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Ru,;NbGa: A Heusler-type compound with semimetallic characteristics
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The Heusler-type compound of Ru,NbGa has been successfully synthesized. X-ray analysis confirms that
Ru,NbGa crystallizes in a cubic L2, structure. The electronic properties of Ru,NbGa have been characterized
by means of the transport and nuclear magnetic resonance (NMR) measurements. The temperature dependence
of the electrical resistivity exhibits a typical semimetallic behavior. The NMR spin-lattice relaxation rate shows
activated behavior at higher temperatures, attributing to the thermally excited carriers across a pseudogap. We
have also deduced a low Fermi-level density of states (DOS), being consistent with the semimetallic characteristic
for Ru,NbGa. In addition, we have performed first-principles total-energy calculations including Gy W, and G W,
corrections for band gaps to investigate the electronic band structure of Ru,NbGa. The calculated result reveals
an indirect overlap between electron and hole pockets that leads to a residual DOS at the Fermi level, providing
a consistent explanation for the experimental observations.
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I. INTRODUCTION

Cubic L2; Heusler compounds (Cu;MnAl-type) with
general formula X,YZ, where X and Y are two different
transition metals and Z often is an element with sp-type valence
electrons from columns III through VI in the periodic table,
have been of considerable interest due to their unusual mag-
netic and transport properties. Semiconductors, semimetals,
normal Pauli metals, weak ferromagnets, antiferromagnets,
as well as half-metallic ferromagnets exist in this class of
materials [1]. The variety of physical behavior observed in
the Heusler series has been related to the strong modifications
of the electronic structure near the Fermi level (Ef), as the
number of valence electrons per formula unit (Z;) changes. A
theoretical study using the full-potential screened Korringa-
Kohn-Rotoker method on the Heusler compounds indicated
that the total spin moment per unit cell (M;) scales with
Z, following the simple Slater-Pauling rule M, = Z, — 24 [2].
Accordingly, the net moment disappears with Z, = 24, and
the iron-based members such as Fe, VAl Fe, VGa, and Fe, TiSn
have been found to be nonmagnetic [3-9], in agreement with
the aforementioned Slater-Pauling relation. Such a relation
has also been employed to describe the magnetic properties of
other Heusler systems [1,2,10,11]. In addition, many Heusler
compounds with Z, =24 possess narrow band gaps or
pseudogaps in the vicinity of E r. Fe, VAl which belongs to this
prototype has been characterized as a semimetal from intense
experimental work [3,12-16]. Its pseudogap features a residual
density of states (DOS) along with sharp electronic bands at
around Er which is promising for developing highly efficient
thermoelectrics. Indeed, the Fe, VAl related compounds have
been widely studied for improving the thermoelectric figure-
of-merit (ZT') through various attempts [17-23].

In this work we add a member of Ru,NbGa to the
list of Z; = 24 Heusler compounds. We have successfully
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prepared Ru,NbGa and characterized its electronic properties
by means of the transport and *>Nb nuclear magnetic resonance
(NMR) measurements. The temperature dependence of the
electrical resistivity exhibits semimetallic behavior, viz. a
negative temperature coefficient of resistivity together with
a finite residual resistivity at low temperatures. The measured
Seebeck coefficient is negative, indicating that electrons are
dominant carriers responsible for the thermoelectric transport.
In addition, the **Nb NMR spin-lattice relaxation rate shows
a combination of Korringa and thermally activated behavior,
suggesting that the carriers are thermally excited across a
pseudogap between electronic band edges. We have also
carried out the electronic structure calculations and the
calculated result reveals an indirect overlap between electron
and hole pockets that gives rise to a finite Fermi-level density
of states. Such a scenario provides a reasonable interpretation
for the semimetallic characteristics in Ru,NbGa established
from the present study.

II. EXPERIMENTAL RESULTS AND DISCUSSION

Ru,;NbGa ingots were prepared by an ordinary arc-melting
technique. Briefly, the mixture of 99.9% Ru, 99.9% Nb, and
99.999% Ga elemental metals with the stoichiometric ratio
was placed in a water-cooled copper hearth 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, the as-cast samples were annealed in a
vacuum-sealed quartz tube at 800 °C for two days, and then at
400 °C for more than 12 h followed by furnace cooling. This is
a typical process to form in a single-phase Heusler compounds
[3,17-19,24-26]. A room-temperature x-ray diffraction taken
with Cu Ko radiation on the powdered specimen is shown
in Fig. 1. All diffraction peaks were indexed to the L2,
structure (space group Fm3m) with a weak impurity peak
due to the excess Ru element which has little effect on the
present transport and NMR measurements. The unit cell of the
Heusler-type Ru,NbGa based on the L2 structure is displayed
in the inset of Fig. 1. From a further analysis of the x-ray data,
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FIG. 1. X-ray diffraction pattern for the powdered Ru,NbGa.
Reflections are indexed with respect to the Cu,MnAl-type L2,
structure with a weak impurity peak marked by an asterisk. The inset
shows the crystal structure of Ru,NbGa based on the L2, structure.

we determined the lattice constant a = 6.15 A for the Heusler
compound of Ru,NbGa.

