in purity) on a water
cooled copper hearth in a high purity argon atmosphere with
an Al getter. Each sample was remelted several times to pro-
mote homogeneity and annealed at 600 °C for two weeks
than at 400 °C for 24 hours followed by furnace cooling.
The samples were carefully examined by x-ray diffraction
analysis and found to be single-phase L2; Heusler-type
structure for x=0.4.

The dc magnetization was measured using a commercial
superconducting quantum interference device magnetometer
(MPMS) from 1.8 to 400 K in magnetic fields of up to 7 T.

Electrical resistivity measurements were made using a
standard four-wire technique. The specific heat was mea-
sured in the temperature range of 1.8-300 K and in external
magnetic fields of 0 and 4 T using a Quantum Design PPMS
platform.

The x-ray photoelectron spectroscopy (XPS) spectra were
obtained with monochromatized Al K« radiation at room
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FIG. 1. The total DOS calculated for Fe,VGa with the use of
spin-polarized FP-LAPW approach. The partial densities of states
of Fe, V, and Ga are also shown. The total DOS are compared to the
measured valence-band XPS data obtained for Fe,VGa,
F€2V0‘95Ti0'05Ga, and F€2V0‘8Tio‘2Ga.

temperature using a PHI 5700 ESCA spectrometer. The spec-
tra were measured immediately after cleaving the sample in a
vacuum of 107! Torr. The spectrometer was calibrated ac-
cording to Ref. 26. Binding energies were referenced to the
Fermi level (ex=0).

III. COMPUTATIONAL METHODS

We performed the band-structure calculations using
WIEN2K full potential linear augmented plane wave (FP-
LAPW) code?’ for the experimental lattice parameters. The
numerical calculations of the electronic density of states of
stoichiometric Fe,VGa with antisite (AS) defects were per-
formed for [Fe ,V55][V¢Fes]Gag unit cell, where two Fe
atoms occupied the V positions and vice versa (Feag V 55),
assuming a P1 space group of the 2X 1 X1 supercell.

In order to investigate the influence of Ti on magnetic
structure we used a 2 X 1 X 1 Pmm2 supercell where 1, 2, 3,
or 4 V atoms were replaced by Ti, that correspond to the
Fe;Vo.125Tio 875Ga, Fe,Vo 5Tl 75Ga, Fey Vo 305Tig 625Ga, and
Fe,V5TiysGa compositions. In supercell calculations we
used 162 k points in the irreducible Brillouine zone, whereas
the FP-LAPW calculations of Fe,VGa were performed for
560 k points. Calculations were also thoroughly checked for
convergence with respect to k point number. The muffin-tin
(MT) spheres were 2.34 a.u. for transition elements (Fe,V,Ti)
and 2.2 a.u. for Ga. In all case the PBE GGA96 exchange-
correlation (XC) potential was used.?

IV. RESULTS AND DISCUSSION
A. Electronic structure

In Fig. 1 we show the calculated total and partial atomic
DOSs obtained for the stoichiometric and ordered compound
Fe,VGa. Also shown in the figure, for comparison, are the
XPS valence-band spectra for Fe,VGa and Fe,V,_,.Ti Ga
with x=0.05 and 0.2. In general, there is a qualitative agree-
ment between the XPS spectra obtained experimentally and
the calculated DOS. In Fig. 1 the total DOS spectrum de-
composes into two clearly separated parts. A band located in
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the binding-energy range of 7.5-10 eV originating mainly
from the s states of Ga is separated by a gap of ~1.5 eV
from the valence band. The upper part of valence band,
where the maximum in the DOS occurs, is mainly composed
of Fe d states. Fe,VGa appears semimetallic and nonmag-
netic in FP-LAPW with the DOS at the Fermi level of
~0.3 eV~! f.u."!. To better understand the properties of real
Fe,VGa crystals, exhibiting strong atomic disorder, we also
investigated the electronic structure of Fe,VGa alloy with
one Fe atom occupying the V site. It is well documented®®-3
that in the disordered Fe,VAl the Fe and V atoms at the
antisite positions (Fe«<>V) give rise to narrow impurity
d-band located just in the middle of quasigap calculated for
an ordered Fe,VAIl compound.’! An atomic disorder leads to
very similar d-band effect in Fe,TiSn.!> Recently, we also
have shown that this narrow d-band formed by the antisite Fe
atoms significantly changes the shape of the XPS spectra
near the Fermi level.!”

