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Dirac fermions display a singular response against magnetic and electric fields. A distinct
manifestation is the large diamagnetism originating in the interband effect of Bloch bands,
as observed in bismuth alloys. Through 209 Bi NMR spectroscopy, we extract diamagnetic orbital susceptibility inherent to Dirac fermions in the semiconducting bismuth alloys Bi1−x Sb x
(x = 0.08 − 0.16). The 209 Bi hyperfine coupling constant provides an estimate of the effective
orbital radius. In addition to the interband diamagnetism, the NMR shift includes an anomalous temperature-independent term originating in the enhanced intraband diamagnetism under strong spin-orbit coupling. The nuclear spin-lattice relaxation rate 1/T 1 is dominated
by orbital excitation and follows cubic temperature dependence in an extensive temperature range. The result demonstrates the robust diamagnetism and low-lying orbital excitation
against the small gap opening, whereas x-dependent spin excitation appears at low temperatures.

Relativistic Dirac fermions exhibit large diamagnetism at room temperature, as observed
in bismuth alloys Bi1−x Sb x 1, 2) and graphite.3, 4) Similar to supercurrent of the Meissner effect,
the diamagnetism of Dirac semimetals with linearly crossing bands comes from dissipationless orbital current in thermodynamic equilibrium under magnetic field. In contrast to the
Landau-Peierls diamagnetism of conducting electrons, the diamagnetism in Bi1−x Sb x is enhanced as the chemical potential µ is located close to the Dirac point1, 5) or inside the band
gap. The interband effect of Bloch bands has solved the mystery based on the exact formula
of orbital susceptibility for three-dimensional (3D) Dirac fermions6, 7) and relates to the giant
spin Hall effect8) observed in Bi1−x Sb x .9) Since the transport properties include a significant
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contribution of topological surface, the enhanced diamagnetism can be a complementary bulk
sensitive probe of Dirac fermions.
Bi1−x Sb x is semimetallic for x = 0 with electron and hole Fermi pockets at the T and L
points of the Brillouin zone.10, 11) The Sb substitution induces the band inversion across x ∼
0.05 where the system becomes Weyl semimetal showing negative magnetoresistance.11–14)
The band gap opens in the bulk for x > 0.05, while leaving a gapless surface state15, 16) with
extremely high mobility and quantum oscillations.17–19) The diamagnetism becomes largest
around x ∼ 0.1 with the band gap 2∆ ∼ 10 meV,17) consistent with the interband orbital
susceptibility.
In general, the orbital susceptibility χorb consists of four components: the Landau-Peierls
diamagnetism χLP of conduction electrons, the interband orbital susceptibility χinter equivalent to the Van-Vleck susceptibility, the atomic core diamagnetism χcore , and the geometric
susceptibility χgeo due to the Berry phase.7, 20) In massive Dirac fermion systems such as
semiconducting Bi1−x Sb x (x > 0.05) with small band gap, the first term χLP and the spin susceptibility χspin are negligible. Thus χinter is expected to dominate the large diamagnetism of
Bi1−x Sb x , whereas it cannot be distinguished from the other two diamagnetic factors by bulk
magnetization measurements.
Nuclear magnetic resonance (NMR) spectroscopy in principle can extract χorb components independent of temperature (T ) and detect low-lying orbital excitation.21–24) Despite
the long history of the material, the comprehensive NMR study is still lacked. The β-NMR
measurement shows a small negative 8 Li+ Knight shift with the unknown hyperfine interaction near the surface of Bi0.9 Sb0.1 .25) Furthermore, orbital fluctuations can be probed by the
nuclear spin-lattice relaxation rate 1/T 1 in Dirac and Weyl semimetals,21, 24) whereas the materials so far reported involve significant spin excitation in 1/T 1 due to the existence of Fermi
surface.26–35)
In this Letter, we demonstrate the diamagnetic hyperfine fields and the orbital excitation
by 209 Bi NMR experiments in Bi1−x Sb x for x = 0.08 − 0.16 under magnetic field parallel and
perpendicular to the c axis. By comparing the Knight shift with the magnetic susceptibility,
we analyze the T -dependent and the anomalous T -invariant components. The T and x dependences of χorb and 1/T 1 are compared with the theoretical calculation based on the 3D Dirac
fermions.
Single crystals of Bi1−x Sb x (x = 0.08, 0.10, 0.16) were prepared by the Bridgeman
method. The obtained crystals display semimetallic or narrow gap semiconducting resistivity with the band gap ∆ = 16 meV for x = 0.1, 0.08, and 2 meV for x = 0.16 (Fig. S1 in
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Supplemental material).36) The carrier concentration was estimated as 1016 − 1017 cm−3 for
x = 0.1 and ' 1018 cm−3 for x = 0.16 from the Hall resistance (Fig. S2).36) Magnetization
was measured with a superconducting quantum interference device under the magnetic field
for 0.1 – 7 T. The

