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Electronic structure and charge dynamics of the Heusler alloy Fe2TiSn probed
by infrared and optical spectroscopy
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We report on the electrodynamics of a Heusler alloy Fe2TiSn probed over 4 decades in energy: from the far
infrared to the ultraviolet. Our results do not support the suggestion of Kondo-lattice behavior inferred from
specific-heat measurements. Instead, we find a conventional Drude-like response of free carriers, with two
additional absorption bands centered at around 0.1 and 0.87 eV. The latter feature can be interpreted as
excitations across a pseudogap, in accord with band-structure calculations.
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Fe2TiSn belongs to a large group of materials commo
referred to as Heusler alloys with the general formulaX2YZ,
whereX andY are transition metals andZ is a nonmagnetic
element. Heusler and closely related half-Heusler~with the
formula XYZ) alloys have been the subject of continued
terest for almost 70 years.1–4 A member of this family
Fe2VAl has recently attracted a lot of attention in connecti
with possibled-electron heavy fermion~HF! behavior.5 The
resistivity of Fe2VAl displayed anomalous temperature d
pendence, and specific-heat measurements revealed a
turn in Cv(T) resembling that of conventionalf-electron HF
compounds.5 However when the specific-heat measureme
were repeated in high magnetic field, they showed that
up-turn was due to a Schottky anomaly arising from m
netic clusters, not the Kondo interaction.6 A number of band-
structure calculations yield only a minor ma
renormalization.7–10An infrared~IR! study reported recently
for Fe2VAl ~Ref. 11! also finds no characteristic features
the HF state in the electrodynamic response of this co
pound.

Based on electrical resistivity and specific-heat meas
ments, Fe2TiSn has also been speculated to be a HF m
with the quasiparticle effective mass of;40me , whereme is
the free-electron mass.12,13Note, however, that the electron
contributiong to the specific heatCv(T)5gT1bT3 is rela-
tively small ~12 mJ mol21 K22) compared with conven
tional HF metals. Moreover, a similar temperature dep
dence ofCv(T) in Fe2VAl had first been proposed to b
Kondo in origin, and then showed to be due to the Schot
anomaly. Motivated by this unsettled issue we used IR
optical spectroscopy to directly test the hypothesis of the
state in Fe2TiSn. Optical experiments are perfectly suited f
such a task because they probe both the intraband and i
band electronic excitations and have been successfully
ployed in studies off-electron HF systems.14–18

The polycrystalline samples of Fe2TiSn were grown by
arc melting under high-purity argon on a copper hearth
0163-1829/2002/66~7!/075122~4!/$20.00 66 0751
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have previously been characterized by x-ray diffraction, el
trical resistivity, susceptibility, specific-heat, and XP
measurements.12 For IR measurements, the samples we
mechanically polished until a mirrorlike surface wa
achieved. Near normal incidence, reflectanceR(v) was mea-
sured at UCSD in a broad frequency range 40–20 000 cm21

('5 meV–2.5 eV) and temperature range~from 10 K to
300 K!. To obtain the absolute values ofR(v), the samples
were coatedin situ with gold or aluminum in an optica
cryostat and the spectrum of a metal-coated sample was
as a reference. This procedure yields reliable absolute va
of R(v) and does not require ambiguous corrections for d
fuse reflectance.19 The IR measurements were supplemen
with ultraviolet reflectance measurements up to 100 0
cm21 ~12 eV! performed at room temperature at ETH.

Figure 1 shows the reflectance of Fe2TiSn at several se-
lected temperatures. The general shape of reflectance is
tallic, but the exact position of the plasma minimum is o
scured because the free-carrier response overlaps
interband transitions. The far-infrared reflectivity (v
,600 cm21) decreases as temperature increases, a beha
typical for metallic systems. The midinfrared reflectanc
however, shows a more complicated temperature dep
dence: in the range between 600–3000 cm21, R(v) de-
creases with temperature. At higher frequenciesv
.3000 cm21), the spectra are temperature independe
The peaks at;250 cm21 and;50 000 cm21 can be inter-
preted as an optically active phonon and an interband tra
tion, respectively.