Results of our FP-LAPW band-structure calculations for
defected [FeMV?S][VGFe‘;S]Gag structure are presented in
Fig. 2. The total DOS [Fig. 2(a)] has a pseudogap located
~0.2 eV above the Fermi level and a sharp and narrow
d-electron peak in the DOS just at €. The DOS of this peak
is composed mainly of the antisite Fe,g d states of iron de-
fects occupying the V sites [in Fig. 2(c)]. In panel (b) we
present the calculated DOS for Fe atoms occupying the
normal positions. In our calculations the disordered Fe,VGa
is nonmagnetic. Our supercell calculations give no evidence
for the formation of  magnetic clusters for
[Fe 4, V53][V¢Fes ]Gag due to Fe«V change, but the mag-
netic AS defects are calculated for larger occupation of V
sites by Fe atoms.

In Fig. 3 are presented the XPS valence-band spectra
of Fe,VGa corrected for background®? and the calculated
XPS spectra curves for Fe,VGa [ordered, (a)] and
[Fe ,V5S][VeFesS]Gag [disordered, (b)], for which the cal-
culated partial densities of states were convoluted with
Lorentzian with a 0.4 eV half-width to account for the instru-
mental resolution and multiplied by the corresponding cross
sections for partial states of Fe, V, and Ga with different /
symmetry, taken from Ref. 33. The energy spectra of the
electrons were analyzed with an energy resolution better than
0.4 eV. In general, there is a qualitative agreement between
the XPS spectra obtained experimentally and the calculated
ones. However, the high-resolution XPS valence bands
clearly show a feature attributed to an antisite Fe contribu-
tion in binding energies between € and 1 eV. In the near
vicinity of the Fermi level (see Fig. 3) the agreement be-
tween the measured XPS spectra and calculated one for the
disordered Fe,VGa is very good, which evidently signals the
location of the AS d states at the Fermi level. At higher bind-
ing energies the physical origin of discrepancy between the
calculated and measured XPS spectra [either (a) or (b)] is not
clear. It can also be attributed to the atomic disorder. Another
reason could be a modeling character of background subtrac-
tion. In Fig. 3 the XPS spectra obtained experimentally are
subtracted in by the backgrounds which have been calculated
with approximate (although well validated) Tougaard
algorithms.*

Figure 4 shows an evolution of FP-LAPW DOS in sur-
rounding of € in the series of the Fe,V,_/Ti,Ga alloys vs

PHYSICAL REVIEW B 80, 235121 (2009)

10

DOS (states/eV f.u.)

0 5

DOS (states/eV-Fe)

DOS (states/eV-Fe)

Energy (eV)

FIG. 2. (a) The total DOS calculated by FP-LAPW supercell
approach for [Fe14V2AS][V6Fe2AS]Ga8; the partial DOSs are also pre-
sented. (b) The calculated DOSs (per one Fe atom) for Fe atoms
occupying the normal positions (1-14) in [Fe;4V55][V¢FesS]Gas.
(c) The AS iron d states in [Fe,4V55][V¢Fes®]Gag supercell, occu-
pying the V sites.

concentration of Ti. The doping of Fe,VGa by Ti decreases
the number of valence electrons in the Fe,V,_,Ti,Ga series.
The pseudogaps are located above the Fermi level at E> €.
With decreasing the number of valence electrons the
Fe,V,_,TiGa alloys are calculated as nonmagnetic for x
=0.125 and x=0.25, while the components x>0.25 of the
system are magnetic. In consequence, it also appears that all
Fe atoms in Fe,VGa are nonmagnetic with the same DOS in
both spin directions. Upon Ti doping a minority density of
states dominate the band structure of Fe atoms at the Fermi
surface when x>0.25, which leads to the formation of the
magnetic moment. The observed in the figure change in DOS
vs x suggests the following explanation for the onset of mag-
netism in the series of Fe,V;_,Ti,Ga alloys. The increasing
content of Ti changes the number of d-type electrons. For the
components of the Fe,V,_,Ti,Ga series rich in V (x=0.25),
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FIG. 3. Experimental valence-band spectrum (corrected by
background) compared with the results of the FP LAPW calcula-
tions performed for the compound Fe,VGa (a) and for the
[Fe,4V5S][VeFes31Gag supercell (b) containing Fe-AS defects.

the small decrease in the number of 3d electrons (less than
20%) causes the distinct shift of the Fermi level toward the
top of the valence band. In consequence, the DOS at e
increases gradually, however, not enough to fulfil the Stoner
criterion for magnetic order. The DOSs at e satisfy the

