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Chemical pressure effect on the transport and electronic band structure of Fe,V,;_.Nb, Al
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We report the effects of partial substitution of Nb onto the V sites of Fe,VAl by measuring the electrical
resistivity, Seebeck coefficient, and thermal conductivity as a function of temperature. It is found that the Nb
substitution effectively produces a negative chemical pressure in the system. As a result, the Nb-substituted
materials show enhanced semiconductinglike behavior in their electrical resistivity. In addition, the Seebeck
coefficient changes sign from positive to negative while replacing V with Nb. These phenomena have been
associated with the change of the band features, mainly due to the decrease in the number of the hole carriers.
To identify this scenario, we performed ab initio calculations to investigate the electronic band structures of
Fe,V,_Nb,Al focusing on the band variation around the Fermi level. Theoretical results indicate a significant
reduction in the hole pockets through Nb substitution, which is consistent with experimental observations.
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I. INTRODUCTION

Heusler-type intermetallics with a general formula X,YZ
(where X and Y are transition metals and Z is often an ele-
ment from columns IIT through VI in the periodic table) have
attracted considerable attention because of their various
transport and magnetic features. Semiconductors, semimet-
als, normal Pauli metals, weak ferromagnets, antiferromag-
nets, as well as half-metallic ferromagnets exist in this class
of materials. Fe,VAI, a material of this prototype, has been
characterized as a nonmagnetic semimetal from intense ex-
perimental and theoretical researches.'”'> The semimetallic
nature of Fe,VAI has been attributed to the presence of a
pseudogap around the Fermi level, arising from a slightly
indirect overlap between the electron and hole pockets.”!!
The exotic behavior observed in the electrical resistivity, the
nuclear-magnetic-resonance (NMR) Knight shift, and the
spin-lattice relaxation rate have been associated with the
thermally excited quasiparticles across the pseudogap.’> An
optical-conductivity study on Fe,VAI has further confirmed
the existence of a pseudogap in the vicinity of the Fermi
level.

Theoretical calculations have indicated that the pseudogap
in Fe,VAI will open to a real gap if the volume is expanded
by about 6%.' Fe,NbAl, an artificial Heusler compound
with a larger lattice constant, was thus predicted to be a
semiconductor with a gap of about 0.2 eV.'” While a real
sample of Fe,NbAl does not exist, the partial substitution of
Nb atoms onto the V sites of Fe,VAI yielding a series of
Fe,V,_Nb,Al compounds may be achieved. Since the nio-
bium atom is isoelectronic to the vanadium and has a larger
atomic radius, the substitution would cause a lattice expan-
sion, which is an effectively negative chemical pressure in
Fe,VAIl. With this regard, it allows us to study the evolution
of electronic band structures by the chemical pressure effect.

In this work, we performed a detailed transport investiga-
tion by means of the electrical resistivity, the Seebeck coef-
ficient, as well as the thermal-conductivity measurements on
Fe,V,_Nb Al with x ranging from O to 0.1. It is known that
Seebeck coefficient is very sensitive to the electronic band

1098-0121/2008/78(16)/165117(5)

165117-1

PACS number(s): 72.15.Eb, 72.15.Jf, 71.20.Be

features near the Fermi surfaces, and the results can be used
to interpret the change of the band structures through Nb
substitution. In a parallel study, ab initio calculations were
also employed to investigate the electronic band structures of
Fe,V,_,Nb,Al, focusing on the features around the Fermi
level. Theoretical results indicate that the Nb substitution has
an effect that reduces the hole pockets in the vicinity of the
Fermi level, which is consistent with experimental observa-
tions.

II. EXPERIMENTAL DETAILS

Polycrystalline Fe,V;_,Nb,Al (x=0, 0.03, 0.06, and 0.1)
samples were prepared by an ordinary arc-melting technique.
Briefly, a mixture of appropriate amounts of high-purity el-
emental metals was placed in a water-cooled copper crucible
and then melted several times in an argon flow arc melter.
The weight loss during melting is less than 0.5% for each
compound. To promote homogeneity, these ingots were an-
nealed in a vacuum-sealed quartz tube at 800 °C for two
days and followed by furnace cooling. This is a typical pro-
cess that forms in a single-phase L2, (Heusler-type)
structure. 317

