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NMR study of the ternary carbides M,AlIC (M=Ti,V,Cr)
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We have performed a systematic study of the layered ternary carbides Ti,AlC, V,AlIC, and Cr,AlC using
Z7Al NMR spectroscopy. The quadrupole splittings, Knight shifts, as well as spin-lattice relaxation times on
each material have been identified. The sign of the isotropic Knight shift varies from positive for Ti,AIC and
V,AIC to negative for Cr,AlC, attributed to the enhancement of hybridization with increasing valence electron
count in the transition metal. Universally long relaxation times are found for these alloys. Results provide a
measure of Al-s Fermi-level density of states N(Ef) for Ti,AIC and V,AIC. In addition, the evidence that
Ny(Ep) correlates with the transition metal d-electron count has been explored in the present NMR

investigation.
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I. INTRODUCTION

Recently there has been a renewed interest in the ternary
compounds of the form M, ;AX, (where M is the early tran-
sition element, A is a group III A or IV A element, and X is
C or N).! Among these phases, the materials with a general
formula M,AX, called the H or Hagg phase, exhibit a unique
combination of properties such as high bulk modulus, high
thermal and electrical conductivity, and good high-
temperature oxidation resistance.!?> Although these carbides
are ceramics, they demonstrate good damage tolerance and
readily machinable.'3* Hence, a great deal of research has
been devoted to investigating these materials for the under-
standing of their electronic properties and structural
stability.>~1#

For the present M,AlC (M=Ti,V,Cr) carbides, they
crystallized in the Cr,AlC-type structure (the P6;/mmc
space group) with the Wyckoff positions 4f for M, 2d for Al,
and 2a for C, as shown in Fig. 1. Within this structure, the
bonding between M and C is much stronger than that be-
tween M and Al, resulting in layered-like characteristics for
the M-C planes. According to theoretically electronic struc-
ture calculations, carbon does not contribute significantly to
the Fermi level density of states (DOS).%'" The Fermi sur-
face features of these carbides are mainly characterized by
hybridized M-d and Al-p states. Also the enhancement of the
hybridization effect with increasing valence electron (VE)
count in the transition atom has been proposed.”"'° Neverthe-
less, there has been little experimental work associated with
these scenarios, essential to interpret their electronic struc-
tures.

Nuclear magnetic resonance (NMR) is known as an
atomic probe in metallic alloys yielding information on the
bonding nature and Fermi surface features.'>!6 In this work,
we will present NMR measurements including the Knight
shifts, quadrupole transitions, as well as spin-lattice relax-
ation times in Ti,AlC, V,AIlC, and Cr,AlC as related to their
local electronic characteristics. The information about the lo-
cal environments is mainly obtained through the quadrupole
interactions as well as through the hyperfine interactions in
this investigation.
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II. EXPERIMENT AND DISCUSSION

Polycrystalline compounds were prepared by an ordinary
arc-melting technique. Briefly, a mixture of appropriate
amounts of high-purity elemental metals was placed in a
water-cooled copper hearth and then melted several times in
an argon flow arc melter. Due to the volatility of Al at high
temperatures, we started with excess Al for each sample,
assuming that the weight loss during melting aroused en-
tirely from the Al element. To promote homogeneity, these
materials were annealed in a vacuum-sealed quartz tube at
900 °C for several days, and followed by furnace cooling.

Room-temperature x-ray diffraction taken with Cu K« ra-
diation on powder specimens were consistent with the
Cr,AlC-type structure. Strong reflections in these alloys
could be indexed according to the expected structure with
several weak peaks remaining unidentified which had little
effect on the NMR measurements. As one can see below, our
NMR spectra clearly reveal that all studied carbides are well
ordered, with one aluminum crystallographic site as ex-
pected. A more detailed analysis of the x-ray data, in which
the P6s3/mmc structure was refined with the Rietveld
method. We thus obtained the lattice constants a=0.304 nm
and ¢=1.360 nm for Ti,AlC, a=0.291 nm and c=1.314 nm
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FIG. 1. Crystal structure for the Cr,AlC-type carbides.
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for V,AIC, and ¢=0.286 nm and ¢=1.282 nm for Cr,AlC.
These values were found to be close to those reported in the
literature.!7-18

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
put in a plastic vial that showed no observable ’Al NMR
signal.'® The Knight shifts here were referred to the 2’Al
resonance frequency of one molar aqueous AlCl;.

