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With the aim of providing experimental information for the correlation between p-d hybridization and phase
stability in the D0,, structure, we performed a comparative investigation on NbAl; and NbGa; using %Nb
NMR spectroscopy. The quadrupole splittings, Knight shifts, and spin-lattice relaxation times (7,’s) for each
individual compound have been identified. The larger quadrupole interaction and higher anisotropic Knight
shift have been observed in NbAl;, indicative of the stronger hybridization effect for this material, as compared
with its isostructural compound NbGaj;. Results of experimental 7', together with theoretical band structure
calculations provide a measure of d-character Fermi-level density of states N,(Ey) and an indication of orbital
weights. In addition, we found evidence that N,(Ef) correlates with the structural stability of the studied
materials. Our NMR measurements confirm that NbAl; is more stable than NbGay with respect to the D0y,

Comparative NMR study of hybridization effect and structural stability in D0,,-type NbAl; and

structure, attributed to the stronger p-d hybridization in the former material.

DOI: 10.1103/PhysRevB.74.094101

I. INTRODUCTION

The DO0,, crystal structure (body-centered tetragonal) for
the MX; compounds is a superstructure which consists of a
stacking of two L1, cubes with the same antiphase shifts
every two cubes, as shown in Fig. 1. There are two non-
equivalent X sites and one single M site within this phase.
Studies on the D0,,-type intermetallics, especially the tran-
sition metal-based trialuminides (MAl;) such as TiAls,
NbAl;, and TaAls, are both of scientific and technological
interests for potential aerospace applications. However, their
poor ductility and toughness at low temperatures still need to
be improved. Hence, the possible mechanisms driving the
atomic ordering have attracted a large number of investiga-
tions, focused on electronic properties in the related alloys,
to elucidate their structural phase stability.!-!!

Theoretically electronic structure calculations have been
performed to understand the stable phase in several
DO0,,-type transition metal trialuminides.'>"'> The calculated
total density of states (DOS) exhibited a deep valley in the
vicinity of the Fermi level, attributed to the hybridization
between Al-p and M-d playing an important role for the
DOS reduction. Nevertheless, there has been little experi-
mental work associated with these scenarios, essential to in-
terpret their hybridization effects and structural stability.

To gain experimental insight into the correlation between
p-d hybridization and structural stability in D0,,, we thus
select to compare NbAl; with NbGajs, as both materials are
isostructural. With the study of interactions between Nb d
electrons and Al/Ga p electrons, the results can be utilized to
examine the effect of p electrons on the hybridization of
DO0,,. In this paper, we will present *°Nb NMR measure-
ments including the Knight shifts, quadrupole transitions, as
well as spin-lattice relaxation times in NbAl; and NbGaj as
related to their electronic characteristics. In a parallel study,
ab initio calculations were also performed to obtain the elec-
tronic DOS for comparison.

II. EXPERIMENT AND DISCUSSION

Polycrystalline samples were prepared from 99.9% Nb,
99.99% Al, and 99.999% Ga by mixing appropriate amounts
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of elemental metals, pressing the mixtures into small pellets,
and melting them in an Ar arc furnace. Each material was
melted several times, and the weight loss during melting is
less than 0.5%. To promote homogeneity, both compounds
were annealed in a vacuum-sealed quartz tube at 900 °C for
7 days, and followed by furnace cooling. The resulting in-
gots, which tend to be brittle, were grounded to powder. A
room-temperature x-ray diffraction was taken with Cu K,
radiation on powder samples. Strong reflections in both al-
loys could be indexed according to the expected D0, struc-
ture. Several weak peaks remain unidentified which had little
effect on the NMR measurements. A more detailed analysis
of the x-ray data, in which the DO,, structure was refined
with the Rietveld method. We thus obtained the lattice con-
stants @=3.80 A and ¢=8.75 A for NbAl;, and a=3.75 A
and ¢=8.71 A for NbGa,. These values were found to be

close to those reported in the literature.'®
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FIG. 1.
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(Color online) Crystal structure for the DO,-type
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FIG. 2. Resolved satellite line shapes for the Nb site in NbAlj
and NbGas;.

