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27Al NMR measurements were performed on theD023-structure trialuminides Al3Zr and Al3Hf. The Knight
shifts, quadrupole splittings, and spin-lattice relaxation times for each of the three crystallographic sites have
been resolved. Universally small Fermi-contact Knight shifts and long relaxation times are found for both
alloys. Results provide a measure ofs-character Fermi-level density of statesNssEFd and an indication of
orbital weights. In addition, there is evidence thatNssEFd correlates with the structural stability of the studied
materials. Our NMR measurements confirm that Al3Zr is more stable than Al3Hf with respect to theD023

structure.
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I. INTRODUCTION

Transition-metal-based trialuminidessAl3Md exhibit a
unique combination of properties such as high melting
points, low mass densities, and low oxidation resistances. A
great deal of research has been devoted to investigating these
materials for the understanding of their electronic properties
and structural phase stability.1–8 Among these Al3M alloys
swhereM is the early transition element Ti, V, Zr, Nb, Hf,
…d, the possible crystal structures areL12 andD022, as well
asD023.

9 For Al3Zr and Al3Hf, the low-temperature ground
state D023 is energetically favored, while Al3Hf is more
stable withD022 at high temperatures.10

Theoretically, electronic-structure calculations performed
simply by optimizing thec/a ratio could not predict a correct
ground state for both alloys.11–13On the other hand, allowing
the internal atoms shifting off their ideal positions is a key
source responsible for theD023-structure stability.14–17 The
calculated total density of statessDOSd exhibited a deep val-
ley at the Fermi level, attributed to hybridization between Al
p andM d playing an important role for the DOS reduction.
Nevertheless, there has been little experimental work associ-
ated with these scenarios, essential to interpret their struc-
tural stability.

As shown in Fig. 1, the crystal structure ofD023 is a
superstructure which consists of a stacking of fourL12 cubes
with the same antiphase shifts every two cubes. There are
three nonequivalent Al sites with equal population, denoted
as Al-I, Al-II, and Al-III, respectively. Al-I, interacting with
four transition atoms in thes100d plane, has point symmetry
mmmwhich is nonaxial with respect to thec axis. Al-II, with

point symmetry 4̄m2, is surrounded by two transition ele-
ments in thes100d and two in thes010d planes. The atomic
position of Al-III, located in thes001d plane with four first-
nearest transition element neighbors, is not fixed in thec
direction due to its 4mm symmetry. Thes100d, s010d, and
s001d planes are not equivalent due to noncubic symmetry.
With the study of interactions between transition atoms and
individual Al sites, the results can be utilized to examine the
local electronic properties ofD023. Nuclear magnetic reso-
nancesNMRd is known as an atomic probe in metallic alloys
yielding information on site occupation and Fermi surface

features. In this paper, we will present NMR measurements
including the Knight shifts, quadrupole transitions, and spin-
lattice relaxation times in Al3Zr and Al3Hf 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.

II. EXPERIMENT AND DISCUSSION

The polycrystalline compounds were prepared by an ordi-
nary 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. The weight loss during melting is
less than 0.05% for each compound. To promote homogene-
ity, both materials were annealed in a vacuum-sealed quartz
tube at 900 °C for 7 days, followed by furnace cooling. This
process is not trivial because metastable phases may appear
in these materials as the annealing temperature is below
500 °C.18,19 The resulting ingots, which tend to be brittle,
were grounded to powder. A room-temperature x-ray diffrac-
tion taken with CuKa radiation on powder samples is shown
in Fig. 2. Strong reflections in both alloys could be indexed

FIG. 1. Crystal structure for theD023-type trialuminide
intermetallics.
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according to the expectedD023 structure. Several weak peaks
remain unidentified which had little effect on the NMR mea-
surements. A more detailed analysis of the x-ray data, in
which the D023 structure was refined with the Rietveld
method, was conducted. We thus obtained the lattice con-
stants a=0.4005 nm andc=1.7261 nm for Al3Zr, and a
=0.3985 nm andc=1.7136 nm for Al3Hf. These values were
found to be close to those reported in the literature.14,20,21

NMR measurements were performed using a Varian 300
spectrometer, with a constant field of 7.05 T. A homebuilt
probe was employed for both room-temperature and high-
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 observable27Al NMR
signal. The Knight shifts here were referred to the27Al reso-
nance frequency of one molar aqueous AlCl3.