A. Quadrupole interaction and Knight shift

In this investigation, wide-line satellite spectra were
mapped out by integrating spin echo signals of various exci-
tations. For each studied carbide, there is a single Al site
which is axially symmetric, leading to a symmetric one-site
NMR spectrum, as demonstrated in Fig. 2. Due to electric
quadrupole coupling, the ?’Al NMR spectrum (1= %) is com-
posed of five transition lines. For powdered samples, as in
our experiment, these lines appear as typical powder pat-
terns, with distinctive edge structures corresponding to the
quadrupole parameters. The four edges are associated with
m=+te+3 and m=+ % — i% transitions. Since the first or-
der quadrupole shift is the main effect shaping the satellite
line, the quadrupole frequency, vy, was determined directly
from these lines. Results were tabulated in Table I. For
V,AIC, the high frequency side is strongly mixed with the
31y NMR signals, and thus the corresponding vo value was
measured using the low-frequency satellite lines.

For the combination of electric quadrupole and axial
Knight shift interactions, the shape and shift of the satellite
lines can be expressed in the first order by

vim—m-1)

K 1
=l 1+ ¢+&(m——> (cos? -1) 1,
1+K,, 20\ 2

mi%. (1)

Here v, is the pure Zeeman transition frequency in the ab-
sence of electric quadrupole and axial Knight shift interac-
tions. K;,, and K, represent the isotropic Knight shift and
axial Knight shift respectively, and 6 is the angle between the
crystal symmetry axis and the external magnetic field. The
line shape simulation appropriate to the powder Ti,AlC,
V,AIC, and Cr,AlC samples were performed according to
Eq. (1). The values of K, were obtained from the fit of
central transition lines (below) because the second order
quadrupole effect and the axial Knight shift interaction are of
the same order of magnitude on the central transition split-
ting. Each synthetic profile which matches well with the ex-
perimental >’Al NMR powder pattern, was plotted as a dot-
ted curve in Fig. 2.
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FIG. 2. Fully resolved satellite line shapes together with the
best-synthetic curves for Ti,AIC, V,AIC, and Cr,AlC. Each simu-
lated curve has been shifted down for clarity.

From the 129 result, we can determine the electric field
gradient (EFG) for each material. Here v,=3eQV,/(2]
—1)h is defined by the coupling between the nuclear quad-
rupole 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 mo-
tion. Attempts to reproduce the observed EFG’s with a
simple point-charge model yield unreasonable charge trans-
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TABLE I. Quadrupole frequency, isotropic Knight shift, axial Knight shift, room-temperature spin-lattice
relaxation time, and deduced Al-s Fermi level DOS (states/eV atom) for each studied alloy.

AHOy Yo (MHZ) Kiso (%) Kax (%) Tl (m@) NS(EF)
Ti,AlC 2.48+0.05 0.074+0.002 0.020+0.005 140+20 0.014+0.001
V,AIC 2.00+0.08 0.026+0.003 0.010£0.005 30+5 0.029+0.003
CrAIC 1.90+0.03 —-0.203+0.008 0.010£0.003 25+4

fers. In fact, the electronegativity difference between transi-
tion metal and Al atoms is low and hence the bonding nature
in the studied compounds cannot be entirely attributed to the
ionicity. Alternatively, valence charges could be another
source for the observed EFG’s, pointing to the important
Al-M hybridization in these compounds. Therefore the
present v, result suggests that both ionic and covalent
mechanisms play significant roles for the bonding nature be-
tween M and Al atoms, being consistent with theoretical
predications.” 1

Central transition (m=%<—>—%) line shapes for Ti,AlC,
V,AIC, and Cr,AlC, obtained from spin echo fast Fourier
transforms using a standard 7/2— 7— 7 sequence, were given
in Fig. 3. Each spectrum is complicated by the simultaneous
presence of anisotropic Knight shift and second-order quad-
rupole effects. For the present structure, the SN quadrupole
shift and the angle-dependent Knight shifts are axial. Hence
the frequency shift for the central transition, Av, to the sec-
ond order quadrupole interaction and Knight shift can be
written as?’