NMR measurements were performed using a Varian 300
spectrometer, with a constant field of 7.05 T. A home-built
probe was employed for both room-temperature and low-
temperature experiments.'’"'? Since the studied materials are
metals, powder samples were used to avoid the skin depth
problem of the rf transmission power. Each specimen was set
in a plastic vial that showed no observable “*Nb NMR signal.
The Knight shifts here were referred to as the *>Nb reso-
nance frequency of aqueous KNbClg.

A. Quadrupole interactions and Knight shifts

Since the “*Nb NMR resonance is extremely quadrupolar
broadened, the wide-line satellite spectra were mapped out
by integrating spin-echo signals of various excitations. For
each studied material, there is a single Nb site which is axi-
ally symmetric, leading to a symmetric one-site NMR spec-
trum. Due to electric quadrupole coupling, the “*Nb NMR
spectrum (I =%) consists of nine transition lines, as demon-
strated in Fig. 2. For powdered samples, as in our experi-
ment, these lines appear as typical powder patterns, with dis-
tinctive edge structures corresponding to the quadrupole
parameters. Since the first order quadrupole shift is the main
effect shaping the satellite line, the quadrupole frequency,
Vg, was determined directly from these lines. Results were
tabulated in Table 1. For NbAls;, we only showed partial %Nb
satellite lines because the high frequency side is strongly
mixed with the A1 NMR signals.

TABLE 1. Quadrupole frequency (MHz), isotropic and axial
Knight shifts (%), and d and orbital electrons (1/T,T) (s~' K~") for
each studied alloy.

A“Oy VQ Ki.so Kax (1 /Tl T)d (1 /Tl T)orb
NbAl; 2.90 -0.24 -0.025 0.126 0.027
NbGas 2.17 -0.38 0.009 0.184 0.041
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FIG. 3. Nb central transition NMR spectra for NbAl; and
NbGa; measured at room temperature. The dotted curves are simu-
lated according to Eq. (1).

From v,, we can determine the electric field gradient
(EFG) for each material. Here vp=3eQV, /21(2I-1)h is de-
fined by the nuclear quadrupole moment Q and the largest
principal axis component of the EFG tensor V_,. This effect
arises from the noncubic arrangement of the charged lattice
ions and the nonuniform charge density of the conduction
electrons due to orbital motion. Attempts to reproduce the
observed EFG’s with a simple point-charge model yield un-
reasonable charge transfers. In fact, the electronegativity dif-
ference between Nb and Al/Ga atoms is low and hence the
ionicity does not play a significant role on bonding nature of
the studied compounds. On this basis, the valence charges
would be the major source for the observed EFG’s. The ob-
served large EFG is attributed to the concentration of bond-
ing charges in the ab planes. This interpretation is consistent
with the previous 2TAl NMR studies of the DO0,, trialu-
minides, which pointed to larger directional bonding between
transition metal and Al site-I.” Thus, due to the covalent
interaction between Al/Ga-p and Nb-d electrons, both
NbAl; and NbGa; should be considered as poor metals with
covalent characters.

Central transition (m=%<—>—%) line shapes for NbAl; and
NbGa; were given in Fig. 3. Each spectrum splits into two
peaks because of the simultaneous presence of anisotropic
Knight shift and second-order quadrupole interactions. In the
DO,, structure, the **Nb quadrupole shift and the angle-
dependent Knight shift are axial. Hence the frequency shift
for the central transition, Av, to the second order quadrupole
interaction and Knight shift can be written as?
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TABLE II. Calculated Nb partial Fermi level s, p, and d DOS
(states/eV atom) for each individual compound.

Alloy s )4 d
NbAIl; 0.00016 0.01 0.307
NbGay; 0.00028 0.01 0.370
Av

2
(3 cos® 0— 1)+16 (I(I+1)— )(l—cosza)

o

v, 1+KlsO
X (1 -9 cos? 6), (1)

where v, is the Larmor frequency, K, is the isotropic Knight
shift, K, is the axial Knight shift, and 6 is the angle between
the crystal symmetry axis and the external magnetic field.
For a polycrystalline sample, shape function fitting for the
case of combined quadrupole and axial shift interactions was
presented first by Jones et al.?! By substituting the deter-
mined v, and tuning K,,, each synthet1c profile which
matches well with the experimental >Nb NMR spectrum,
was drawn as a dashed line in Fig. 3. The best-simulated
results yielded the corresponding room-temperature values
for K;,, and K,,, as summarized in Table L.