Room-temperature x-ray diffraction taken with Cu K« ra-
diation on the powder Fe,V;_Nb, Al specimens is identified
to the expected L2, structure—a more detailed analysis of
the x-ray data, in which the Heusler-type structure was re-
fined with the Rietveld method. We thus obtained the lattice
constant, a, for each composition with the variation as a
function of x illustrated in Fig. 1. It clearly demonstrates that
the lattice constant consistently increases as Fe, VAl deviates
from its stoichiometry, indicating that the V sites are success-
fully replaced by Nb atoms according to Vegard’s law. It
should be mentioned that a sample with the nominal compo-
sition of x=0.2 was also synthesized under the same prepa-
ration condition. The x-ray powder-diffraction pattern exhib-
its no expected L2, phase, suggesting that this substitution
level is beyond the solubility limit for Nb in Fe,VAI.

Electrical resistivity for the Fe,V,_,Nb,Al alloys was ob-
tained by a standard dc four-terminal method. Seebeck coef-
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FIG. 1. Lattice constant versus Nb concentration as obtained
from x-ray diffraction.

ficients were measured with a dc pulse technique. Seebeck
voltages were detected using a pair of thin Cu wires electri-
cally connected to the sample with silver paint at the same
positions as the junction of differential thermocouple. The
stray thermal emfs are eliminated by applying long current
pulses (~100 s) to a chip resistor which serves as a heater,
where the pulses appear in an off-on-off sequence.

Thermal-conductivity measurements were carried out in a
closed-cycle refrigerator using a direct heat-pulse technique.
All samples were cut to a rectangular parallelepiped shape
with the typical size of 1.5X1.5X 5.0 mm?. One end was
glued (with thermal epoxy) to a copper block that served as
a heat sink, while a calibrated chip resistor was connected to
the other end as a heat source. The temperature difference
was detected by using an E-type differential thermocouple
with junctions thermally attached to two well-separated po-
sitions along the sample. The temperature difference was
controlled to be less than 1 K to minimize the heat loss
through thermal radiation, and the sample space is main-
tained in a good vacuum (approximately 1 X 10~ torr) dur-
ing measurements. All experiments were performed upon
warming with a rate slower than 20 K/h. The uncertainty of
our thermal conductivity is about 15%, mainly arising from
the error on the determination of the geometrical factor of
these samples.

III. RESULTS AND DISCUSSION
A. Electrical resistivity

In Fig. 2, we plot the temperature variation of the electri-
cal resistivity p(T) for Fe,V,_,Nb,Al. It is apparent that all
studied compositions show semiconducting behavior as indi-
cated by their negative temperature coefficient of resistivity
(TCR). However, these materials are still classified as semi-
metals because of their finite residual resistivity at low tem-
peratures and nonzero Fermi-level density of states (DOS)
revealed from theoretical calculations. With substituting Nb
atoms onto the V sites, the residual electrical resistivity
gradually increases, showing enhanced semiconductinglike
behavior. Such an observation is attributed to a decrease in
the number of carriers responsible for the electrical transport.
This is mainly due to the reduction in the hole pockets at the
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FIG. 2. (Color online) Electrical resistivity p(7) as a function of
temperature for Fe,V,_ Nb, Al

I" point via Nb substitution in accordance with the band-
structure calculations in Fe,V|_ Nb,Al. A detailed interpre-
tation will be given in the theoretical section.

B. Seebeck coefficient

The temperature-dependent Seebeck coefficient of
Fe,V,_,Nb,Al is shown in Fig. 3. For the stoichiometric
compound, the measured S is found to be positive in the
entire temperature range we investigated. Such a finding sug-
gests that the dominant carrier for the transport is p-type in
Fe,VAl, which is consistent with the previous results.!8-2!
This is also in good agreement with the band-structure cal-
culations which revealed the existence of relative large hole
pockets near the Fermi level in Fe,VAL’"'Y However, the
small absolute value of S implies that the electrons and holes
involved in the heat transport processes are nearly compen-
sated. Hence, a slight variation in the carrier concentration
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FIG. 3. (Color online) Seebeck coefficient vs temperature in
F62V 1 _bexAl.
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would change the type of the dominant carrier responsible
for the observed Seebeck coefficient. In fact, by replacing V
with Nb, the sign of S reverses, which can be realized as a
decrease in the number of the p-type carriers arising from the
reduction in the hole pockets. As a consequence, the electron
pockets become comparatively larger and the associated
n-type carriers thus govern the thermoelectric transport in
these substituted materials.