Av_

K, v
= —*—(3 cos’ 0—1)+—Q§(1—cos2 0)(1 -9 cos® ).
v, 1+K, 2

2)

For a polycrystalline sample, shape function fitting for the
case of combined quadrupole and axial shift interactions was
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FIG. 3. ?’Al central transition NMR spectra for Ti,AlC, V,AIC,
and Cr,AlC measured at room temperature. The simulated curves,
drawn as dotted lines, have been shifted for clarity.

presented first by Jones et al?' By substituting the deter-
mined v, and tuning K,,, the positions of shoulders and sin-
gularities of each *’Al NMR spectrum can be found. The
best-simulated results yielded the corresponding room-
temperature values for K, and K., as summarized in Table
I. The curve fits were evaluated by eye, and the values in
Table I were used to produce the curve in Fig. 3. Note that in
these fits the last digit quoted for K;,, and K, in the table
make very little difference for the shape of the curves.

The isotropic Knight shift here can be expressed as Kjq,
=K,+K,,;,+K,,. The first term is associated with the s-contact
Knight shift which is connected to the s-character Fermi-
level DOS.?? The second term is called the orbital Knight
shift originating from the orbital electrons. The last one is
due to the mixture of d states from transition metal element
via transfer hyperfine interaction, which is related to the hy-
bridization with d electrons. Although K,,;, and K, are usu-
ally much smaller than K in paramagnetic metals, they be-
come competitive when the s-character Fermi-level DOS is
significantly small. This situation is suitable for the present
carbides since the band structure calculations already indi-
cated that the Al-s electrons contribute little to the Fermi-
level DOS.%!0 Indeed, this description is more obvious from
the Cr,AIC shift: negative 2’ Al Knight shift for this material
cannot be accounted for either by an ordinary s-contact term
or by a paramagnetic orbital shift. On the other hand, the
exchange polarization by d states generally contributes to a
negative shift due to the negative hyperfine field of d
electrons.”>> Accordingly, K, should be relatively small for
Ti,AlC, and the dominant K and K,,,;, terms produce a larger
positive K;,,=0.074%. For V,AIC, K, is comparable with
K,+K,,, resulting in a small positive K;,=0.026%. For
Cr,AlC, however, K, overcomes the contribution from K|
and K, leading to a negative K;,,=—0.203%. Hence the
observed K, clearly reveals the enhancement of p-d hybrid-
ization with increasing the transition metal valence electron
(VE) count. Such the analysis has been found to be consis-
tent with those expected from the theoretical calculations,
indicating that the p-d hybridization gradually increases with
adding more transition metal valence electrons in M,Al1C.7-°

B. Spin-lattice relaxation time and Fermi level density
of states

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 correspond-
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FIG. 4. Temperature-dependent 2TAl spin-lattice relaxation rate
of Cr,AlC. The Korringa behavior was indicated by the linear rela-
tionship, shown as a dotted line.

ing spin-lattice relaxation is a multiexponential expression.?

For the central transition with [ =§, the recovery of the
nuclear magnetization follows:

M(1) - M()

=—2a(0.257¢"T1 4+ 0.267¢ %"
M()

+0.476e~ 15Ty, (3)

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 7T, 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 material is enumer-
ated in Table I. While nonconduction mechanisms may con-
tribute to the relaxation, they were excluded by the Korringa
relation.?” T, measurements performed at various tempera-
tures yield Korringa behavior (constant 7,7), indicating a
conduction-electron mechanism for the observed relaxation.