The isotropic Knight shift here can be expressed as K,
=K, ,+K,. Here K, represents the orbital Knight shift, and
K, the d-spin shift which is negative due to the negative
hyperfine field associated with the core-polarization via d
electrons.??>* For both materials, the determined K, values
are negative, indicative of a significant contribution from d
states on the frequency shift. While the s-contact Knight shift
(K,) is usually comparable with K, in d-electron based ma-
terials, we omitted this term because of the extremely low
Fermi-level s-DOS for the present compounds. Indeed, cal-
culated partial Fermi-level DOS (see Table II) confirms that
Nb Fermi-level d-DOS are considerable larger than s-DOS
for both NbAl; and NbGas within the DO,, structure. With
this respect, an observation of the smaller absolute value of
K, in NbAl; seems to suggest that this material contains a
lower Nb Fermi-level d-DOS as compared with NbGajs.

In an environment of axial symmetry, the anisotropic
Knight shift K,,= K —2(K K,,), with K, and K, corre-
sponding to the nght shifts in the ¢ direction and ab plane,
respectively. From this investigation, we found a larger ab-
solute value of K,, in NbAls, indicating that the directional
bonding is stronger in the basal plane of this compound,
being consistent with the EFG results. Thus the anisotropic
Knight shift together with the EFG analyses confirm the
stronger p-d hybridization for NbAl;, as compared to its iso-
structural compound NbGa;.

B. Spin-lattice relaxation rates

The spin-lattice relaxation time (7)) measurements were
carried out using the inversion recovery method. We re-
corded the signal strength by integrating the recovered spin-
echo signal. In these experiments, the relaxation process in-
volves the adjacent pairs of spin levels, and the
corresponding spin-lattice relaxation is a multiexponential
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expression.?> For the central transition with 7 =g, the recov-

ery of the nuclear magnetization follows

M(t) — M()

=—2a(0.152¢7"M + 0.147""1 + 0.153¢™ 15"
M(x)

+0.192¢7287T1 4 0.363e~%"T1), (2)

derived from the initial conditions used in our experiments.
Here M(z) is the magnetization at the recovery time ¢ and
M() is the magnetization after long time recovery. The pa-
rameter « is a fractional value derived from the initial con-
ditions used in our experiments. Our 7, values were thus
obtained by fitting to this multiexponential recovery curve.
To provide accurate values, each 7 has been measured sev-
eral times and the averaged T for each individual material is
enumerated in Table I. While nonconduction mechanisms
may contribute to the relaxation, they were excluded by the
Korringa relation (constant 7,7).2° T, measurements per-
formed at various temperatures yield Korringa behavior, in-
dicating a conduction-electron mechanism for the observed
relaxation.

As in the case of K, two relaxation mechanisms domi-
nate the **Nb Ty: (1/T))=(1/T})om+(1/T,),. The first term
is the orbital relaxation rate, while the second is due to
d-spin interactions. For Dy, symmetry, which is the Nb-site
symmetry in the DO,, structure, a general expression for
(1/T,), is*’

1
(;1); 2hkyT(y,Hy (s +ny +np, +2n5),  (3)
where h, kg, and T are the Planck constant, Boltzmann con-
stant, and absolute temperature, respectively. vy, is the Nb
nuclear gyromagnetic ratio and ng is the hyperfine field per
electron of the Nb-d electrons. The terms n Ay 1B, 1B, and
ng, are Fermi-level DOS corresponding to the éirredumble
representatlons of the D,, group, defined so that the total
Fermi-level d-DOS N(Ep)=ny, B, g g+2nEg Of these
four representations, E, contams two d orbitals, while the
others contain one orbltal each. However, the E, orbitals in
DO0,, play a minimal role on (1/T}),, as concluded from an
analysis of >’V NMR T, on the isostructural compound
VA28 Therefore, with little orbital mixing, which is the
case for Nb in D0,,, the square bracket in Eq. (3) becomes
simply N%(Ep).