For the Nb-substituted Fe,V;_,Nb,Al alloys, the Seebeck
coefficient develops a broad minimum at intermediate tem-
peratures, and the corresponding valley position shifts to
lower temperatures while increasing Nb content. This trend
can be qualitatively understood as the narrowing of the
pseudogap, resulting in a lower activated energy for the hole
carriers thermally excited across the corresponding
pseudogap. After passing through the minimum, the slope of
S changes from negative to positive which can be ascribed
by the contribution of thermally excited opposite carriers
across their pseudogaps. Similar features have been found in
other semimetallic Heusler systems such as Fe,VGa and
Fe,TiSn.??2* Upon heating, intrinsic electrons and holes are
excited. If the holes have a slightly higher mobility than the
electrons in these materials, the p-type carriers will eventu-
ally govern the thermal transport, leading to a more positive
value in S at high temperatures.

It is worthwhile mentioning that the maximum absolute
value of S is only about 80 uV/K in Fe,V¢4NbjocAl at
around 170 K. This value is substantially lower than those
reported in the Fe,VAl-based alloys. For examples, the mag-
nitude of S reaches 130 ,LLV/K in Feszlo'gssi0.0s,
Fe,VAl)9sGeygs, and  Fe,VAlyoulnggs near room
temperature.”'>42° The observed small S values in the
Fe,V;_Nb Al series should strongly depend on their elec-
tronic structures as the absolute value of S in ordinary metals
is inversely proportional to the density of states, N(E), and
proportional to its energy derivative dN(E)/JE around the
Fermi level. On this basis, the relatively small dN(E)/JE
could be the significant factor leading to the low S values in
Fe,V,_Nb Al

C. Thermal conductivity

In Fig. 4, we display the observed thermal conductivity
for all studied Fe,V;_,Nb,Al samples. Generally, the total
thermal conductivity for ordinary metals and semimetals is a
sum of electronic and lattice terms. The electronic thermal
conductivity (x,) can be evaluated using the Wiedemann-
Franz law «.,p/T=L,, where p is the measured dc electric
resistivity and L,=2.45X 10" WQ K~? is the Lorentz num-
ber. The lattice thermal conductivity (k;) is thus obtained by
subtracting «, from the observed «. This estimate gives a
very small contribution of «,, suggesting that the thermal
conductivity shown in Fig. 4 is essentially due to «;.

Between 50 and 80 K, «; develops a maximum which is a
typical signature for the reduction in the phonon scattering in
solids at low temperatures. A systematic trend found in «; is
that the height of the low-temperature peak gradually de-
creases with increasing the substitution level, which is in-
dicative of a strong enhancement in the phonon scattering by
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FIG. 4. (Color online) Temperature dependence of the observed
thermal conductivity in Fe,V;_Nb Al.

Nb substitution. It is worthwhile mentioning that such «;
features in the semimetals of Fe,VAIl,_Si, and
Fe,VGa,_,Ge, behave in a similar manner.?*?’ A detailed
analysis of ; using the model of Debye approximation®®%’
further indicates that the point-defect scattering of the
phonons plays an important role in the reduction in ;. We
argue that these point defects originated from the mass fluc-
tuation between V and Nb because their atomic mass differ-
ence is about 80%. It thus causes a marked drop in the low-
temperature phonon peak for the Nb-substituted samples.

D. Calculated band structure of Fe,V;_ Nb Al

In order to substantiate our experimental perspectives and
gain a further insight on the band structures of
Fe,V,_Nb,Al, we performed first-principles calculations
with substituted levels of x=0, 0.03125, 0.0625, 0.125, 0.25,
0.375, 0.5, and 1. Our calculations are within the framework
of density-functional theory (DFT).>° The exchange-
correlation potential was treated locally under the general-
ized gradient approximation (GGA) proposed by Perdew.’!
The interaction between core and valence electrons was de-
scribed by projector augmented-wave (PAW) method*
implemented by Kresse and Joubert.’* The one-electron
Kohn-Sham wave functions were expanded by plane-wave
basis with kinetic-energy cutoff of 267.9 eV. The numbers of
treated valence electrons are 8, 5, 11, and 3 for Fe, V, Nb,
and Al, respectively. The k-point sampling in the Brillouin
zone (BZ) was constructed by the Monkhorst-Pack method.>*
All calculations are carried out using Vienna ab initio simu-
lation package (VASP).33-37

