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With the aim to examine the variation in the electronic properties of CoTiSb due to heat treatment, a
comparative study of the as-cast and annealed samples using 59Co nuclear magnetic resonance �NMR� spec-
troscopy was performed. All NMR observations clearly indicate a significant change in the local electronic
characteristics for the annealed sample. The spin-lattice relaxation rate measurements further provide an esti-
mate of Co-d Fermi-level density of states, Nd�EF�, indicating a substantial reduction in Nd�EF� for the
specimen with heat treatment. This finding gives a microscopic interpretation for the larger electrical resistivity
and Seebeck coefficient in the annealed half-Heusler alloys, as the samples with higher electrical resistivity and
Seebeck coefficient usually are associated with lower carrier densities in the vicinity of the Fermi level.
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I. INTRODUCTION

Complex intermetallics have been of considerable interest
in resent years because of their unconventional transport
properties and magnetic behavior. One of the most intriguing
systems is the ternary compounds of the general formula
XYZ �X and Y are transition elements; Z=Sn or Sb� with the

MgAgAs structure �space group F4̄3m�, frequently referred
to as the half-Heusler compounds.1–3 The materials of this
type are derived from the cubic L21 Heusler phases X2YZ
by removing one of the equivalent X atoms, leaving a va-
cancy site. The half-Heusler systems are far from compact,
and they can be stabilized only through covalent bonding
within a restricted range of peripheral electron number.
The ideal valence electron concentration �VEC� is 8 or 18
electrons per formula unit, which corresponds to MgAgAs,
NiTiSn, CoTiSb, FeVSb, etc.4–6 It leads to the formation
of tetrahedral bonds and sp3 hybridization around the p ele-
ment and favors bonding between d metals.7 Semiconducting
and semimetallic behavior, indicated by the negative tem-
perature coefficient of the electrical resistivity and a large
Seebeck coefficient around room temperature,4,5,8–12 are
commonly observed in most half-Heusler compounds with
VEC=18.2–5,8,9

Structural imperfection, particularly arising from site in-
terchange, is likely to be an inherent feature in the half-
Heusler family. As a consequence, the measured physical
properties may considerably differ from sample to sample
with different preparing and annealing processes.10,13–15

There is general agreement from intense experimental results
that heat treatment plays an important role for improving the
structural perfection.10,14,16,17 Observations of the enhance-
ment in the thermal conductivity upon annealing had been
attributed to the decrease in the grain-boundary and/or point-
defect scattering.10,14,17 Nevertheless, there has been little
quantitative work associated with the local properties in
these half-Heusler alloys, essential to interpret the variation
in their electronic characteristics through heat treatment.

To gain microscopic insight into the changes in physical
properties in the half-Heusler compounds via annealing, a

comparative study of the as-cast and annealed CoTiSb
samples using 59Co nuclear magnetic resonance �NMR�
spectroscopy was performed. NMR is known as an atomic
probe yielding information about the Fermi surface
features.18 In this paper, we will present NMR measurements
including line shapes, Knight shifts, and spin-lattice relax-
ation times in both as-cast and annealed CoTiSb compounds
as related to their local electronic characteristics.

II. EXPERIMENTAL RESULTS AND DISCUSSION

Polycrystalline CoTiSb compounds were prepared from
99.95% Co, 99.9% Ti, and 99.999% Sb by mixing appropri-
ate amounts of elemental metals, and were melted in an arc-
melting furnace under a Zr-gettered argon atmosphere. Due
to the volatility of Sb at high temperatures, we started with
an excess of 3 mol % from stoichiometry for Sb. With the
aim to examine the change in the electronic features via heat
treatment, one part of the CoTiSb ingot remains no annealing
while the other part was annealed in a vacuum-sealed quartz
tube at 800 °C for two weeks and subsequently cooled with
a rate of 60 °C /hr. X-ray diffraction �XRD� patterns of both
powder specimens, shown in Fig. 1, were acquired on a
Bruker D8 Advance diffractometer equipped with a mono-
chromatic Cu K� radiation. Rietveld refinements of the pow-
der patterns indicated that both samples crystallize in the

MgAgAs-type structure �F4̄3m� with a phase purity. The re-
spective Rietveld-refined lattice parameters of the as-cast and
annealed CoTiSb are of 5.8851 and 5.8832 Å, consistent
with the previous reported values.1,3,13,14 The chemical analy-
ses of 20 crystals per specimen using energy-dispersive x-ray
spectroscopy �EDS� in a transmission electron microscope
�JEOL 2000FX, operated at 200 kV� further revealed the
generally good control over the Sb stoichiometry, in agree-
ment with the XRD refinements. The data from the structural
and chemical analyses were tabulated in Table I. It is appar-
ent that heat treatment has little effect on the Sb loss. In
addition, a slight substoichiometry was found for Co and Ti
in both specimens through the x-ray and chemical character-
izations.
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NMR measurements were performed using a Varian 300
spectrometer, with a constant field of 6.9437 T. A home-built
probe was employed for both room-temperature and low-
temperature experiments. 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 ob-
servable 59Co NMR signal.19 The Knight shifts here were
referred to the 59Co resonance frequency of one molar aque-
ous K3Co�CN�3.