14 P T R T TR RO R S
12 | FeZV1_XTiXGa

10 4 —x=0.125

DOS (states/eV-formula unit)
»

DOS (states/eV-formula unit)

bhtowmao

!
N
Il
DOS (statesieV-fonnula unit

@f°
-10 -5
Energy (eV)

'
»
1
o
3
1@

T T

O J----=
[6)]

FIG. 4. (a) The total DOS calculated by FP LAPW supercell
approach for Fe,V( g75Ti( 125Ga and Fe,V 75Tij»sGa. In panel (b)
the spin-resolved DOS for Fe,V 75Tig 125Ga and Fe,V 5Tij sGa.
The inset shows details near the Fermi level. With increasing x the
majority spin bands shifts toward the higher binding energy, giving
a pseudogap at €. The minority spin bands shifts in the opposite
direction towards energies E>> eg. In result, half-metallic-like char-
acter of the bands is possible.
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FIG. 5. The energy for several hypothetical Fe,VGa crystals vs
volume 5% on either side of the experimental volume. In the inset
are the DOSs near the Fermi level of Fe,VGa, calculated for vol-
ume obtained experimentally and for two hypothetical alloys with
the volume 5% larger or smaller.

Stoner criterion for x>0.25 and the components of the
Fe,V,_,Ti,Ga system with the concentration of Ti larger than
~25% become magnetic.

In order to see the effect of external pressure on the
pseudo band gap in Fe,VGa, we calculated the energy for 41
crystal volumes within a =5% value on either side of the
experimental volume. We found that the *5% change in
volume practically does not change the pseudogap (see the
inset of Fig. 5). Similar results were obtained for Fe,VAL!!
Hence we predict that the effect of lattice pressure resulting
from the partial replacement of V by Ti would not change
drastically the semimetallic state in Fe,V,_,Ti,Ga. Fit of the
second-order Murnaghan equation®* in Fig. 5 gives the very
low value of the bulk modulus B=6.8 GPa, much smaller
than that (49 GPa) reported for Fe,VAl, which indicates a
soft lattice.!! The equilibrium volume V,=1204.9 a.u.’ gives
lattice parameter 5.63 A, which is 2.2% smaller than the
value measured at the room temperature. The change in the
number of conduction electrons should be therefore much
more important effect in the electric transport properties of
the system of Fe,V,_,Ti,Ga alloys with small x value (x<
~0.1) then the influence of external pressure caused by
doping.

B. Magnetic susceptibility

Shown in Fig. 6 are real (x') and imaginary (x”) compo-
nents of magnetic ac susceptibility y data plotted as x’ and
X" vs T between 1.8 and 60 K for (a) Fe,VGa and (b)
Fe, V05Tl sGa alloys. x’ deviates markedly from a Curie-
Weiss law and increases when 7— 300 K. This behavior
signals spin fluctuations. An alternative suggestion is based
on a model that requires the existence of correlated magnetic
excited states lying above the nonmagnetic ground state.’
Figs. 6(a) and 6(b) display the x’ and x” frequency depen-
dence, with the maximum reduced with increasing fre-
quency. This is characteristic behavior of spin glasses. The
magnetization data presented in Fig. 7 suggest, however, su-
perparamagnetic behavior for Fe,VGa. We found that for 2
<T=25 K, M is universal function of H/T. In this tempera-
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FIG. 6. Real x' and imaginary x” components of ac magnetic
susceptibility vs temperature for Fe,VGa (a) and Fe,Vo5Tij osGa
(b). The inset in panel (a) shows ' measured at higher tempera-
tures (v=130 Hz). The inset in panel (b) displays the magnetization
vs magnetic field at different temperatures. The saturation magnetic
moment g, obtained from an extrapolation of an M vs 1/H—0, is
0.12 up for Fe,VGa and 0.09 wp for Fe,V¢5Tij g5Ga.

ture region the magnetization does not show any hysteresis
loops in the field dependence of magnetization M. These two
experimental features characterize superparamagnetism,’
therefore the behavior observed here is of the superparamag-
netic type rather than the spin glass-type. In Fig. 7 the M vs
H data displays, however, a small hysteresis of 22 mT at T
=2 K, which suggests the blocking temperature ~2 K [also
X' shows a small maximum at ~2 K, see Fig. 6(a)]. The
Arrott analysis in Fig. 7(c) shows that Fe,VGa is magneti-
cally inhomogeneous and the magnetic clusters are forming
without global ordering below ~20 K. A similar superpara-
magnetic behavior was also found for a doped Fe,VGa [see
Fig. 6(b)].