The k-point set of (10 10 10) was used for the unit cell
which consists of eight Fe atoms, four V atoms, and four Al
atoms. The calculated lattice constants are 5.678 A for
Fe,VAI and 5.905 A for Fe,NbAI, respectively. The same
density of k-point set was further used for the supercells
which are constructed by 2 X2 X2 unit cells. With the same
size of supercell, we replaced 1, 2, 4, 8, 12, and 16 V atoms
with Nb atoms in order to simulate the systems with substi-
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FIG. 5. (Color online) Enlargement of the

band structures of Fe,V;_Nb,Al for x=0,

0.03125, 0.0625, 0.125, 0.25, 0.375, 0.5, and 1.
The Fermi level is denoted at zero.
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tuted levels of x=0.03125, 0.0625, 0.125, 0.25, 0.375, and
0.5, respectively. The atomic forces in the supercell were
relaxed by moving atoms to the positions at which all atomic
forces are smaller than 0.02 eV/A. The cell volume and
shape were also allowed to relax. Comparing to the system
without Nb doping, the lattice constant of the system with
x=0.5, i.e., Fegy(V6Nb)Alsy, is found to expand by 2.1%.
The band structures were then calculated from the supercells
with equilibrium ground-state structures.

Figure 5 presents the results of band structures along sym-
metry lines L-I'-X-L for the substituted levels of x=0,
0.03125, 0.0625, 0.125, 0.25, 0.375, 0.5, and 1. Note that the
energy range is given from -0.2 to 0.3 eV for x=1
(Fe,NbALl). It is clearly seen from Figs. 5(a)-5(h) that the
band structures of Fe,VAI are significantly modified upon
Nb substitutions, i.e., from semimetallic for V-rich com-
pounds to insulating when about 37% of V content is re-
placed by Nb atoms.’® The formation of a band gap in
Fe,NbAl revealed from our calculation is consistent with the
previous result calculated by Weinert and Watson.'? The hole
bands along L-I'-X in Fig. 5 are indicated by three different
symbols, i.e., blue crosses, red diamonds, and green dots. It
is shown that the three hole bands consist of one twofold
degeneracy as well as one singlet. With the addition of Nb
atoms in the system, the population of the hole carriers above
the Fermi energy gradually decreases while increasing the
Nb content in Fe,V;_ Nb Al

We thus have a concise picture for the band-structure
variation of Fe,V,_ Nb,Al. While replacing V with Nb at-
oms, the lattice constant gradually increases, which is
equivalent to the application of a negative pressure on the
system. This will cause a downward shift of the hole pockets
but has little effect on the electron ones. As a result, the
indirect overlap between the electron and hole pockets re-
duces, leading to a more semiconductinglike characteristic in

their electrical resistivity. This scenario is also consistent
with the observation of the Seebeck coefficient. As the hole
pockets become smaller, the electrons turn into the dominant
carriers for the thermoelectric transport, resulting in the ob-
served sign reversal in S for the studied Fe,V_ Nb,Al alloys
with x #0.

IV. CONCLUSIONS

In summary, we have investigated the effect of the Nb
substitution on the thermal transport and band structures of
Fe,V,_Nb,Al. The substitution of large Nb atoms onto the V
sites consistently causes the lattice expansion. This is equiva-
lent to the production of a negative chemical pressure in the
system, resulting in a significant reduction in hole pockets as
revealed from ab initio calculations. Agreement is obtained
for the theoretical prediction as compared to the results of the
electrical resistivity and the Seebeck coefficient for
Fe,V,_,Nb,Al. The conclusion made in this study provides a
concise understanding of the evolution of band structures in
Fe,V,_Nb,Al via lattice expansion. Furthermore, the ob-
served tendency should be relevant to other semimetallic
Heusler-type materials that will undergo a semimetal-
insulator transition if a real compound with a larger lattice
constant exists.
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