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Specific heat and NMR evidence for the low Fermi-level density of states in semimetallic ScSb
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We report the electronic and thermal properties of scandium monoantimonide ScSb by means of the Seebeck
coefficient, thermal conductivity, specific heat, and nuclear magnetic resonance measurements. The experi-
mental Seebeck coefficient exhibits a strong temperature dependence, and the theoretical calculation based
on the two-band model provides a realistic description of the observed feature. The analysis of the thermal
conductivity reveals that the lattice thermal conductivity dominates at low temperatures while electronic thermal
conductivity makes a major contribution at high temperatures. A small value of the Sommerfeld coefficient
of 0.38 mJ mol™! K= was extracted from the low-temperature specific heat measurement, indicative of a low
electronic Fermi-level density of states (DOS) in ScSb. Furthermore, we have deduced the Sc 3d and Sb 5s
partial Fermi-level DOSs based on the Korringa behavior in the “*Sc and '!Sb NMR spin-lattice relaxation
rates. The determined values of the DOS are quite low, giving strong evidence for the semimetallic character in

ScSb.
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I. INTRODUCTION

Monoantimonides MSb (M = transition — metal and rare-
earth metal elements) with the rocksalt-type structure have
drawn attention due to the existence of the unusual trans-
port behavior in the materials of this class [1-10]. One of
the significant features is the presence of the extreme large
magnetoresistance (XMR), which could be associated with
the topological surface states and band inversion near the
X point of the Brillouin zone [11]. LaSb, the well-studied
system among the rare-earth monoantimonide series, has been
reported to exhibit the XMR behavior with a quadratic field
dependence [1,2]. Nevertheless, the observed quadratic XMR
has been attributed to the nearly electron-hole compensation
without topological origin since LaSb has been characterized
as a topologically trivial semimetal, based on the theoretical
and experimental evidence [1,2]. The titled compound ScSb,
the first member of the monoantimonide family, receives less
attention as compared to the isostructural LaSb, and its fun-
damental bulk properties remain unexplored. Previous studies
of this material have been focused on the structural stability
under external pressure [12—18]. Most of the recent investiga-
tions were theoretical work, mainly aimed at the topological
state of nanolayers [19,20]. Very recently, the XMR signature
was demonstrated in ScSb [7]. The MR obtained over a wide
temperature range also obeys a nearly quadratic field depen-
dence as B" with n = 1.94, quite similar to that observed in
LaSb. The electronic band structure calculation reveals the ab-
sence of a band inversion, indicative of a topologically trivial
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semimetal for ScSb. The scenario of the nearly electron-hole
compensation accompanied by the mobility mismatch has
thus been employed to understand the observed XMR behav-
ior [7].

In order to gain more experimental insights into the
semimetallic features of ScSb, we have carried out a combined
study of single-crystalline ScSb by means of the electrical
resistivity, Seebeck coefficient, thermal conductivity, specific
heat, and nuclear magnetic resonance (NMR) measurements.
Small Fermi-level density of states (DOS) has been ex-
tracted from the analyses of the low-temperature specific heat
coefficient and NMR spin-lattice relaxation rates. These ex-
perimental results thus provide conclusive evidence for the
conventional semimetallic nature in ScSb.

II. EXPERIMENT DETAILS

Single crystals of ScSb were grown by the Sb self-flux
method. Sc pieces and Sb chunks with the starting composi-
tion Sc : Sb = 1 : 10 were placed in alumina crucibles, which
were sealed in a silica glass tube under vacuum. The silica
tube was placed into a furnace, heated to a dwell temperature
of 1100 °C for 10 h, and then slowly cooled (3 °C/h) to 750 °C.
Finally, the silica tube was inverted and centrifuged to sepa-
rate the single crystals from excess Sb flux. A photograph of
a selected crystal is shown in the inset of Fig. 1. The main
panel of Fig. 1 shows the room-temperature single-crystal
x-ray diffraction (XRD) pattern. All diffraction peaks can
be indexed to the expected Fm3m structure with the lattice
parameter a = 5.814 + 0.005 A, close to those reported in the
literature [7,12].