The next step in data analysis is to perform a Krame
Kronig transformation on the raw reflectivity data in order
obtain the complex optical conductivitys(v)5s1(v)
1 is2(v). For the low-frequency extrapolation we use
a Hagen-Rubens formula, commonly employed for meta
R(v)512A2vrdc /p, where rdc is the dc resistivity.
Several other extrapolations@such as a straight line o
©2002 The American Physical Society22-1
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R(v);v2# produced the same result in the region where
data exist. A power-law extrapolationR(v);v24 was used
for high frequencies.

Figure 2 shows the real part of the optical conductiv
s1(v). The spectra of Fe2TiSn are characterized by a Drud
like mode with a width of about 120 cm21 at 10 K and a
broad peak centered around 7000 cm21 ~0.87 eV!. As tem-
perature increases, the zero-energy peak broadens, wh
the peak at 7000 cm21 displays almost noT dependence. In
order to quantify these changes we first employ a conv
tional Drude-Lorentz model. Fits including a Drude mo
and asingleLorentzian at 7000 cm21 failed to produce sat-

FIG. 1. The reflectance data of Fe2TiSn at 10, 80, and 300 K
The spectra show anomalous temperature dependence in the m
frared range.

FIG. 2. The optical conductivitys1(v) of Fe2TiSn is character-
ized by a narrow Drude mode and an interband transition at aro
7000 cm21. A strong peak at 250 cm21 is an optically active pho-
non mode.
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isfactory results. We succeeded in accurately reproducing
v dependence ofs1(v) at all temperatures with a set oftwo
Lorentz oscillators in addition to the Drude term:20

s~v!5
1

4p

vp
2t

12 ivt
1

1

4p (
j 51

2 ivvp j
2

v22v j
21 ig jv

. ~1!

The first term represents a Drude free-electron compon
where vp

254pne2/m* is the plasma frequency (n is the
carrier density andm* is the carrier effective mass! and 1/t
is the carrier scattering rate. The last two terms in Eq.~1! are
the Lorentzian oscillators centered atv j , with the widthg j
and plasma frequencyvp j . The best fits for 300, 80, and 1
K are shown in Fig. 3 with gray lines; the three individu
components of Eq.~1! are shown with dashed lines. Table
summarizes the fitting parameters. We emphasize here
these parameters are unique, since no other values can r
duce the quality of the fits shown in Fig. 3.

in-

nd

FIG. 3. Drude-Lorentz fits of the optical conductivitys1(v) at
300, 80, and 10 K. As temperature decreases, the Drude peak
rows, but its spectral weight appears to be conserved. The 7
cm21 peak is only weakly temperature dependent.

TABLE I. Fitting parameters from Eq.~1!, with all the values
given in the units of cm21.

vp 1/t v j 1 g1 vp1 v j 2 g2 vp2

10 K 7100 120 600 2000 12 250 6800 21 000 71 7
80 K 7200 150 600 2000 12 250 6800 21 000 71 7
300 K 6870 200 700 2000 14 000 7000 21 000 71 7
2-2
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As can be seen, the scattering rate 1/t monotonically de-
creases with decreasing temperature, whereas the plasm
quency of the Drude component is essentially tempera
independent (vp.7000 cm21). Such behavior is typical o
conventional metals21–23 and provides a strong argume
against a HF state in Fe2TiSn. Indeed the hallmark of the
latter state is a strong increase ofm* below a temperature
T* characteristic of a given material. This is equivalent to
drastic reduction of the oscillator strength of the Drude co
ponent (vp

2;1/m* ) ~Refs. 14 and 15!, which is not observed
in our data.

Additional evidence against a HF state in Fe2TiSn comes
from the line-shape analysis of thes1(v,T) spectra. The HF
behavior has been shown before to leave characteristic
gerprints in the optical spectra of such systems~Refs. 14,15
and 24!. Within a so-called hybridization scenario, hybridiz
tion between free carriers and localizedf electrons leads to a
gap in the density of states that develops below the temp
tureT* . Excitations across this hybridization gap, in additi
to intraband absorption, give rise to the optical conductiv
s1(v) schematically shown in Fig. 4. At high temperatur
(T.T* ), the conductivity of many HF systems follows
simple Drude response14,15,24 ~thin solid line in Fig. 4!. At
T,T* two processes occur simultaneously:~1! the width of
the Drude mode is collapsing so that 1/t2!1/t1, and ~2! a
finite frequency peak due to excitations across the hybrid
tion gap appears. The latter contribution tos1(v) shown in
Fig. 4 was calculated within a BCS model with coheren
factors of type I~Refs. 15 and 25!.