209

Bi NMR Knight shift K and 1/T 1 were obtained in a static magnetic

field H = 9.086 T. The Fourier transformed NMR spectrum was obtained from the spin-echo
signal after the rf pulses tπ/2 − τ − tπ/2 with the pulse duration tπ/2 = 1 µs and the interval time
τ = 5 − 20 µs. We checked the negligible rf heating effect on spin-echo signals by reducing
the pulse power. The origin of K = (ν − ν0 )/ν0 was calibrated from the resonance frequency
of the reference Bi(NO3 )3 aqueous solution, ν0 = 62.214 MHz, where the core s electron
contribution was implicitly subtracted. The nuclear magnetization relaxation recovery for the
central line was fitted with a multi-exponential function for the nuclear spin 209 I = 9/2 (Fig.
S3).36, 37)
Magnetic susceptibility χ was measured as a function of T and H normal (χ⊥ ) and parallel (χk ) to the ab plane of the hexagonal R3̄m lattice in Bi1−x Sb x , as shown in Fig. 1. Here
the c axis is taken along the diagonal direction of the rhombohedral lattice. The calculated
core diamagnetic susceptibility −2.3×10−5 emu mol−1 for Bi3+ was already subtracted. We
observed anisotropic diamagnetism for three samples with the different x: the amplitude of
χk is greater than χ⊥ at low temperatures. The result is consistent with the theoretical calculation,6) where the anisotropy is explained by the band structure. Namely, electron (hole)
dominates the orbital motion around the L (T ) valley having nearly gapless (gapped) excitation under the magnetic field along the a (c) axis.6, 38) The T dependence of the susceptibility
is attributed to the thermal excitation comparable to a band gap energy. For x = 0.08, χk
reaches −5.9 × 10−4 emu mol−1 below 10 K. The amplitude is 2–3 times greater than the
previous report.1) The diamagnetism is weakened as x increases, consistent with the chemical
potential µ dependence.6, 22)
The experimental result of χorb is compared with the theoretical calculation for χinter in
3D Dirac fermion systems.21) χinter at finite temperatures is expressed as
"
#
Z ∞
2α c∗
EΛ
1 − f (−) + f ()
χinter = = −
ln
−
d
,
(1)
√
3π c
∆
∆
 2 − ∆2
√
using the fine structure constant α, c∗ ≡ ∆/m∗ with the effective electron mass m∗ , the band
width EΛ , and the Fermi distribution function f () for an energy . As shown in Fig. 1(a), the
numerical calculation (a solid curve) using Eq. (1) qualitatively reproduces the T dependence
of χorb for 2∆ = 16 meV and the energy cut off EΛ /∆ = 400.
The magnetization M divided by H weakly depends on H [Fig. 1(b)]. For x = 0.08, M/H
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(Color online) (a) Magnetic susceptibility χ plotted against temperature T in Bi1−x Sb x (x =

0.08, 0.10, 0.16) at 7 T. Magnetic field was applied parallel or normal to the ab plane of the hexagonal R3̄m
lattice. A solid curve is the numerical calculation based on Eq.(1) for 3D Dirac fermions.21) (b) Magnetic field
H dependence of magnetization M divided by H for 0–7 T at 2.0 K. Inset: the schematic band structure around
the L and T points.