Electrical resistivity was measured using a standard four-
probe method, with an electrical current flowing along the
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FIG. 1. Single-crystal x-ray diffraction of the (/00) planes mea-
sured at room temperature. The insets show a photograph of the
single-crystalline ScSb and the corresponding crystal structure.

direction perpendicular to the (100) plane of the crystal.
The data obtained from two batches of the crystal (sample
1 and sample 2) are displayed in the Supplemental Mate-
rial [21] (also see Refs. [22-29]). The Seebeck coefficient
and thermal conductivity measurements were performed in a
closed-cycle refrigerator, using a direct heat-pulse technique.
The temperature difference was detected by an E-type dif-
ferential thermocouple with junctions thermally attached to
two well-separated positions along the longest direction of the
specimen. To obtain a higher accuracy for the thermal conduc-
tivity measurement, a large size of the ScSb crystal was used.
The details of our thermoelectric techniques can be found
in Ref. [29]. The low-temperature specific heat measurement
was carried out in a Physical Property Measurement System
(PPMS) with a heat-pulsed thermal relaxation calorimeter
in the temperature range from 1.8 to 10 K, while the high-
temperature specific heat measurement was performed in the
temperature range from 85 to 300 K, using a high-resolution
ac calorimeter.

Nuclear magnetic resonance measurements were per-
formed on the powdered single crystals of ScSb under a
constant field of 7.086 T. Both ¥*Sc and !>!Sb NMR central
transition line shapes were measured by spin-echo integration
vs frequency. The NMR Knight shifts were determined from
the position of the maximum of each spectrum relative to
the corresponding reference frequency. The NMR spin-lattice
relaxation rates were obtained by integrating the spin echo
signal using the inversion recovery method.

The first-principles calculations for ScSb were performed
based on density functional theory (DFT). The DFT calcu-
lations were performed using the generalized gradient ap-
proximation (GGA) with the Perdew-Burke-Ernzerhof (PBE)
exchange-correlation (XC) functional [30] and the projector-
augmented wave (PAW) method [31,32] as implemented in
the Vienna ab initio simulation package (VASP) [33]. Self-
consistent calculations, including the spin-orbit interaction,
were performed with a 12 x 12 x 12 k-point mesh, and the
lattice constant is kept at the experimental value (5.814 A).
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FIG. 2. Temperature dependence of the experimental and cal-
culated total Seebeck coefficients of ScSb. The calculated partial
Seebeck coefficients of holes (S,) and electrons (S,) as a function
of temperature are displayed.

Further computational details are presented in the Supplemen-
tal Material [21]; also see Refs. [22-28].

III. RESULTS AND DISCUSION

A. Thermoelectric measurements

The experimental Seebeck coefficient Sexp; for ScSb is
shown in Fig. 2. The strong temperature dependence indi-
cates the multiband effect on the thermoelectric transport in
ScSb. In order to substantiate our experimental perspectives,
we have performed theoretical calculations for the Seebeck
coefficients based on the electronic structures obtained by
density functional theory (DFT) calculations. The details of
the DFT calculations are given in the Supplemental Mate-
rial [21]. For materials with a large band separation between
the valence and conduction bands, the Seebeck coefficient
of holes increases with increasing temperature when the
Fermi level lies in the valence band (p type). In contrast,
the Seebeck coefficient of electrons decreases with increasing
temperature when the Fermi level lies in the conduction band
(n type). For semimetals with slight band overlaps, the bipolar
transport should be taken into account with two types of
carriers. The total Seebeck coefficient can be described as
Scatle = (0nSy + 0.5.)/ (0o, + 0,), where Sj, ., and oy, , represent
the Seebeck coefficients and electrical conductivities for the
p- and n-type carriers from the hole and electronic bands,
respectively [34,35]. It has been pointed out that for materials
with a band gap between valence and conduction bands, both
S, and S, will exhibit the “p-type-like behavior” where the
corresponding value increases upon raising the temperature
when the Fermi level lies in the valence band [36]. On the
other hand, when the Fermi level lies in the conduction band,
both S;, and S, will show the “n-type-like behavior” and the
values decrease with increasing temperature.

From the calculated band structure of ScSb, the Fermi
energy lies between the valence and conduction bands with
small numbers of hole and electron carriers within the
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FIG. 3. Temperature variation of the thermal conductivity ¥ of
ScSb. The decomposed electronic and lattice thermal conductivity
are presented by circle and cross symbols, respectively. The solid
curve represents the fitting result of the lattice thermal conductivity
using Eqgs. (1) and (2).