The s1(v) data of Fe2TiSn ~Fig. 3! look qualitatively
similar to the model spectra of Fig. 4: there is a Drude mo
that narrows with temperature and a finite frequency pea
around 700-cm21. However, it appears that the temperatu
dependence of the latter excitation is completely unco
lated with the Drude mode. Unlike HF systems, the spec
weight of the finite frequency peakvp1 decreasesslightly
when lowering the temperature~Table I!. Therefore, based

FIG. 4. Schematic behavior of the frequency-dependent op
conductivitys1(v) in an f-electron HF system. Note that below T*
both 1/t andvp of the Drude mode are strongly reduced.
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on these findings one cannot interpret the 700 cm21 peaks as
being due to excitations across the hybridization gap. Inst
we speculate that it is a low-lying interband transition.
similar feature has not been seen in Fe2VAl ~Ref. 11!; the
data for Co2TiSn do not extend low enough.27

The absolute value of the Drude plasma frequencyvp

implies a carrier density as small asn;531020 cm23, un-
der the assumptionm* 5m0 (m0 is a free-electron mass!.
This value ofn is very similar to that found in both Co2TiSn
~Ref. 27! and Fe2VAl ~Refs. 11 and 28!. It is striking that
even though the carrier density is essentially the same
Fe2TiSn and Fe2VAl, the former compound shows metallic
whereas the latter displays an insulating temperature de
dence on the dc resistivity. This indicates that localizat
~probably due to disorder! plays an important role in the
charge dynamics. For Fe2TiSn, we estimate the carrier mea
free pathl .80 Å at room temperature. Such a long me
free path signals that, unlike Fe2VAl ~Ref. 28!, the Boltz-
mann formalism should still hold for Fe2TiSn.

In addition to the free-electron Drude component and
low-lying transition at 700 cm21, the optical spectrum of
Fe2TiSn exhibits another excitation at around 7000 cm21

~Fig. 3 and Table I!. A similar peak at 7000 cm21 has been
seen before in Fe2VAl ~Ref. 11!. This is not unexpected
however, as the band-structure calculations for both co
pounds show that the bands around the Fermi level are
dominantly coming from Fed orbitals.7–10,12In Fe2VAl, the
7000 cm21 peak has been interpreted as being due to e
tations across a pseudogap.11 The band-structure calculation
for Fe2TiSn ~Refs. 12 and 29! have also predicted the exis
tence of a partial gap~pseudogap! at the Fermi level of abou
0.5 eV. Although the position of the peak in Fe2TiSn does not
exactly agree with this predicted value, we believe that it c
be interpreted as being due to excitations across such a
Namely, the magnitude of the gap has been shown befor
depend strongly on atomic disorder,29 which is difficult to
control during sample growth.

In conclusion, our IR results do not support the noti
that the Kondo interaction plays a dominant role in t
charge dynamics of Fe2TiSn. We find that the effective mas
of free carriers is essentially temperature independent.
analogy with Fe2VAl, we suggest that the apparent mass e
hancement at low temperatures is due to a Schottky anom
arising from magnetic clusters. The latter effect can also
plain the anomalous temperature dependence of specific
and dc resistivity at low temperatures. The free-electron c
tribution to the optical conductivity of Fe2TiSn appears to be
conventional Drude-like, with a small carrier density and
relatively long mean free path. The interband transition
7000 cm21 can be interpreted as excitations across
pseudogap predicted in band-structure calculations.
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DORDEVIC, BASOV, ŚLEBARSKI, MAPLE, AND DEGIORGI PHYSICAL REVIEW B66, 075122 ~2002!
*Electronic address: sasa@physics.ucsd.edu
†Also at Institute of Physics, University of Silesia, 40-007 Kato

ice, Poland.
1O. Heusler, Ann. Phys.~Leipzig!, 19, 155 ~1934!.
2Y. Fujita, K. Endo, M. Terada, and R. Ikamura, J. Phys. Che