The important point here for understanding the electrical
transport properties and specific heat is the density of mag-
netic moments, which are created by disorder. Assuming that
the Fe antisites dominate in Fe,VGa and taking g=1.93 and
S=3/2 for these defects, the saturation magnetization of
Fe,VGa expressed by M¢=Ng.gupS gives an impurity con-
centration of ~1.1 X 10'® ¢cm™. This value of N, is compa-
rable to the number of carriers found in similar Heusler al-
loys: Fe,TiSn (Ref. 16) or Fe,VAL!? The absolute value of
the Drude plasma frequency w, implies a carrier density as
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FIG. 7. Fe,VGa: (a) dc magnetization versus magnetic field H.
In panel (b) is shown magnetization M versus H/T, panel (c) dis-
plays the M? versus H/M.
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FIG. 8. The ZFC and FC dc susceptibility for Fe,V,_ Ti ,Ga.

small as n~5X10* ¢cm™ for Fe,TiSn, under assumption
m*=my

In Fig. 8 we summarize the zero-field cooling (ZFC) and
field cooling (FC) dc susceptibility for Fe,V,_,Ti,Ga, when
x=0.4. For the samples x=0.2 the magnetic susceptibility
deviates markedly from a Curie-Weiss law and has a strong
dependence on the concentration x. The plots of y vs T (and
X_l \'A) T) for F62VG8., F62V()_95Ti0405Ga, and F62V().8Ti0_2Ga
in Fig. 8 signal the onset of the weak magnetic behavior due
to AS Fe defects, with characteristic features in y(7) similar
to those in y vs T plot for disordered Fe,TiSn. The dc mag-
netic susceptibility of Fe,V¢Tij4Ga exhibits different be-
havior. It is hysteretic under ZFC and FC below ~100 K
which is typical for inhomogeneous ferromagnets, whereas
for 7>200 K x obeys the Curie-Weiss law. The paramag-
netic Curie-Weiss temperature 6~-70 K with the C
=Nu?/(3kg) value that is close to the value C
=1.9 emu K/mol expected for an iron configuration d’ Fe*.
The negative paramagnetic Curie-Weiss temperature sug-
gests the presence of Kondo-type interactions. From the
value of # the Kondo temperature T~ 6/4 may be about 20
K.30 There is also a small hysteresis at T=2 K in the field
dependence of the magnetization M, whereas magnetization
does not show any hysteresis loops at 7>2 K such as for
samples x=0.2. In the case of Fe,V¢Tiy,4Ga, however, the
ferromagnetic particles can contain either the AS magnetic
Fe atoms or the remaining Fe atoms occupying all Fe atomic
positions, which are magnetic too. The FP-LAPW calcula-
tions for Fe,V(4,5Tip375Ga predicted a magnetic ground
state with a magnetic moment of 0.24 up per formula unit
which is comparable to the saturation magnetic moment of
Fe,V¢Tip4Ga, ug=0.14 up (obtained from an extrapolation
of the M vs 1/H plots to 1/H=0). The magnetic ground-
state properties of Fe,V¢Tiy4Ga are well explained on the
base of Galanakis et al.?® diagram due to the change (de-
creasing) in valence electrons in the doped Fe,VGa.

The finite carrier concentration of the doped Fe,VGa
semimetal is the consequence of the Fe-AS impurity band
that develops in the gap. Each impurity breaks the transla-
tional invariance of the lattice and gives rise to a bound state
in the pseudogap (see Fig. 2). For low x (x<<0.2) the bound
states are isolated and localized. The conclusion from mag-
netic measurements is that there are residual unscreened
spins in Fe,VGa and Fe,V,_,Ti,Ga; x<0.2. We are dealing
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FIG. 9. (Color online) The temperature dependence of the elec-
trical resistivity p(7) normalized to the p(T=300 K) for various
Fe,V,_,Ti,Ga samples. The resistivity p at 300 K is 415 w{) cm
for Fe,VGa and 135 u£) cm for Fe,V ¢sTi ¢sGa. For x>0.05 p is
~120 () cm at the room temperature. The resistivity of Fe,VGa
obeys the relationship p(T)=a—bT—c/T+e*". The inset displays
p(T) vs In T for Fe,V¢Tij,Ga.