corresponding bands. The obtained hole and electron carrier
densities are n;, ~ 7.6 x 10%% and n, =~ 7.1 x 10*° cm™3, con-
sistent with the nearly electron-hole compensation with the
carrier ratio of 0.93 reported by Hu et al. [7]. Thus both
electrons and holes intrinsically participate in the thermoelec-
tric transport for the present case of ScSb. The calculated
S, S., and total Seebeck coefficient S.;. as a function of
temperature are displayed in Fig. 2. Note that both of the
contributions from the valence and conduction bands have
been taken into account in calculating either Sj, or S, because
these bands overlap at around the Fermi level. It thus leads
to a competition between the p-type-like and n-type-like fea-
tures for both S, and S,, giving rising to a nonmonotonic
relationship between S, ., and 7. At very low temperatures,
the electrons smear out to the hole pocket, and both Sj, and S,
have the p-type-like behavior with the presence of a positive
peak feature. On the other hand, the hole pocket is gradually
filled with rising temperature, and more electrons are excited
to the conduction bands, leading to the n-type-like character
for both S, and S, at high temperatures. Consequently, the
sign of S¢,. is positive at low temperatures and then exhibits
a sign reversal upon increasing temperature. The feature of
Scale 18 quite consistent with the temperature variation of Seypt,
demonstrating that the observed Seebeck coefficient could be
qualitatively described by a standard two-band model. It is no-
table that the entire temperature dependence of Sexp in ScSb is
very similar to that reported in the isostructural compound of
ScAs in spite of a weaker peak feature in the latter analog [37].
The comparison suggests that the mechanisms responsible for
the temperature-dependent Seebeck coefficient are similar for
both compounds.

Figure 3 illustrates the temperature variation of the thermal
conductivity x measured on a large size of the ScSb crystal
(sample 2) with a higher residual resistivity that has little
effect on the thermoelectric behavior. Briefly, a peak feature
present at around 30 K due to the phonon drag effect is
identical with that observed in the Seebeck coefficient. The

room-temperature & of about 28 Wm™ K~! was found to be
much larger than 8 W m™! K! reported in ScAs [37]. In or-
dinary semimetals such as Bi;_,Sb, [38], the total thermal
conductivity is a sum of electronic and lattice contributions.
The electronic thermal conductivity (k.) can be evaluated
using the Wiedemann-Franz law: «,p/T = Lj, where p is the
dc electrical resistivity and Ly = 2.45 x 1073 W QK2 is the
theoretical Lorentz number. The lattice thermal conductivity
kg, is obtained by subtracting «, from the observed thermal
conductivity kebs. The decomposed «, and «;, are also shown
in Fig. 3. It is clear that both «, and «, contribute to the total
thermal conductivity; x, dominates at high temperatures while
kr, becomes dominant at low temperatures with a peak feature
near 30 K.

To explore the influence of different scattering mecha-
nisms in the thermal transport, «; is analyzed by using the
Debye-Callaway approximation [39,40]. Accordingly, «; can
be expressed as

xte*

kg [ ksT\’
ko= T
2nv\ h 0 T, (¥ —1)

where x = hw/kgT is dimensionless, 7 is the reduced Plank
constant, kg is the Boltzmann constant,  is the phonon fre-
quency, Op is the Debye temperature, v is the average phonon
velocity, and 7, ! is the phonon scattering relaxation time.
Here 7, !'is the combination of four scattering mechanisms
and is given by

T

ey

-0
! = % + Aw* + BT exp<3—TD> + CoT?, (2

where the grain size L, the Debye temperature ®p, and the
coefficients A, B, and C are the fitting parameters. The terms
in Eq. (2) are the relaxation time for the grain-boundary,
point-defect, phonon-phonon umklapp, and phonon-phonon
normal scattering, respectively. Here, the sound velocity
v =21 @DkB—[(&[z)]{n] - 5060 m/s was used by taking n =
0.196nm? (the volume of the primitive cell based on the
experimental lattice constant a = 0.5814 nm). It is apparent
that «;, of ScSb can be fitted quite well for T < 150 K,
drawn as a solid curve in Fig. 3. The fitting parameters
A=135x10%s3, B=55x 10" s/K, and C =1.92 x
107" K3 were extracted. Such a fit reveals the Debye tem-
perature ®p = 260 K which is close to the value of 275 K
derived from the low-temperature specific heat measurement.
We also obtained the corresponding grain size L of about
0.29 mm, much larger than that of the polycrystalline spec-
imen and comparable to the actual size of the studied sample.