Solids33, 1443~1972!.
3F. B. Mancoff, B. M. Clemens, E. J. Singley, and D. N. Baso

Phys. Rev. B60, 12 565~1999!.
4L. Degiorgi, A. V. Sologubenko, H. R. Ott, F. Drymiotis, and Z

Fisk, Phys. Rev. B65, 041101~2002!.
5Y. Nishino, M. Kato, S. Asano, K. Soda, M. Hayasaki, and

Mizutani, Phys. Rev. Lett.79, 1909~1997!.
6C. S. Lue, J. H. Ross, Jr., C. F. Chang, and H. D. Yang, Phys.

B 60, 13 941~1999!.
7R. Weht and W. E. Pickett, Phys. Rev. B58, 6855~1998!.
8D. J. Singh and I. I. Mazin Phys. Rev. B57, 14 352~1998!.
9M. Weinert and R. E. Watson, Phys. Rev. B58, 9732~1998!.

10G. Y. Guo, G. A. Button, and Y. Nishino, J. Phys.: Conden
Matter 10, L119 ~1998!.

11H. Okamura, J. Kawahara, T. Nanba, S. Kimura, K. Soda,
Mizutani, Y. Nishino, M. Kato, I. Shimoyama, H. Miura, K
Fukui, K. Nakagawa H. Nakagawa, and T. Kinoshita, Phys. R
Lett. 84, 3674~2000!.

12A. Slebarski, M. B. Maple, E. J. Freeman, C. Sirvent,
Tworuszka, M. Orzechowska, A. Wrona, A. Jezierski, S. C
uzbaian and M. Neumann, Phys. Rev. B62, 3296~2000!.

13A. Slebarski, M. B. Maple, A. Wrona, and A. Winiarska Phy
Rev. B63, 214416~2001!.

14L. Degiorgi, Rev. Mod. Phys.71, 687 ~1999!.
15S. V. Dordevic, D. N. Basov, N. R. Dilley, E. D. Bauer, and M. B

Maple, Phys. Rev. Lett.86, 684 ~2001!.
07512
.

,

v.

.

.

v.

-

16P. Wachter, inHandbook on the Physics and Chemistry of Ra
Earths, edited by K. A. Gschneidner and LeRoy Eyrin
~Elsevier Science, Amsterdam, 1994!, Vol. 19.

17S. Donovan, A. Schwartz, and G. Gruner, Phys. Rev. Lett.79,
1401 ~1997!.

18P. E. Sulewski, A. J. Sievers, M. B. Maple, M. S. Torikachvili,
L. Smith, and Z. Fisk, Phys. Rev. B38, 5338~1988!.

19C. Homes, M. A. Reedyk, D. A. Crandels, and T. Timusk, Ap
Opt. 32, 2976~1993!.

20We did not atempt to fit the phonon mode at 250 cm21.
21F. Wooten,Optical Properties of Solids~Academic Press, New

York, 1972!.
22E. Fawcett, Rev. Mod. Phys.60, 209 ~1988!.
23S. V. Dordevic, D. N. Basov, R. C. Dynes, and E. Bucher, Ph

Rev. B64, 161103~2001!.
24L. Degiorgi, F. B. B. Anders, and G. Gruner, Eur. Phys. J. B19,

167 ~2001!.
25We have performed a calculation ofs1(v,T,T* )/s1(v,

T.T* ), the ratio of the optical conductivity below and abov
the coherence temperature. The method follows closely the B
calculation~Ref. 26!, except that the coherence factors are
type I, as opposed to type II in conventional superconductor

26M. Tinkham, Introduction to Superconductivity, 2nd ed.
~McGraw-Hill, New York, 1996!.

27E. I. Shreder, M. M. Kirillova, and V. P. Dyakina, Phys. Me
Metallogr.90, 362 ~2000!.

28Y. Feng, J. Y. Rhee, T. A. Wiener, D. W. Lynch, B. E. Hubbard,
J. Sievers, D. L. Schlagel, T. A. Lograsso, and L. L. Mille
Phys. Rev. B63, 165109~2001!.

29A. Jezierski and A. Slebarski, J. Magn. Magn. Mater.223, 33
~2001!.
2-4