It should be noted that the presence of antisite disorder
is often found in the Heusler-type compounds with the L2,
structure [1]. While the intensity of (111) peak is quite weak
as compared to (220) peak within the L2, structure, the ratio
of diffraction peaks for (111) to (220) is commonly used to
judge the degree of the L2, structural order [27-31]. For the
current case of Ru,NbGa, a relative weak (111) peak has
been observed from the enlarged XRD pattern, indicative of
the existence of the L2; structure. However, partial antisite
disorder in our sample cannot be ruled out at this stage. In
principle, the presence of antisite disorder between Ga and Nb
atoms would lead to a diminished (111) peak in Ru,NbGa.
This is likely responsible for the observation of the weakened
(111) peak in the XRD pattern.

A. Transport measurements

In Fig. 2(a) we plot the temperature variation of the
electrical resistivity p(T) for Ru,NbGa, showing a semicon-
ducting behavior as indicated by its negative temperature
coefficient of resistivity. However, this material should be
classified as a semimetal due to its finite residual resistivity
at low temperatures. Similar p(7") features have been found
in other semimetallic Heusler compounds such as Fe, VAl
[3,17-19,32]. The activated transport behavior observed in
Ru;NbGa can be realized as the thermally excited carriers
across the pseudogap near Ep, in analogy to the case of
Fe, VAL

The temperature-dependent Seebeck coefficient S(7) of
Ru,;NbGa is shown in Fig. 2(b). The measured S is negative in
the entire temperature range under investigation. Such a find-
ing suggests that the dominant carriers for the thermoelectric
transport are electrons in Ru,NbGa. The absolute value of S
of about 20 «V /K at room temperature is comparable to those
potential thermoelectric candidates of Fe, VAl (~35 uV/K)
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FIG. 2. (a) Electrical resistivity p as a function of temperature for
Ru,NbGa. (b) Temperature dependence of the Seebeck coefficient
S for Ru,NbGa. (c) Temperature variations of the total thermal
conductivity «, lattice thermal conductivity « , and electronic thermal
conductivity «, for Ru,NbGa.

and Fe,VGa (~30 uV/K) [17-20,33,34]. It should be noted
that many efforts have been made to enhance the magnitude
of S in Fe, VAl by incorporating antisite disorder or by doping
at the Al site with various elements [17-21]. As a result, an
encouraging enhancement in the absolute value of S up to
130 uV/K has been achieved [17-21]. In this regard, a further
improvement in the magnitude of S for Ru,NbGa via similar
attempts would be highly anticipated.

In Fig. 2(c) we display the temperature-dependent ther-
mal conductivity «(7T) of Ru;NbGa. For ordinary metals
and semimetals, the total thermal conductivity is a sum of
electronic and lattice terms. The electronic thermal conduc-
tivity («.) can be evaluated using the Wiedemann-Franz law
k.p/T = L,, where p is the measured dc electric resistivity
and Ly = 2.45 x 1078 W QK2 is the Lorenz number. The
lattice thermal conductivity (k) can be thus obtained by
subtracting «, from the observed «. This estimate gives a very
small contribution from k., suggesting that the thermal conduc-
tivity of RuyNbGa is essentially due to «;, . It is remarkable
that the value of «; is only 5 W/m K at room temperature
which is much smaller than those in Fe, VAl (~25 W/m K)
and Fe,VGa (~17 W/m K) [18,33,34]. In general, the major
difficulty in achieving good thermoelectric performance of
materials is to minimize «; without deteriorating the power
factor (PF = S?/p ). The common strategy for reducing «
of solids can be attained by enhancing the phonon scattering
through introducing crystallographic disorder [35,36]. For
example, the large k; in Fe, VAl has been effectively reduced to
5 W/m K by substituting tungsten to the vanadium sites [37].
With this respect, the promising low «; in Ru;NbGa has an
advantage of improving the ZT = ST/ p« for thermoelectric
applications.
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The inherent low «; in Ru,NbGa is very likely related
to structural disorder which is evidenced by the lack of the
peak feature at low temperatures. In general, the height of the
low-T peak in «, reflects the degree of structural order since
crystallographic disorder has an effect to suppress the low-T
peak. As a matter of fact, the disappearance of the peak feature
in «;, driven by disorder has been reported in the Heusler-type
Fe, VAl, _, Si, compounds [25,26].