For NbAl; and NbGajs, the values of N,(E;)=0.307 and
0.370 states/eV atom have been determined from the first-
principle electronic structure calculations, as presented later.
Taking HZ~-2.1X 10%gauss in Nb metal,?? the (1/7T;),
values of 0.126 and 0.184 s™! K! for NbAl; and NbGay
were obtained. The orbital part can be thus isolated using
(1/TT})o,=(1/TT,)—(1/TT,),, giving the results listed in
Table I. As indicated from Table I, the deduced values of
(1/TT,)yy, were found to be much smaller than that of
(1/TT,),. Such a result is consistent with at most a few per-
cent mixture of doubly degenerate E,, using the parameters
described above. We thus conclude that the dominant orbital
at the Fermi level has a degeneracy close to unity for the
DO0,, structure.
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C. Electronic structure calculations

Theoretical studies with ab initio calculations were em-
ployed to obtain the total density of states for both NbAls
and NbGas as well as the orbital projected partial density of
states of Nb atoms in the systems. Total energy of the sys-
tems were determined in the framework of density functional
theory.?” The proposed generalized gradient approximation
(GGA) by Perdew and Wang®® was used for the nonlocal
correction to a purely local treatment of the exchange-
correlation potential and energy. The single-particle Kohn-
Sham equations®! were solved using the plane-wave-based
Vienna ab initio simulation program (VASP) developed at
the Institut fiir Material Physik of the Universitit Wien.*
The interactions between the ions and valence electrons are
described by the projector augmented-wave (PAW) method??
in the implementation of Kresse and Joubert.** The numbers
of treated valence electrons are 11, 3, and 13 for Nb, Al, and
Ga atoms, respectively. That is, the 3p (3d) electrons were
also treated as valence electrons for Nb (Ga) atoms. The
energy cutoffs for the plane-wave basis is 385 eV in all cal-
culations. The Monkhorst-Pack®> method of sampling k
points is used for the Brillouin-zone integration.

The calculated lattice constants for the D0,, structure of
NbAl; (NbGa;) are a=3.847 (3.828) A and ¢=8.632
(8.817) A. These results compare well with the experimental
values for NbAl; and NbGas;.'® The Monkhorst-Pack param-
eters (13 13 5) were used for the unit cells which consist of
two Nb atoms six Al (or 6 Ga) atoms in structural optimiza-
tion as well as the calculations of density of states.

The calculated total density of states as well as the orbital
projected partial density of states for Nb atoms for both sys-
tems are presented in Fig. 4. The partial Fermi-level DOSs
for the s, p, and d electrons of niobium atoms are tabulated
in Table II. The density of states in the deep levels are not
shown in the figure which include the six 3p electrons of Nb
at around —32 eV in the DOS of both NbAl; and NbGa; and
the 10 3d electrons of Ga atom at around —16 eV in the DOS
of NbGa;. The wider valence band width of the DOS in
NbGa; is mainly due to the s electrons of the Ga atoms. The
low excitation bands (the band right above the Fermi level)
of the two systems are very different, i.e., the very narrow
band in NbAl; compared with the extended one in NbGas,
while their first peaks are mainly from the p orbitals of Al in
NbAl; but from the 34 orbitals in NbGas. Therefore the two
systems can have very distinct electron transport properties.

From the calculated N (Er), we deduced (1/T,T), values
which appear to be reasonable as compared to the experi-
mental 7 data. Results clearly indicate that NbAl; contains
less Nb d-character Fermi-level DOS than NbGas. In gen-
eral, the lower Fermi-level DOS is often related to the higher
phase stability. This can be understood as follows: If the
Fermi-level DOS is small, it means that more electrons par-
ticipate in bonding and get localized. As a result, the stability
of the material will be larger. With this accordance, the
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FIG. 4. Total density of states (the thin solid lines) for NbAl; (a)
and NbGas (b) and the corresponding orbital projected partial den-
sity of states for Nb atoms in the systems. The zero of the energy
denotes the Fermi level of the system.

present study confirms that NbAls is more stable than NbGa,
with respect to the D0,, structure, which is due to the stron-
ger p-d hybridization in the former compound.

III. CONCLUSIONS

We have a concise picture of the NMR features for NbAl,
and NbGa;, giving experimental viewpoint for their local
electronic properties. A strong similarity was found for the
NMR characteristics of both materials, pointing to a unifor-
mity in their electronic structures. Results of quadrupole in-
teraction and anisotropic Knight shift provide a comparison
of p-d hybridization for both materials. The spin-lattice re-
laxation rate together with the calculated Ny,(Er) show some
evidence that Ny (Ey) correlates with the stability for the D0,,
structure.
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