B. Specific heat measurements

The low-temperature specific heat C,, measured between
1.8 and 10 K is shown in Fig. 4. The temperature depen-
dence of C, for ScSb exhibits a smooth increase with no
sign of the magnetic or superconducting phase transition. For
nonmagnetic metals, the specific heat can be expressed as
C(T)=yT + BT? at low temperatures. The first term is
the electronic specific heat associated with the Sommerfeld
coefficient y, while the second term arises from the contri-
bution of the phonons without considering the anharmonic
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FIG. 4. Temperature dependence of the specific heat C,, of ScSb
between 1.8 and 10 K. The upper inset is a plot of C,/T vs T2, in
which the solid line is a fit to the experimental data according to
C,/T =y + BT?* between 1.8 and 7.6 K. The lower inset shows the
high-temperature specific heat data with a fitting curve according to
Eq. (3).

effect. In the upper inset of Fig. 4, we plotted C,/T vs T2,
with a solid line representing the best fit to the experimental
data. Such a fit yields the values of y = 0.38 mJ mol™' K
and B = 0.187 mJ mol~! K. The Debye temperature ®p =
275K was derived from B using ®p = (1274zR/58)'/3,
where z = 2 is the number of atoms per formula unit and
R = 8.314Jmol™! K™! is the gas constant. The deduced Debye
temperature is very close to the theoretical value of 280 K
[18]. From the Sommerfeld theory of conduction, the mea-
sured y can be used to estimate the Fermi-level density of
states (DOS) N(ep) viay = (712/3)k32N(£p), where kg is the
Boltzmann constant and e is the Fermi energy. Accordingly,
a small N(eg) = 0.16 states/eV in ScSb was extracted. Such
alow N(er) is consistent with the theoretical results showing
a slight overlap between the electron and hole pockets and a
pseudogap feature in the vicinity of the Fermi level [7,14,15].

The high-temperature specific heat measured between 85
and 300 K is given in the lower inset of Fig. 4. The data were
fitted to the Debye model as

T\> (7T %

Co(T) = yT —i—a(@D) /0 ol O

The first term is due to the electronic contribution, while

the second term arises from the phonon contribution to the

specific heat. Here, the values of ¥ = 0.38 mJ mol~! K2 and

®p = 275K were fixed and the Debye term a was the fitting

parameter. We thus deduced a = 150.1Jmol™! K~!, in good

agreement with the theoretical value of 149.7 J mol™' K~'. The

fitting result, plotted as a solid curve, indicates that the high-

temperature specific heat data can be reasonably described by
the Debye model.

C. 5Sc and '2!Sb NMR measurements

Nuclear magnetic resonance is known as a local probe
yielding information about Fermi surface features [41-44]. In
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FIG. 5. ®Sc and '*!Sb NMR central transition spectra of ScSb
measured at 77 and 300 K. The dotted and dashed lines denote the po-
sitions of the **Sc and >!Sb NMR reference frequency, respectively.

Fig. 5, we showed both ¥*Sc and '>!Sb NMR central tran-
sition line shapes measured at 77 and 300 K, respectively.
The observed lines are very narrow, giving no indication of
Sc/Sb antisite disorder. A similar sharp feature in the **Sc
NMR central transition line has been reported in the cubic
Heusler compound of ScAu,Al [45]. In addition, we found
no quadrupole splitting effect in ScSb, in agreement with
the cubic symmetry of the charge distribution around the
neighboring lattice sites. The isostructural compound of YbSb
also exhibits the same behavior in the '*!Sb NMR central
transition line [46]. The *Sc and '*'Sb NMR spectra of
ScSb show little change with temperature, consistent with the
Pauli-type paramagnetic character. The corresponding Knight
shift was determined from the frequency of the maximum
v, relative to the reference frequency v.s as denoted by a
vertical line. According to the Knight shift K = (v,—Vier)/ Vo,
we obtained K = 0.07% for “Sc and 'K = 0.3% for '*'Sb
NMR Knight shifts of ScSb, respectively.

The observed “K can be expressed as K =
B Ko + P K, + P Ky. Here ¥ Koy, represents the orbital Knight
shift, arising from the orbital magnetic moment of electrons
induced by the applied field. ¥*K; is the s-contact Knight shift
due to the s-character electrons around the Fermi level. ¥ K}
is the d-spin shift, which involved the spin polarization of the
closed s shells and the s-character electrons in the conduction
bands via d electrons. Note that K, is negative, owing
to the antiparallel orientation between core spins and the
unpaired spins responsible for the polarization [47]. Since the
determined #K is positive, it suggests that the contribution
from ¥ K, is overwhelmed by the positive B K. While ¥ K,
is also positive, it is less important because of extremely low
Fermi-level s DOS from Sc atoms in ScSb. Likewise, 121K
can be decomposed as 2lp — 121Korb+121KS+121K,,. The
last term '?'K,, is connected to the spin polarization from
5p electrons, which would make a negative frequency shift.
Therefore, the observed positive value of Rl =03% is
mainly associated with the s-character and orbital electrons
of Sb atoms.
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FIG. 6. (a) Temperature dependence of the “*Sc spin-lattice re-
laxation rate *(1/T}) of ScSb. (b) Temperature variation of the
1218p spin-lattice relaxation rate '2!(1/7,) of ScSb. Each dashed line
indicates the Korringa behavior for the relaxation rates.