along the ab plane exhibits a minimum (−6.6 × 10−4 emu mol−1 ) around 1 T and gradually
increases at high fields. Similar behavior is seen for x = 0.1 and 0.16. The de Haas van
Alphen oscillation due to the residual density of states19) is absent in the measured field range.
Although the theoretical calculation of χorb under the intense field is absent, the interband
effect in Eq. (1) is governed by low-lying energies ( ∼ ∆) and hence the transition between
n = 0 Landau levels with increasing the magnetic field.39–41) The population of the n = 0
level or −χinter is expected to increase with H, while above the quantum limit (∼ 1 T) the field
dependence of chemical potential can suppress the diamagnetism along the c axis.42)
The

209

Bi NMR spectrum (Fig. 2) consisting of a sharp central line and broad satellite

lines represents the first-order quadrupolar splitting in the presence of electric field gradi4/11
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Bi NMR spectrum of the Bi0.9 Sb0.1 single crystal at 100 K under a magnetic field

H = 9.086 T parallel and normal to the hexagonal c axis. Triangles denote the central peak position that defines
Knight shift K. A dotted line denotes the K = 0 position (ν0 = 62.214 MHz).

ent at the nuclear spin 209 I = 9/2. The maximum splitting along the c axis gives the nuclear
quadrupole frequency νQ = 2.1 MHz. The broadening of outer satellite lines indicates the
nonuniform electric field gradient around the Sb sites. For H k c, the central resonance frequency is located close to ν0 , while it significantly shifts to a lower frequency for H k a.
The

209

Bi Knight shift K is determined from the central peak position after subtracting the

second-order quadrupole contribution (< 0.01%).
The Knight shifts, Ka and Kc , measured for H k a and c also exhibit anisotropic behavior,
as shown in Fig. 3(a). Ka reaches −0.8% nearly independent of x, while Kc remains slightly
positive for x = 0.08 and 0.1. The diamagnetic Ka is consistent with χk . However, the dependence of Ka against T is much weaker than that of χk . It points to a sizable T -independent
component included in the Knight shift. The origin likely comes from the intraband orbital
susceptibility, as discussed below.
Here the uniform diamagnetic shielding21) due to the bulk susceptibility χk = −2.4 × 10−5
in the dimensionless unit (x = 0.1 at 10 K) corresponds to the Knight shift Kdia = 4πχ =
−0.031% for the a axis, which is an order smaller than the observed T -dependent component
of the Knight shift. Therefore, K is mostly dominated by the hyperfine interaction with the
orbital angular moment of Dirac fermions. As shown in Fig. 3(b) and Table S1,36) the K − χ
linearity gives the hyperfine coupling constant ADF = 3.0±0.5 and 8.8±1.0 T/µB for the a and
c axes in Bi0.92 Sb0.08 , respectively. They are much smaller than the atomic orbital hyperfine
constant Aorb = 2NµB hr−3 i = 170 T/µB for the mean atomic radius of bismuth, hr−3 i ∼ 1026
(1/cm3 ),43) where N is the Avogadro number and µB is the Bohr magneton. Since the mean
orbital radius scales to third root of ADF , the orbital radius of Dirac fermions reaches 3–3.5
times larger than the atomic radius of bismuth for H k a. The x dependence of ADF along the
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(Color online) (a) Temperature dependence of

209

Bi Knight shift K in Bi1−x Sb x . Magnetic field was

applied along the c axis (open symbols) and the ab plane (filled symbols). (b) K plotted against χ as an implicit
function of temperature. Black and red dotted lines are the linear fitting result for x = 0.1 and the atomic orbital
shift with the hyperfine coupling constant ADF = 170 T/µB , respectively. The temperature dependent term scaling
to χ is assigned to Kinter . The crossing point gives the constant offsets of χ0 and K0 .

c axis may come from the difference in the trap potential of the orbital motion.
The low-lying magnetic excitation is investigated by 1/T 1 .21, 22, 24) As shown in Fig. 4,
1/T 1 behaves nearly isotropic and follows T 3 dependence for x = 0.08 and 0.10 in an extensive T range. 1/T 1 continues to decay more than five orders of magnitude for 5 – 290 K. The
result is consistent with the behavior expected for the intraband orbital excitation in massless
3D Dirac22) and Weyl fermion systems,24) which is distinct from that of the spin excitation
(1/T 1 ∼ T 5 ).22) For x = 0.16, 1/T 1 deviates from the T 3 dependence at low temperatures and
becomes close to the Korriaga’s law (1/T 1 ∼ T ) below 40 K, implying the residual density of
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(Color online) Temperature dependence of 209 Bi spin-lattice relaxation rate 1/T 1 under the magnetic

field along (a) a and (b) c axes of Bi1−x Sb x (x = 0.08, 0.10, 0.16). (c) Calculated 1/T 1 for 3D Dirac fermions
with ∆ = 0 and 16 meV for µ = 0 meV, and ∆ = 5 meV for µ = 10 meV.22) Inset: schematic illustration of the
band gap ∆ and the chemical potential µ around the L point.