A. Line shapes

In this investigation, 59Co NMR line shapes of both Co-
TiSb specimens were measured by spin-echo integration ver-

sus frequency. For the F4̄3m phase, there is a single Co site
which is axially symmetric �asymmetry parameter �=0�. For
the as-cast sample, the line shape appears as typical powder
patterns, a strong central transition line �m=− 1

2 ↔+ 1
2 � with

six distinctive satellite lines �indicated by arrows in Fig. 2�.

In principle,20 the first order quadrupole shift is the main
effect shaping the satellite lines, and the quadrupole fre-
quency �Q can be obtained directly from these lines as the
separation of the adjacent lines equals to �Q /2. The deter-
mined �Q�21 kHz is rather small, suggesting that the Co
site is located in a higher symmetric environment. For the
annealed CoTiSb, the feature of these satellite lines is
smeared out, attributed to the magnetically dipolar broaden-
ing from magnetic impurities. According to previous
studies,21,22 the annealed CoTiSb alloys contain more mag-
netic impurities that appear to be magnetic clusters and are
responsible for the substantial enhancement in the magnetic
susceptibility. To further identify this argument, we measured
the magnetic susceptibility for both as-cast and annealed Co-
TiSb, and showed the result in the inset of Fig. 3. As one can
see, the susceptibility for the annealed sample is approxi-
mately an order of magnitude larger than the as-cast one,
being consistent with the previous observations.21,22

NMR linewidths can provide a measure of the concentra-
tion of magnetic clusters in the vicinity of the NMR
nucleus.23–25 For the annealed CoTiSb, the resonance spec-

FIG. 1. �Color online� X-ray diffraction patterns for the as-cast
and annealed CoTiSb. Reflections are indexed with respect to the
MgAgAs-type structure.

TABLE I. The atomic positions and the Rietveld-refined site occupations �n� and isotropic atomic dis-
placement parameters �Biso� of the as-cast and the annealed CoTiSb at room temperature using the space

group F4̄3m. The isotropic atomic displacement parameters of Co and Ti were constrained. EDS chemical
analyses of the samples were also given. For each tabulated refined results, the first row is for the as-cast
sample, while the second row is for the annealed one.

Atom Wyckoff x y z Biso n n �EDS�

Co 4c 1/4 1/4 1/4 1.18�9� 0.81�9� 0.80

0.79�9� 0.84�9� 0.81

Ti 4b 1/2 1/2 1/2 1.18�9� 0.85�9� 0.87

0.79�9� 0.87�9� 0.88

Sb 4a 0 0 0 0.95�9� 0.99�9� 1.00

0.93�9� 0.97�9� 0.98

FIG. 2. �Color online� Room-temperature 59Co NMR powder
patterns for the as-cast and annealed CoTiSb.

LUE et al. PHYSICAL REVIEW B 80, 174202 �2009�

174202-2



trum exhibits a Lorentzian shape, as expected for broadening
by dilute magnetic impurities.24,25 As a measure of the line
broadening, we recorded the full width at half maximum
�FWHM� for different temperatures. While the NMR line-
width for the as-cast sample shows nearly temperature-
independent, the FWHM for the annealed CoTiSb increases
with decreasing temperature, following the Curie-type 1 /T
behavior as illustrated in Fig. 3. Walstedt and Walker have
calculated the linewidth due to dilute magnetic impurities,25

for the case where the fluctuation of the impurity spins is
rapid compared with the NMR splittings, the line broadening
is proportional to the average spin moment, giving a Curie-
type contribution, as observed here. According to this theory,
substitutional clusters having spin S and concentration c will
produce a FWHM, ��, which can be expressed as

�� =
2

ln 2

�ng�B�0Nc

9�3R3
��Sz�T��� . �1�

Here, �n is the Co nuclear gyromagnetic ratio, �B is the Bohr
magneton, and �Sz�T�� is the average moment of magnetic
clusters. R and N represent the distance and the number of
the nearest neighboring sites. In this fit, we fixed g=2 and
S=3 /2, assuming that the clusters contain the Co2+ mo-
ments. The least-squares fit, shown as a solid curve in Fig. 3,
yields an impurity concentration c=0.021 for our annealed
CoTiSb. In addition, the present NMR result indicates these
magnetic clusters to be uniformly distributed within the
sample. It is worthwhile mentioning that similar analyses
have been applied to the Heusler compounds Fe2VAl and
Fe2VGa.26 The determined impurity concentrations have
been found to be in good agreement with the observed up-
turns in the low-temperature specific heat data.27,28