A. Line shape and isotropic Knight shift

Central transitionsm= 1
2 ↔−1

2
d line shapes were obtained

from spin-echo fast Fourier transforms using a standard

p /2-t-p sequence. Since powder materials were used in our
NMR experiment, the central transition lines appear as pow-
der patterns, as given in Fig. 3. The spectrum is quite com-
plicated because of the combination of three Al sites and the
simultaneous presence of anisotropic Knight shift and
second-order quadrupole effects. Attempts to decompose the
spectrum into three component lines using quadrupolar
broadening together with anisotropic Knight cannot yield an
unambiguous result. On the other hand, we can measure the
isotropic Knight shiftKiso of each site by taking the midpoint
of the separated satellite pairsfshown in Figs. 4sad and 4sbdg.
The obtainedKiso values were tabulated in Table I. For
Al3Zr, the corresponding shifts are close to those obtained by
using the magic-angle spinning technique,22 suggesting a
reasonable estimate presented here. Also our Knight shift
analysis reveals that the high-frequency peak is mainly
dominated by site III, while the low-frequency part is a mix-
ture of sites I and II.

From the relationship of the isotropic Knight shift to the
s-DOS in metals,23 the smallKiso for both compounds im-
plies low DOS at the Fermi surfaces. In addition, the larger
Kiso occurring at site III indicates mores electrons at this
site. However,Kiso is not entirely due to thes-contact Knight
shift sKsd because thes-d mixing sKsdd and orbital shift
sKorbd also contribute toKiso. Although those terms are usu-
ally much smaller than thes-contact Knight shift in paramag-

FIG. 3. 27Al central transition NMR spectra for Al3Zr and Al3Hf
measured at room temperature. The arrow indicates the27Al zero
Knight shift.

FIG. 2. X-ray diffraction patterns in Al3Zr and Al3Hf. Reflec-
tions are indexed with respect to theD023 structure.

FIG. 4. Fully resolved satellite line shapes for the three Al sites
in Al3Zr and Al3Hf.
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netic metals, they become competitive when the latter is sig-
nificantly small.

According to the noninteracting electron picture, the
s-contact Knight shift can be expressed asKs
=mBHhf

s NssEFd. Here mB is the Bohr magneton,Hhf
s is the

hyperfine field of thes electrons, andNssEFd is thes-DOS at
the Fermi level. With the estimate ofHhf

s ,1.93106 G in Al
metal24 andNssEFd deduced fromT1 measurements as men-
tioned later,Ks was thus obtained with the results shown in
Table I. Universally small Fermi-contact Knight shifts are
extracted for all Al sites in both Al3Zr and Al3Hf. While we
cannot distinguishKsd andKorb in the present study, the ex-
change polarization ofs electrons byd states generally con-
tributes to a negative shift due to the negative hyperfine field
of d electrons.25,26 This implies that the observed shifts are
mainly associated with the orbital term, especially for Al site
III.

B. Quadrupole interaction and electric field gradient

In order to explore the local electronic properties for each
Al site, we performed quadrupole transition measurements
providing well-resolved satellite lines for individual sites. In
this investigation, wide-line satellite spectra were mapped
out by integrating spin-echo signals of various excitations.
Due to electric quadrupole coupling, the27Al NMR spectra
sI = 5

2
d are composed of 5 transition lines per site, so that 3

nonequivalent Al sites inD023 result in 15 lines, as demon-
strated in Fig. 4sthree central transition lines have been dis-
played separately in Fig. 3d. For powdered samples, as in our
experiment, these lines exhibit as typical powder patterns,
with distinctive edge structures corresponding to the quadru-
pole parameters. The four edge singularities for each Al site
correspond tom= ± 1

2 ↔ ± 3
2 and m= ± 3

2 ↔ ± 5
2 transitions.