with an undercompensated Kondo problem where there are
not enough free carriers with spin S=1/2 to screen the re-
maining local moments associated with AS Fe defects. If
spin compensation would be dominant mechanism respon-
sible for the low-temperature Kondo-lattice behavior, the y
~T "2 power law should be observed in the low-
temperature limit?’ this is, however, not the case. The sus-
ceptibility y under zero field cooling is not linear with 712
either for Fe,VGa or for small x. From our band-structure
calculations results that the compound without AS defects
may have a very small (intrinsic) susceptibility of ~6
%X 107 emu/mol. The underscreened AS defects then add a
contribution to the susceptibility that can be considered ex-
trinsic. Therefore, an analysis of y at low temperatures
would not show the expected y(T) ~ T~""? Kondo-like behav-
ior for x<<0.2, since y is dominated by the undercompen-
sated Kondo effect. With increasing x, the number of carriers
increases too, that leads to much better screening of the mag-
netic moments. Thus y(7) shows T°'? power law at T
<8 K for the sample x=0.4.

C. Electrical resistivity

The evolution of resistivity p with Ti substitution is pre-
sented in Fig. 9. The data shown in the figure reveal that the
pure sample is very poor conductor with resistivity value at
300 K of 415 w€) cm. The resistivity is gradually decreasing
with Ti doping; for x>0.05 p(T) shows a typical behavior of
metals. The apparent maximum in p(7) of Fe,VGa and
Fe,V95TigosGa can be explain in a few ways: (i) it can
result from an interplay of the spin-glass-like behavior and
Kondo effect,’®% (ii) the Kondo effect is negligible and the
maximum arises due to the combined effect of a modified-
phonon contribution ~-bT and the RKKY spin-flip scatter-
ing contribution,* (iii) a negative temperature coefficient of
the resistivity (TCR) dp/dT<0 usually attributed to the
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FIG. 10. Temperature dependence of the electrical resistivity of
Fe,VGa [in panel (a)] and Fe,V95Tij osGa, (b), at different mag-
netic fields. The inset (a) displays the resistivity log p vs 1/T. The
inset (b) shows magnetoresistance Ap/p(0) vs magnetic field H at
1.8 K indicated in %, Ap=p(H)—p(0). The same field dependence
of Ap/p(0) is measured for the sample Fe,VosTiposGa at T
=1.8 K with the maximal value of Ap/p(0)~27% at the field H
=9 T.

strong atomic disorder*! can be dominated by the inhomoge-
neous magnetic phase at the temperatures 7<<30 K, finally
(iv) within the many-electron model,*? the temperature varia-
tion in the quasiparticle structure and the measured quantities
such as electrical resistivity, electronic specific heat, etc. can
be well described for strongly correlated narrow AS d-band
interacting via hybridization with a broad band.'*?°

The role of narrow d-AS Fe-bands seems to be important
in understanding of the physical properties of the doped
Fe,VGa alloys. Alternatively, as shown in Fig. 9, the resis-
tivity of Fe,VGa roughly obey the relationship p(T)=a—-bT
—c/T+e*PT, with AE=1.3 K. The gap of order 1 K in
Fe,VGa seems rather unphysical here. However, inside very
simple approach much more interesting is that the obtained
value of AE#0, which suggests the presence of narrow
pseudogap in the electronic density of states of the system
with atomic disorder. Moreover, a broad peak in electrical
resistivity coincides with the maximum in ac susceptibility
(see Fig. 6), which indicates that the anomaly in p(7) can be
due to the presence of magnetic defects, such as those mea-
sured via field-dependent specific heat (will be discussed).
These magnetic defects could lead to negative GMR at T
< ~80 K. The GMR effect is ~25% at T=1.8 K in the
field of 9 T (see Fig. 10). The same GMR effect was reported
very recently for Fe,VGa (Ref. 24) and discussed in terms of
the metal-insulator transition affected by magnetic moments.

PHYSICAL REVIEW B 80, 235121 (2009)