B. Knight shift

Figure 4 shows the temperature dependence of 59Co NMR
Knight shifts �59K ’ s� for the as-cast and annealed CoTiSb
alloys. The values of 59K for both materials were determined
from the position of the maximum of each spectrum. Below
130 K, both 59K’s exhibit almost temperature independent.
These constant terms mainly originate from the orbital �para-
magnetic� shifts and thus are consistent with a small contact
Knight shift contribution implied by the observed long T1’s.
For the orbital shift, there is the general form23

Korb =
2e2

m2c2�
�	�Lz�	���	��Lz/r3�	�

�E
+ c.c., �2�

where 	 is an occupied state, and the sum is over excited
states 	�. �E represents the average band separation in the
vicinity of the Fermi level. On this basis, the tiny �E in the
denominator will cause a considerable orbital shift which can
be used to explain the large 59K’s in both CoTiSb samples.
Note that the magnitude of 59K is reduced upon annealing,
indicative of an increase in �E, being consistent with the
result found in the spin-lattice relaxation rates at elevated
temperatures.

Above 130 K, 59K’s shift to higher frequencies with rising
temperature, reflecting an increase in the spin susceptibility,
attributed to a thermally activated increase in the number of
carriers, also responsible for the enhancement in the relax-
ation rate. Contrary to other gapped systems such as Fe2VAl
and Fe2VGa,29,30 the 51V Knight shifts were found to shift to
lower frequencies with increasing temperature, owing to the
negative core polarization of vanadium d states. With this
respect, we conclude that the thermally excited carriers in
CoTiSb are mainly s-character, with positive s-hyperfine
constant responsible for the T-dependent Knight shifts and
spin-lattice relaxation rates at elevated temperatures. It is

FIG. 3. �Color online� The variation of the 59Co FWHM line-
widths with temperature for the as-cast and annealed CoTiSb. The
solid curve is a fit to the broadening for the annealed CoTiSb
sample described in the text. Inset: the measured magnetic suscep-
tibility for both as-cast and annealed CoTiSb.

FIG. 4. �Color online� Temperature dependence of the 59Co
Knight shifts for the as-cast and annealed CoTiSb.
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worthwhile mentioning that similar features have been ob-
served in the semiconducting and semimetallic Co-based
skutterudites.19,31

C. Spin-lattice relaxation rates

Temperature-dependence of the spin-lattice relaxation rate
�1 /T1� measurements were carried out using the inversion
recovery method. We recorded the recovery of the signal
strength by integrating the 59Co spin-echo signal. In these
experiments, the relaxation process involves the adjacent
pairs of spin levels, and the corresponding spin-lattice relax-
ation is a multiexponential expression.32 For the central tran-
sition with I=7 /2, the recovery of the nuclear magnetization
obeys

M�t� − M�
�
M�
�

= − 2��0.012e−t/T1 + 0.068e−6t/T1

+ 0.206e−15t/T1 + 0.714e−28t/T1� . �3�

Here, M�t� is the magnetization at the recovery time t 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. Each experimental T1 was
thus obtained by fitting to this multiexponential recovery
curve.

As proposed by Moriya,33 the mutual interaction of local
moments can give a temperature-independent contribution in
1 /T1. We, however, found no such effect in the annealed
CoTiSb specimen. This suggests that those moments must be
either quite small or distributed as clusters with low density,
in agreement with the linewidth analysis. In Fig. 5, we show
a plot of 1 /T1T versus temperature for the as-cast and an-
nealed CoTiSb samples. Similar to the Knight shift results,
the observed 1 /T1T can be separated by a constant term

1 /T1KT and a thermally activated part. The 1 /T1KT term is
the Korringa constant which is generally associated with the
partial Fermi-level density of states �DOS� of the probed
site,34 and should be zero for the existence of a band gap at
the Fermi level. Apparently, the small 1 /T1KT values indicate
few but nonzero Fermi-level DOS for both materials. We
thus classify the present CoTiSb samples as semimetals with
finite DOS at the Fermi level. Such an argument is consistent
with the result obtained from the single crystal, revealing a
metallic ground state from the optical investigation.35

Above 150 K, 1 /T1T rises rapidly for both samples, with
an activated temperature dependence. This is the character-
istic behavior for semiconductors, with the enhancement in
the relaxation rate arising from an increase in the number of
carriers because of the thermal excitation across an energy
gap. Bloembergen has calculated the relaxation rate in semi-
conductors due to conduction electrons as follows:36

1

T1
� �Tne � T2e−Eg/2kBT. �4�

The DOS in this case is assumed to be proportional to the
square root of the energy near the band edge with the
Fermi level at the midgap. The carrier density ne of the
conduction electrons varies with temperature according to
ne�T3/2 exp�−Eg /2kBT�.