Since the first-order quadrupole shift is the main effect shap-
ing the satellite line, the quadrupole frequencynQ was deter-
mined directly from these lines. Due to the axial symmetry
for Al-II and Al-III, the nQ values can be obtained from the
difference betweenm=−1

2 ↔−3
2 and m= + 1

2 ↔ + 3
2 edges.

Site identification for the Al3Zr alloy has been given by Bas-
tow et al.22 Accordingly, the smallernQ has been assigned to
site II and the larger one to site III. For Al-I, however, the
point symmetrysmmmd is nonaxial which yields a nonzero

asymmetry parameterh= usVyy−Vxxd /Vzzu. Such an asymme-
try effect splits them= ± 1

2 ↔ ± 3
2 transitions into two edges at

s1−hdnQ/2 ands1+hdnQ/2, as demonstrated in Fig. 5. We
can thus determinenQ using the central position of these
lines and theh factor from the observed splitting for this site.
All extracted nQ and h values for Al3Zr and Al3Hf were
summarized in Table I. It is interesting that the differences in
nQ andh between the compounds are marginal, indicative of
the similar local charge environments within both alloys.

From nQ for each Al site, we can determine the electric
field gradientsEFGd. Here nQ=3eQVzz/ s2Is2I −1dhd is de-
fined by the nuclear quadrupole momentQ and the largest
principal-axis component of the EFG tensorVzz. 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 transition-metal and Al atoms is low and
hence the ionicity does not play a significant role in the
bonding nature of the studied compounds. On this basis, the
valance charges would be the major source for the observed
EFG’s. Since the largestnQ consistently appears at site III,
we attributed the large EFG to the concentration of bonding
charges in theab planes. This confirms the importance of
p-d hybridization between Al site III and the transition metal
for the structural properties of these materials.

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

As seen from Fig. 3, three Al NMR lines are strongly
mixed, leading to the difficulty of the separation of indi-
vidual sites from the central transition signals. We thus mea-
sured the spin-lattice relaxation timesT1d using the satellite
lines, providing distinctive peaks for each Al site. We found
eachT1 by centering the transmission frequency at them
=−1

2 ↔−3
2 quadrupole-split powder pattern edges, where the

resonance is dominated by one site. The spin-lattice relax-
ation time measurements were carried out using the inver-

TABLE I. Asymmetry parameter, quadrupole frequency, isotro-
pic Knight shift, Fermi-contact Knight shift, exchange polarization
and orbital Knight shifts, and room-temperature spin-lattice relax-
ation time for each of the Al site.

Alloy Site h
nQ

sMHzd
Kiso

s%d
Ks

s%d
Ksd+Korb

s%d
T1

smsd

Al3Zr I 0.028 1.345 0.046 0.016 0.030 125±4

II 0 0.445 0.043 0.016 0.027 126±7

III 0 1.690 0.069 0.025 0.044 54±8

Al3Hf I 0.027 1.375 0.053 0.016 0.037 127±9

II 0 0.440 0.060 0.026 0.034 50±4

III 0 1.760 0.094 0.033 0.061 29±3

FIG. 5. Quadrupole transitions ofm=−1
2 ↔−3

2 for the Al site I
of Al3Zr and Al3Hf.
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sion recovery method. We recorded the signal strength by
integrating the recovered spin-echo signal. In these experi-
ments, the relaxation process involves the adjacent pairs of
spin levels, and the corresponding spin-lattice relaxation is a
multiexponential expression.27 For them=−1

2 ↔−3
2 transition

with I = 5
2, the recovery of the nuclear magnetizationM fol-

lows

Mstd − Ms0d
Ms0d

= − 2s0.157e−t/T1 + 0.054e−3t/T1 + 0.075e−6t/T1

+ 0.446e−10t/T1 + 0.268e−15t/T1d, s1d

derived from the initial conditions used in our experiments.
Here Ms0d is the initial magnetization after inversion and
Mstd is the magnetization at the recovery timet. Thus T1

values can be obtained by fitting to this multiexponential
recovery curve. To provide accurate values, eachT1 has been
measured several times and the averagedT1 for each Al site
is enumerated in Table I. While nonconduction mechanisms
may contribute to the relaxation, they were excluded by the
Korringa relation.28 T1 measurements performed at various
temperatures yield Korringa behaviorsconstantT1Td, indicat-
ing a conduction-electron mechanism for the observed relax-
ation. In addition, no exotic behavior in 1/T1 at high tem-
peratures suggests that Al3Zr and Al3Hf are better classified
as metals instead of semimetals like Fe2VAl. 29,30