The model proposed in Ref. 24 bases on the assumption that
in the metallic state the magnetic clusters are ordered,
whereas weak ferromagnetic coupling among the clusters is
broken by thermal fluctuations of the cluster moments in
consequence the semiconducting behavior is dominant in the
paramagnetic region (7> T) in the nearly insulating matrix.
In the metallic region the ferromagnetic clusters are metallic
in their inside, which is well supported by the FP-LAPW
calculations in Fig. 2(c), and the electrons can transfer
through the nearly insulating matrix [as is shown in Fig.
2(a)] by tunneling between the magnetic clusters. The metal-
lic region can be developed apparently by the magnetic field.
In Figs. 9 and 10 the resistivity of Fe,VGa displays activated
behavior between 160 and 260 K; i.e., p(T)~ e*E*s7 with
A=10 K. This circumstance resembles to a magnetic
semiconductor such as Ga,_MnAs,* In,_ MnAs*
Ga,_,Mn,P,* Ga,_ Mn,Sb,* etc. One of the common impor-
tant features of these materials is the invariable presence of
strong disorder, which plays an essential role in both mag-
netic and transport properties of the systems with the most
prominent effect being the localization of carriers. Although
the cluster model®* explains qualitatively the nature of the
maximum in p(7) of Fe,VGa, problems in describing the
observation of power-law divergent C(T)/T and x(T) with
similar exponents in Fe,VGa and FeV ) ¢sTij o5Ga still exists.
Our studies of polycrystalline Fe,VGa and chemically sub-
stituted Fe,V,_,Ti,Ga samples (where x<<0.2) suggest that a
magnetic ground state could be responsible for the existence
of a Griffiths-McCoy phase. This model predicts power-law
behavior of C(T)/T and x(T) with the similar power-law
exponents.*’ The best fits of the Griffiths-McCoy phase rela-
tions C/T~T™" and y~T" to C(T) and x(7T) data yield
similar values of n (n=0.34 and 0.27, respectively) below
~5 K. Our data resemble that of Guo et al.*® who claim to
have found evidence for Griffiths phases in Co doped FeS,.
In light of the divergent thermodynamic properties at 7T— 0,
Fe,VGa may be more closely described by model proposed
by Manyala et al.*® for undercompensated Kondo effect in
doping semiconductor FeSi. The magnetotransport data re-
vealed that FeSi doped with Mn is a non-Fermi liquid. It
seems that disordered Fe,VGa doped by Ti belong to the
class of doped small-band gap semiconductors near a metal-
insulator transition, which can also display a non-Fermi liq-
uid state.

As was suggested, the resistivity data presented in Figs. 9
and 10 clearly indicate the importance of magnetic scattering
on the carrier transport. The number of carriers is compa-
rable to the number of magnetic defects. The colossal nega-
tive magnetoresistance (MR) clearly points this out. In addi-
tion, the sharpness of the MR at low fields also indicates that
the carriers are in magnetically ordered compound, rather
than a paramagnetic compound. In Fig. 9 the low T decrease
in the resistivity is clearly indicating a decreases magnetic
scattering as the compound orders magnetically below
~20 K [see Fig. 7(c)]. This is in good reference to the sus-
ceptibility data of Fig. 6(a). The susceptibility saturates at the
same temperature where the resistivity decreases. The reason
for this decrease and the negative magnetoresistance is the
small density of electrical carriers, which are scattered by the
magnetic moments. Either a field or an ordering of magnetic
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FIG. 11. Temperature dependence of the specific heat of
Fe,VGa. The solid line is a fit discussed in the text. The inset
presents the low-temperature data in the form C(T)/T vs T at the
magnetic fields H=0, 2, and 4 T.

moments can remove this scattering resulting in a substantial
decrease in the resistivity.

The conclusion from all the thermodynamic electric resis-
tivity and magnetic measurements is that there are residual,
unscreened spins either in disordered Fe,VGa or Fe,VGa
doped by Ti. The Kondo coupling between the low density of
carriers and the magnetic moments is not sufficient to screen
the moments, which is suggested by the susceptibility. The
mechanism underlying the non-Fermi liquid behavior seems
to be similar to that proposed very recently for an undercom-
pensated Kondo problem in FeSi:Mn,* where there are not
enough free carriers with spin S=1/2, to screen the remain-
ing local moments associated with AS defects. The effect of
doping add carriers (see Fig. 1) which results in a much
better screening of the magnetic moments. Thus the resistiv-
ity decreases substantially because of an increased carrier
density and a decreased scattering rate. This conclusion is
well supported by the band-structure calculations, which
show increasing of DOS at the Fermi level vs Ti doping. The
inset to Fig. 9 indicates a Fermi liquid ground state that is not
observed for Fe,VGa and Fe,V 5Ti( o5Ga.

The resistivity of Fe,VGa slightly deviates from activated
behavior at 7> ~260 K, which means that the electron-
phonon interaction dominates. This deviation is more distinct
for FeV(¢sTij0sGa at 7>80 K, whereas the alloys x=0.2
and 0.4 displays the metallic character in p(7T) curves.