Thus, it is easy to reconcile the metallic behavior ob-
served at low temperatures with the high-T semiconducting
character by assuming a two-band model where one band
overlaps the Fermi level while the second band is separated
by an energy gap, Eg. In this case, the relaxation rate is given
by36,37

1

T1T
=

1

T1KT
+ ATe−Eg/2kBT. �5�

Here, the prefactor A is associated with the effective mass of
the carriers as well as their concentrations. Each T1KT value
was obtained from the low-temperature result as mentioned
above, and we found that Eq. �5� gives good agreement with
the experimental data, shown as the dashed curves in Fig. 5.
The values of Eg and A extracted from these fits are recorded
in Table II. It is apparent that the energy gap of CoTiSb
gradually increases from 0.15 to 0.19 eV upon annealing.
Such a trend agrees well with the tendency of �E which is
responsible for the reduction in the orbital Knight shift of the
annealed sample.

The observed gap here is not actually a gap but rather a
pseudogap with residual DOS around the Fermi level. This
finding is consistent with the optical experiment which indi-
cated CoTiSb to be a semimetal.35 In order to address this
quantitatively, we estimate the Fermi-level DOS from the
Korringa constant. For the d-spin relaxation in metals, two
relaxation mechanisms dominate the Korringa term:
1 /T1KT= �1 /T1T�d+ �1 /T1T�orb. The first part arises from the
d-spin core polarization, while the second one is due to or-
bital electrons. Based on the noninteracting electron picture,
�1 /T1T�d and �1 /T1T�orb can be expressed as38

� 1

T1T
	

d
= C
Hhf

d Nd�EF��2�1

3
f2 +

1

2
�1 − f�2
q , �6�

FIG. 5. �Color online� Temperature variation of 1 /T1T for the
as-cast and annealed CoTiSb alloys. The dashed curves represent
the fits to the semimetallic character from Eq. �5�.
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� 1

T1T
	

orb
= C
Hhf

orbNd�EF��2�2

3
f�2 −

5

3
f	
q , �7�

with C=2hkB�n
2. Hhf

d is the hyperfine field per electron of the
Co d-electrons, Hhf

orb is the orbital hyperfine field per unit
orbital angular momentum, and Nd�EF� is the partial
Co d-electron DOS at the Fermi energy �EF� in units of
states/eV spin. The parameter f is the relative weight of the d
orbitals in the t2g states at the Fermi level,39 and q is a factor
equal to the reciprocal of the degeneracy.

As revealed from the band structure calculations on
CoTiSb,3,7 the wave functions around EF are primarily of d
character with t2g symmetry, yielding the value of f =1. Fur-
thermore, the cobalt d-electron manifold has three degen-
eracy in the reciprocal space near the � point, giving q
=1 /3. Taking Hhf

d �−1.8
105 gauss and Hhf
orb�5.7
105

gauss in Co metals,39,40 each Nd�EF� value can be obtained
from the combination of Eqs. �6� and �7�, with the results
tabulated in Table II. The extracted partial Co-d Fermi-level
DOS is quite small for each studied material, being consis-
tent with the semimetallic characteristic for CoTiSb.35

The analysis of the spin-lattice relaxation rate clearly in-
dicates that Nd�EF� is reduced by approximately 40% for our
annealed CoTiSb sample as compared to the as-cast one.
Such a change is found to be in good agreement with the
variation in the electrical resistivity and the Seebeck
coefficient.13,14 In general, the decrease in the carrier concen-
tration will cause a more semiconducting-like response
where an increase in the magnitude of the electrical resistiv-

ity is commonly observed. For the Seebeck coefficient, it is
basically true that a large Seebeck coefficient is brought
about by a low Nd�EF�.41 Therefore, the previously observed
enhancements in both electrical resistivity and Seebeck co-
efficient in the annealed CoTiSb alloys can be easily ac-
counted for by the reduction in Nd�EF�.

III. CONCLUSIONS

NMR measurements on the as-cast and annealed CoTiSb
alloys have provided a concise picture for the changes in the
local electronic properties. Clear evidence for the reduction
of the Fermi-level DOS driven by heat treatment has been
established. Since the annealing process has little effect on
the Sb loss in CoTiSb, the association of the observed result
with the Sb loss should be excluded. Rather, it can be attrib-
uted to the improvement of the structural perfection and thus
the stronger hybridization between the p element and d met-
als. It turns out to be more semimetallic in the annealed
CoTiSb sample which leads to enhancements in the electrical
resistivity and the Seebeck coefficient as reported. We con-
sider that the conclusions drawn from this comparative study
are common features for the semiconducting and semimetal-
lic half-Heusler compounds.
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