B. NMR measurements

Nuclear magnetic resonance is known as a local probe
yielding information about Fermi surface features. In this
study, we have carried out the **Nb NMR measurements
on powdered Ru,NbGa specimens under a constant field of
7.08 T. Central transition line shapes were obtained from
spin echo fast Fourier transforms using a standard 7 /2-t-7
sequence. Several representative spectra taken at various
temperatures are given in the inset of Fig. 3. As one can see,
the spectrum shows slight broadening upon cooling while the
corresponding Knight shift > K remains almost unchanged.
Here **K is determined from the position of the maximum
of each spectrum with respect to an aqueous KNbClg. We
found that the magnitude of K = 0.46% is quite large for
a semimetallic material with a small residual DOS at Er.
Therefore, the conduction electrons at the Fermi surfaces
should have a minor contribution to 2 K . Rather, the observed
9 K mainly arises from the orbital electrons which generate
the orbital shift [38]. Similar mechanisms employed for the
realization of large Knight shifts in other semimetallic Heusler
systems such as Fe,VAl and Fe,VGa have been reported
[12,39].

The **Nb NMR spin-lattice relaxation rate was obtained by
integrating the spin echo signal using the inversion recovery
method. The temperature variation of SNb 1/T; of Ru,NbGa
is illustrated in Fig. 3, showing a linear increase upon heating
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FIG. 3. Temperature dependence of the **Nb spin-lattice re-
laxation rate for Ru;NbGa. Solid curve: Fit to the Korringa plus
activated behavior described in the text. Inset: Representative **Nb
NMR central transition spectra of Ru,NbGa measured at various
temperatures. The dashed vertical line denotes the position of the
%Nb reference frequency.
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and then a rapid rise above 220 K. Similar features have been
found in 'V 1/T; of Fe,VAI and Fe,VGa [12,13,39], >’Al
1/T; of RuAl, and CaAl,Si, [40,41], as well as **Co 1/T;
of (La, Ca),Co4Sb;, and CoTiSb [42-44]. Those observations
have been well described by the Korringa process together
with an additional contribution from activated behavior. In
analogy to those cases, we fit >Nb 1/7; of Ru;NbGa to
the expression AT + BT? exp(—E,/2kgT ), where A, B, and
E, are fitting parameters. The first term here is characterized
by the Korringa relation (constant 1/7,7) which is due to
the relaxation of the conduction electrons [45]. The second
term arises from the additional contribution via thermally
excited carriers across an activation energy E,. The band
dispersion here was approximated by the square root of
the energy near each band edge. The corresponding carrier
density of the conduction electrons varies with temperature
according to T3/ exp(—E, /2kg T). The optimum fit with A =
1.74£03x 1073 s7'K™!, B=4.64+04x 1072 s7'K?,
and E, = 0.38 £ 0.03 eV is shown as a solid curve over the
entire temperature range in Fig. 3. It is remarkable that the
extracted E, of about 0.38 eV is quite close to the magnitude
of the pseudogap obtained from theoretical electronic structure
calculations which will be described in the following section.
With this respect, we have a concise picture that the activated
behavior in *>Nb 1/T could be attributed to the thermally
excited carriers across the pseudogap in Ru,NbGa.

The Korringa process for the relaxation of Nb nuclear spins
in Ru;NbGa is dominated by the Nb 4d electrons and can be
expressed as [45]

L k[ HANAE D] M
nT
Here *y, is the Nb nuclear gyromagnetic ratio, H is the
hyperfine field per spin of the Nb d electrons, and N,;(EF) is
the Nb 4d Fermi-level DOS in units of states/eV spin. Taking
H{ff ~ —2.1 x 10° G for Nb metal [46,47], the experimental
valueof A = 1.7 x 1073 s~ K~ would yield Ny(Er) = 0.07
states/eV fu. Note that this value is an order of magnitude
smaller than those in Nb-based metals [46—48], supporting the
scenario of the semimetallic nature for Ru,NbGa.

C. Electronic structure calculations

In order to substantiate our experimental perspectives
and gain a further insight on the electronic structure of
Ru;NbGa, we have performed the first-principles total-energy
calculations including GoWy and GW; [49] for the band
gaps using PBE [50] and HSEQ6 [51] initial wave functions.
All first-principles calculations are implemented in Vienna
ab initio simulation package (VASP) [52] and the band struc-
tures are obtained from Wannier-interpolation band scheme
using Wannier90 code [53,54]. K -point sampling for all cal-
culations is I"-centered Monkhorst-Pack [55] 12 x 12 x 12.
The kinetic energy cutoff is 410 eV and the lattice constant
is kept at the experimental value. For the GoWy and GW,
calculations, total bands are 168, including 138 empty states.