D. Specific heat

The resistivity data reveal an importance of magnetic
scattering on the carrier transport in Fe,VGa. The enormous
negative magnetoresistance clearly points this out. The Arrott
analysis has confirmed the magnetic clusters at lower tem-
peratures which are forming without a global ordering. If this
interpretation is correct one would expect a linear-in-7" con-
tribution to the specific heat and a Schottky-like peak in
C(T)/T at the magnetic fields and low temperatures.

Figure 11 displays temperature dependence of the specific
heat of Fe,VGa measured in zero magnetic field. In tempera-
ture region 7>70 K C(T) can be described by the equation:
C(T)=yT+n X 9R(g)* [T (eff; _dx, in which the first term
is the electron specific heat Ce,(T3= yT, while the second one
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FIG. 12. Temperature dependence of AC vs T in magnetic fields
of 0, 2 and 4 T. The dotted curve is a fit of a two-level Schottky-like
function Cg,=Nkg(e/T)?e€T/(1+e97)? to the AC data. In the plot
AC=C(T)-(yoT+BT?), where y, and S are obtained from the lin-
ear dependence of C/T vs T?. The continuous line is a plot of

x2e* x2e(2I+1)x

multilevel Schottky function AC =NFekB[m -(2J+ l)zm .

represents the phonon contribution (full Debye expression)
characterized by the Debye temperature 6, n is the number
of atoms per formula unit. The solid line in Fig. 11 presents
temperature variation in the calculated specific heat with the
parameters y=27 mJ/mol K2, n=4, and 6,=433 K. The
specific-heat C(T) data do not show any feature characteris-
tic of the magnetic phase transition for ferromagnetic state,
however, the AC defined as the measured specific heat sub-
tracted by the calculated C,; and phonon contributions has a
broad peak with maximum in AC of ~2.5 J/mol K? at the
temperature of 70 K, which could be attributed to magnetic
inhomogeneous state resulting from the presence of magnetic
defects.

The results of specific-heat measurements performed in
applied fields 0, 2, and 4 T are shown in the inset of Fig. 12
as C/T vs T. The specific-heat data follow the relationship
C(T)=,T+BT°. We have fit the data between 8 and 20 K to
C/T=y,+BT? (the fit is not shown in the figure) with 7,
=15.5 mJ/mol K? and B=0.0653 mJ/mol K*. In the low-
temperature limit, the Debye temperature 6, obtained from

4
B= 12ng)_1§ is 492 K. A very similar parameters were obtained

recently58 from the specific-heat data for Fe,VGa. The low-T
upturn in C/T at H=0 was interpreted as result of Schottky-
like anomalies due to magnetic defects.®° Namely, assum-
ing that the specific heat is a sum, AC+ v,T+ 8T>, and using
the vy, and B parameters extracted above, it is possible to fit
the AC data at H=4 T to a two-level Schottky function
Cy,=Npckg(e/T)?e“T/(1+e7)?, with e=18.7 K. In Fig. 12
the line is the best fit of expression to the experimental data.
However, similar field dependence of C(7)/T is observed for
several f-electron heavy fermion materials. While the low-T
upturn in C/T could be associated with narrow d-band of AS
Fe defects, the vy value should be renormalized by the large
effective mass m™ and the enhanced DOS at the Fermi level.
For these type of Fe-Heusler alloys the effective mass is even
40X my,'® also FP-LAPW gives for the defected
[Fe,,V53][V¢Fes¥]Gag the DOS at € of ~5.5 eV~ fu. ™.
In Fig. 12 the specific-heat data appear to indicate the
presence of a large number of magnetic moments, which are
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not interacting with their neighbor. A simple fit of Schottky
function to the AC data at H=4 T (dotted curve) gives a
large number of ~7 X 10'® cm™ of Schottky centers, thus
the increased C(T)/T at zero field and at low temperatures.
We also fit AC for a field 4 T to the multilevel Schottky

2p(27+1)x

function:! AC:NFekB[%—(2J+1)2(:fwTI)Z], where x
=gugH/kgT. The fit with g=1.93, J=3/2, and Ng.=~4
X 10'® cm™ is plotted in Fig. 12 as continuous curve. A
magnetic field shifts the AC contribution to the specific heat
to higher temperatures as shown in Fig. 12, resulting in a
Schottky-like anomaly in C(7)/T shown in Fig. 11. This be-
havior is consistent with a large scattering potential for the
electrical carriers from fluctuating magnetic moments. The
observation, that AC maximum decreases with increasing ap-
plied field and shifts towards higher temperatures is charac-
teristic for canonical spin glasses.>