The spin-lattice relaxation time measurement is known as
a direct probe of the Fermi surface feature in nonmagnetic
materials. For the present Al3Zr and Al3Hf, the relaxation of
Al nuclei is dominated by their coupling to the spin of the
s-character electrons. In the absence of collective electron
effects, the relaxation rate is simply governed by the initially
occupied and finally unoccupied electronic states, associated
with the hyperfine field arising from contact electrons. Under
such an approximation, the spin-lattice relaxation rate can be
written as31

1

T1
= 2hkBTfgnHhf

s NssEFdg2, s2d

whereh, kB, andT are the Planck constant, Boltzmann con-
stant, and absolute temperature, respectively.gn is the Al
nuclear gyromagnetic ratio,Hhf

s is the hyperfine field of the
Al s electrons, andNssEFd represents thes-DOS at the Fermi
level. As indicated from Table I, the deducedT1’s were found
to be much longer than that of the Al metal which is about
6 ms at room temperature.32 The strong enhancement ofT1 is
related to DOS reduction at the Fermi level, which has been
proposed to account for theD023 phase stability.

For the aluminum atom, the states around the Fermi sur-
face are predominatelys and p like, the mixture ofd states
being rather small. Sincep andd hyperfine fields are gener-
ally an order of magnitude smaller thans hyperfine fields,24

the main hyperfine field in such alloys arises from contact
electrons. TakingHhf

s ,1.93106 gauss in Al metal24 and ex-

perimentalT1’s, the Fermi level DOS ofs electrons for each
individual site can be obtained from Eq.s2d, with the results
listed in Table II. Highers-DOS at the Fermi surface occur-
ring at site III implies that mores electrons exist at that site,
identical with the observation for site I in theD022 structure.
Together with the EFG results, we conclude that Al-III in
D023 plays a similar role for the local electronic properties
and phase stability as Al-I inD022.

4

From T1 analysis, small Fermi-level densities of states
were found for both studied alloys, in good agreement with
theoretical predications of the presence of pseudogap near
the Fermi level due to hybridizations.14–16 Our high-
temperatureT1 measurements further indicated that these hy-
bridized pseudogaps are not as deep as those in semimetals.
Moreover, we demonstrated that Al3Zr contains less Al
s-character Fermi-level DOS than that in Al3Hf. The lower
Fermi-level DOS is often related to the higher phase
stability.13 This can be understood as follows: If the Fermi-
level DOS is small, it means that more electrons participate
in bonding and get localized. As a result, the stability of the
material will be larger. With this accordance, the present
NMR study confirms that Al3Zr is more stable than Al3Hf
with respect to theD023 structure. Such an argument is con-
sistent with the fact that Al3Hf becomes more favorable with
D022 at high temperaturessT.650 °Cd.10

III. CONCLUSIONS

We have a concise picture of the NMR features for Al3Zr
and Al3Hf, giving an experimental viewpoint for their local
electronic properties. The Knight shifts together with relax-
ation times provide a measure ofNssEFd and an indication of
orbital weights. There is some evidence thatNssEFd corre-
lates with the stability for theD023 structure. We also have
discussed the observed EFG’s, which are consistent with a
bonding configuration in theab plane. A strong similarity
was found for the NMR characteristics of both materials,
pointing to a uniformity in the electronic-structure proper-
ties.
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TABLE II. Calculated Fermi levels-DOS sstates/eV atomd for
each Al crystallographic site, deduced from the NMRT1’s.

Alloy Al-I Al-II Al-III Total

Al3Zr 0.0147 0.0146 0.0223 0.0172

Al3Hf 0.0145 0.0232 0.0304 0.0227
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