Figure 6(a) shows the temperature dependence of the **Sc
spin-lattice relaxation rate (1/Ty) of ScSb. The observed
relaxation rates obey the Korringa behavior, 1/7;, propor-
tional to the temperature, as demonstrated by the straight
dashed line passing through the data points. Here, two relax-
ation mechanisms dominate the experimental relaxation rates:
BT expe = P/ T)gy + P (1/T1),. The first term arises
from the orbital electrons, while the second term is due to
the d-spin core polarization. Since the NMR relaxation rate
is weakly enhanced by the electron-electron interactions in a
nonmagnetic metal, both can be considered to measure the
band density of states. Based on the noninteracting picture,
each relaxation rate is proportional to the temperature as

1 2
45 45 orb
— ) 2hk[Py.HPN, s 4
<T1T>orb B[P vaHy Na(er)] p “)
1 2
» (—) 2hks [ vuHjiNa(er)] q. ®)
nr),

Here / and kg are the Planck constant and Boltzmann con-
stant, respectively. ¥, = 27 x 10.343MHz/T is the **Sc

nuclear gyromagnetic ratio; H;l’}b is the orbital hyperfine field

per unit orbital angular momentum; H{, is the hyperfine field
per electron of the Sc 3d electrons; Ny(ep) is the partial
Fermi-level d-DOS in units of states/eV spin. The parameters
p and ¢ are the reduction factors, which depend on the relative
weight of the Fermi level of the irreducible representations
of the atomic d functions. Taking Hy* ~ 14.8T and H;; ~
—6.4T in Sc-based metals [48,49], p = 0.4 in the reduced
factor for the equal orbital at the Fermi surface, and g = 0.2
for the equal contribution from all five d orbitals, the combi-
nation of Eqgs. (4) and (5) yields Ny(er) =~ 0.04 states/eV f.u.
as using the experimental value of *(1/TiT e, = 1.15 x
10~* 57! K~!. The obtained Fermi-level d-DOS from Sc atoms
is rather low, confirming the semimetallic nature for ScSb.

The temperature variation of the '>!Sb spin-lattice relax-
ation rate '?!(1/7}) is displayed in Fig. 6(b). For the '>!Sb T},
it is mainly governed by the s-character electrons around the
Fermi level due to a large hyperfine field from the 5s electrons
of the Sb atoms. The contribution from the 5p electrons is
negligible since the corresponding hyperfine field is about two
orders of magnitude lower than that of the 5s electrons [47].
In this respect, the relaxation rate expressed as the inverse
Korringa relation is

1 2
121 121, 175
<T1_T>s2hk3[ Vthch(8F)] . (6)

Here 2!y, =27 x 10.189 MHz/T is the '*!Sb nuclear
gyromagnetic ratio; Hj . is the hyperfine field per electron
of the Sb 5s electrons; N;(er) is the partial Fermi-level
s-DOS in units of states/eV spin. From '*!(1/T T)expt =
25 x 1025 K! and H,ff ~ 1450T [47], a small value

of Ny(ep) ~ 4 x 1073 states/eVfu. of the Sb Ss elec-
trons was thus obtained. Taking the total Fermi-level DOS
N(er) = 0.16 states/eV f.u. and partial DOS N, (er) = 0.04
states/eV f.u. of the Sc 3d electrons, we can deduce the
partial Fermi-level p-DOS N,(sr) ~ 0.12 states/eV fu of
the Sb 5p electrons. Such an estimate gives the ratio of
N,(er)/Ny(er) ~ 30 for Sb atoms in ScSb, consistent with
the theoretical calculations which indicate the 5p electrons of
the Sb atoms are dominant at the Fermi level [7,14,15].

IV. CONCLUSIONS

In summary, we have measured the Seebeck coefficient,
thermal conductivity, specific heat, and NMR on single-
crystalline ScSb. The observed Seebeck coefficient can be
described well by means of a standard two-band model.
The Debye model can be employed to analyze the lattice
thermal conductivity of ScSb. In particular, small values
of the Fermi-level DOS have been extracted from the
analyses of the low-temperature specific heat and NMR
spin-lattice relaxation rates. In this respect, it allows us to
conclude that ScSb is essentially a conventional semimetal in
nature.
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