V. SUMMARY

Fe,VAI and Fe,TiSn Heusler alloys have recently been
discussed as possible d-electron heavy fermions, where the
resistivity displays an anomalous temperature dependence,
and specific-heat measurements reveal an upturn in C(T)/T
resembling that of conventional f-electron HF compounds.
From the optical conductivity data it has been shown that
these both alloys have a deep pseudogap at the Fermi
level,'>1% which is unusual for intermetallic compounds.
However, an infrared study have found no characteristic fea-
tures of the HF state in these alloys, which is in contradiction
to the specific-heat C(T)/T data at T— 0. Alternatively, crys-
tallographic disorder resulting from atomic site exchange be-
tween Fe or Ti atoms can lead to clusters, which could ex-
plain the low-T physical properties of Fe,VAI or Fe,TiSn
alloys, respectively. The model which assumes that the
physical properties of the nonmagnetic Fe,VAI or Fe,TiSn
are dominated by atomic Fe defects is generally accepted,
while Kondo insulating state seems not to be dominated.
However, these Fe antisite defects give rise to the narrow,
strongly correlated d band, as was shown in Refs. 19 and 31.
In this scenario, several low-T properties observed in Fe, VAl
or Fe,TiSn resemble those in the nonmagnetic narrow-gap
semiconductor FeSi, known as the d-electron Kondo
insulator.>

Experimental investigations have shown that several
properties observed in Fe,VGa, e.g., low-T upturn in C/T,
the pseudogap at €5 in the DOS, and the narrow d band at €
resulting from atomic disorder, resemble those characteristic
of Fe,VAI and Fe,TiSn. The electronic structure calculations
have shown that Fe,VGa is semimetallic and nonmagnetic.
The FP LAPW method proved that Fe defects also form in
the supercell [Fe,,V5°][V¢Fe5]Gag the narrow and corre-
lated d-bands at the Fermi level, however, the Fe,g defects
are calculated as nonmagnetic in contrast to the remaining
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systems (Fe,TiSn and Fe,VAl) discussed here. The fre-
quency dependence of y indicates, however, formation of the
spin-glass-type behavior due to the Fe-defects different than
that, considered for the supercell [Fe ,V55|[V¢Fes®]Gag. It
is possible to generate magnetic Fe,g clusters in the disor-
dered system Fe;_,V,Ga. The band-structure calculations for
x=0.5-0.94 confirmed the conclusions drawn from experi-
ments about the existence of magnetic clusters.>® For small
concentrations of Fe,g atoms calculations have shown that
AS impurities together with eight surrounding Fe atoms form
the magnetic clusters. The magnetic moment of the Fe-AS
atoms is large (~2.7 wp).3° Therefore, the magnetic proper-
ties of Fe,VGa alloy can be interpreted as follows: the stoi-
chiometric intermetallic compound is nonmagnetic, but con-
tain Fe defects with magnetic moments in the off
stoichiometric volume fractions of the sample. The Fe-
defects can give contribution to spin glass-like (superpara-
magnetic) behavior leading to false heavy fermion behavior.
The magnetic and resistivity data presented indicate that
there is a tremendous importance of magnetic scattering on
the carrier transport. Our data suggest that Fe,VGa is the
system with undercompensated Kondo effect, resulting from
atomic disorder and formation of a pseudogap at the Fermi
level. It is clear then that the Kondo coupling between the
low density of carriers and the magnetic moments is not
sufficient to screen the moments. Therefore, the low-
temperature dependence in the resistivity is indicating de-
creased magnetic scattering due to the magnetic order ob-
served below ~20 K. Magnetic field removes the scattering
potential producing a large negative magnetoresistance. The
specific-heat data indicate the presence of a large number of
noninteracting and partially screened magnetic moments
which gives rise to the low-T upturn in C(T)/T at H=0. The
number of these moments is comparable to the number of
carriers.

The effect of Ti doping leads to increasing of the density
of carriers, in effect the Fe,V,_,Ti,Ga alloys with x>0.2 are
metallic, with much better Kondo screening. Our measure-
ments suggest that the pseudogap in Fe,VGa is rapidly sup-
pressed even by a small amount of Ti, suggesting the impor-
tance of changing the number of valence electrons. A similar
effect of increasing the number of conduction electrons on
the hybridization gap was recently observed in the Kondo
insulator CeRhSb, when Sb is substituted by Sn.>* In the case
of Fe,VGa the gap is, however, strongly destroyed by mag-
netic correlations due to the presence of magnetic Fe defects,
therefore the system Fe,V,_ Ti,Ga of alloys easily evolves
from semimetallic to metallic character.
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