As shown in Fig. 4, the band structures of Ru,NbGa indicate
that it is a semimetal with a negative band gap (so-called
pseudogap) of —0.53 eV and narrow-band semiconductor with
a band gap of 0.07 eV, using PBE and HSEO6 functionals,
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FIG. 4. Band structures obtained from PBE and HSE06 function-
als. The zero of energy is placed at the Fermi level.

respectively. The results of these two functionals are somewhat
controversial and such phenomena have been also reported
in the prototype of Fe, VAl [56-59]. As mentioned above,
the DFT results obtained strongly depend on the exchange
correlation functional used and thus a correct procedure
to resolve this discrepancy is highly desirable. It is well
known that many-body GW approximation could render a
better estimation of a band gap, we thus have also included
many-body GoW, and G W, corrections to the calculations.

The GoWy and G W, calculated band structures of ordered
L2, Ru,NbGa are shown in Figs. 5 and 6, respectively. The
results reveal that either PBE or HSEO6 initial functions
Ru,;NbGa exhibits a semimetallic character in both Gy W, and
GW, calculations. Moreover, these band gaps are very close
in values as listed in Table I and the largest difference is only
0.14 eV. Furthermore, we also have applied the same procedure
to Fe, VAl and obtained a similar tendency where Gy W, and
G Wj calculated band structures have consistent features with
different exchange correlation functionals used. Consequently,
it appears that correct band-gap structures of such materials
can be obtained by exploiting GoW,y and G W, many-body
corrections.

PBE-GoWo ———HSE06-GoWo

&

X W K r

FIG. 5. GoW, band structures using PBE and HSEQ6 initial wave
functions for Ru,NbGa.
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PBE-GW, ——HSE06-GW,

FIG. 6. GW, band structures using PBE and HSEO6 initial wave
functions for Ru, NbGa.

In the vicinity of E r, there are three hole degenerate pockets
at the I" point, compensated by one electron pocket centered at
the X point. The hole pockets at I" are dominated by the Ru 4d
f, bands with a small admixture of Nb f,, orbitals while the
electron pocket at the X is purely Nb 44 e, orbitals. An overlap
between hole and electron pockets crossing E g gives rise to a
semimetallic character for Ru,NbGa. It is remarkable that the
magnitude of the pseudogap is in satisfactory agreement with
the value of 0.38 eV deduced from the *’Nb NMR 1/ ;. On this
basis, the activated behavior of 1/ T} athigh temperatures could
be reasonably realized as the thermal excitation of carriers
across the pseudogap.

Figure 7 illustrates the calculated HSE06-G( W, total and
site-decomposed DOS of Ru,NbGa as a representative. It
is apparent that the total DOS spectrum consists of two
peaks which are separated by a steep hybridization pseudogap
centered at Er with residual Fermi-level DOS of 0.16-0.22
states/eV fu. We also determined the Nb partial 4d DOS of
0.06-0.08 states/eV fu at Er. Remarkably, this value is quite
consistent with 0.07 states/eV fu obtained from the analysis
of the Korringa relation. With these accordances, it reinforces
the conclusion that the GoW, and GW, calculations using
two different initial wave functions give consistent results
with good agreement with experimental observations. We thus
conclude here that the inclusion of the many-body GoW,
and/or G W) effects is crucial to obtain correct band structures
of the full Heusler compounds.

TABLE 1. The calculated band gap in unit of eV, total DOS at
the Fermi level [N(Ef)], and the Nb partial 4d Fermi-level DOS
[Ny(EF)] in units of states/eV fu.

Method Gap N(EF) Ny(EFr)
PBE —0.53 0.22 0.08
GoW,@PBE —0.62 0.20 0.05
GW,@PBE —-0.62 0.19 0.05
HSE 0.07 0.00 0.00
GoW,@HSE —0.48 0.16 0.06
GW,@HSE —0.62 0.20 0.08
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FIG. 7. The HSE06-G,W, total and site-decomposed density of
states of Ru,NbGa. The Fermi level is set at zero.

III. CONCLUSIONS

We have successfully synthesized a Heusler-type com-
pound Ru,NbGa and characterized its electronic properties

PHYSICAL REVIEW B 94, 205116 (2016)

by means of the transport and NMR measurements. The
semimetallic nature in Ru;NbGa has been clearly evidenced by
the observations of the thermally activated behavior, pointing
out the existence of a pseudogap at around the Fermi level.
First-principles total-energy calculations including Gy Wy and
G W, band corrections further indicate that the pseudogap
arises from an indirect overlap between the electron and
hole pockets, leading to a small Fermi-level DOS as ob-
served. We highlighted that the thermoelectric features of
Ru,;NbGa behave in a similar manner to those observed
in the semimetallic Heusler compounds, suggesting that
Ru;NbGa has an inherent potential for possible thermoelectric
applications.
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