It has been speculated that local magnetic moments may
appear in Cr,AlC. In further investigations, we examine the
temperature dependence of the *’Al central lines between
room temperature and 77 K. The Knight shift exhibits nearly
temperature independent, and the spin-lattice relaxation rate
follows a Korringa relation, as demonstrated in Fig. 4. These
observations indicate paramagnetic nature in Cr,AlC. In fact,
theoretical calculations for Cr,AlC yielded marginal differ-
ence between antiferromagnetic (AFM) and paramagnetic
configurations.”® Also the determined local moment of
0.64up on the Cr site in the AFM phase will broaden the
2AI NMR central transition line via magnetic dipolar inter-
action. This is contrary to the observed linewidth of about
40 KHz which is mainly splitted by the electric quadrupole
effect.

The spin-lattice relaxation time measurement is known as
a direct probe of the Fermi surface feature in nonmagnetic
materials. For the present Ti,AlC and V,AIC alloys, the re-
laxation of Al nuclei is dominated by their coupling to the
spin of the s-character electrons. For Cr,AlC, however, its
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relative high transferred hyperfine field would make addi-
tional contribution to the relaxation rate. As a consequence, it
is not quite appropriate to associate the observed 7, with the
Al-s Fermi-level DOS for the case of Cr,AlC. In the absence
of the collective electron effects, the relaxation rate is simply
governed by the initial occupied and final unoccupied elec-
tronic states, associated with the hyperfine field arising from
contact electrons. Under such the approximation, the spin-
lattice relaxation rate can be written as®’

1
= 2hkyTL Y, H) N(Ep) T, (4)
1

where h, kp, and T are the Planck constant, Boltzmann con-
stant, and absolute temperature, respectively. vy, is the Al
nuclear gyromagnetic ratio, H‘,‘lf is the hyperfine field per
electron of the Al-s electrons at the Fermi level, and N (EF)
represents the s-DOS at the Fermi level. As indicated from
Table I, the deduced T';’s were found to be much longer than
that of the Al metal which is about 6 ms at room
temperature.”’ The strong enhancement of T, is related to
DOS reduction at the Fermi level, consistent with the predic-
tion given from theoretical calculations.

For Ti,AlC and V,AIC, the partial aluminum density of
states around the Fermi surface are predominately s and p
like, the mixture of d states being rather small. Since p and d
hyperfine fields are generally an order of magnitude smaller
than the s-character hyperfine field,®® the main hyperfine
field in such alloys arises from contact electrons. Taking
Hj~1.9% 10° G in Al metal®® and experimental T,’s, the
Al-s Fermi level DOS of Ti,AIC and V,AIC can be obtained
from Eq. (4), with the results listed in Table I.

From T, analysis, universally small N,(E) values are ex-
tracted for Ti,AIC and V,AIC, in good agreement with the-
oretical predications.”®!® The deduced N (E;) value was
found to increase with d-electron population as compared
with both alloys. This tendency is consistent with the picture
within a rigid-band scenario: the corresponding Ep shifts to
higher DOS with increasing the transition metal VE count
due to the band filling effect. Such an argument agrees well
with the trend of the calculated total DOS of M,AIC.”"!0 As
a result, the higher DOS of V,AlIC compared to Ti,AlC is
reflected to its larger value of the bulk modulus.! Apparently
the present NMR study would help to get an experimental
understanding of the electronic band characteristics in these
carbides.

III. CONCLUSIONS

We have a concise picture of the NMR features for
Ti,AlC, V,AIC, as well as Cr,AlC, giving experimental
viewpoint for their local electronic properties. From the re-
laxation times, we extracted the Al-s Fermi-level DOS for
Ti,AlC and V,AIC, which were found to correlate with the
transition metal d-electron count. The Knight shift results
provided an indication of the weight of p-d hybridization
between Al-p and M-d electrons. We also have discussed the
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observed EFG’s, which reveal the important ionic and cova-
lent bonding between Al and transition metal element in
these carbides. Furthermore, a strong similarity was found
for the NMR characteristics of these materials, pointing to a
uniformity in their electronic structure properties.
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