states.
To compare the result with the theoretical calculation for 3D Dirac fermions, we employ
an expression of orbital excitation,21, 29)
!
"
#
Z
1
2π 2 2 2 ∗4 ∞
∂ f (, µ) g2 () 2( 2 − ∆2 )
µγec
d −
,
=
ln
T 1 T orb
3 0 n
∂
2
ω0 ||
−∞

(2)

where g() is the density of states. It gives 1/T 1 ∼ T 3 down to temperatures for ∆ ∼ 0,
as shown in Fig. 4(c), while 1/T 1 decays exponentially in the presence of ∆ ∼ 100 K at
low temperatures. However, we observed a deviation from the T 3 law only below 20 K for
x = 0.08 and 0.1 under H k c. It suggests residual low-lying levels inside the band gap affected
by the excitation in the surface state of Bi1−x Sb x . In the presence of spatially nonuniform
relaxation process around the local distortion or the gapless surface states,16) 1/T 1 would be
inhomogeneous. However, we observed only a single component down to low temperatures,
suggesting the propagation of the low-lying excitation through the strong nuclear spin-spin
coupling.
The T 3 behavior of 1/T 1 has been also observed in Weyl semimetals at high temperatures,26, 29) whereas the spin contribution becomes significant at low temperatures due to the
existence of the Fermi surface. Then 1/T 1 obeys the Korringa’s relation 1/T 1 T ∝ K 2 invariant
against T . In Bi1−x Sb x , the Korringa law is grossly violated down to low temperatures owing
to the predominant orbital fluctuations. The Korringa’s constant ∼ 1/(T 1 T K 2 ) approaches to
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unity only near room temperature (Fig. S4).36)
Finally, we discuss the origin for the anisotropic T -invariant Knight shift K0 deduced from
the K − χ analysis in Fig. 3(b) and Table S1. For explaining the large constant term, one has
to consider the other factors of intraband orbital susceptibility such as χcore and χgeo , which
can be enhanced under strong spin-orbit coupling (λ ∼ 1.5 eV).20, 44, 45) χcore is isotropic for
s electrons but becomes anisotropic for partially filled p orbitals in bismuth.7) Furthermore,
the contribution is enhanced by the relativistic nuclear shielding effect.44) χgeo due to Berry
phase in Dirac fermions may also play a significant role for the anisotropic K.7, 20, 46) Here we
note that the Van-Vleck susceptibility identical to the interband effect gives the T -dependent
diamagnetism for ∆ comparable to the T scale.7, 21) In addition to these orbital susceptibilities,
a spin-orbital cross term χso may also relate to the constant K0 and χ0 in second order,41, 46)
where the positive and negative susceptibility is expected for electron and hole bands, respectively. However, the positive (negative) K0 along the c (a) axis is inconsistent with the behavior of χso . Further numerical calculations are needed to explain quantitatively the anisotropy
and sign of K0 .
In conclusion, the orbital diamagnetism and excitation were studied through the magnetization and 209 Bi NMR measurements in the single crystals of bismuth alloys Bi1−x Sb x . We observed the anisotropic and field-dependent diamagnetism in the bulk magnetic susceptibility.
The temperature-dependent diamagnetic Knight shift proportional to the bulk susceptibility
gives the hyperfine coupling constant of Dirac fermions with the effective orbital length scale
over the unit cell. The anisotropic constant shift suggests the enhanced core diamagnetism due
to strong spin-orbit coupling as observed through the atomic hyperfine interaction. The nuclear spin-lattice relaxation rate governed by orbital current of Dirac fermions is distinct from
the spin excitation following the Korringa’s law. These results provide a new microscopic insight into the real-space picture of the diamagnetic orbital current in three-dimensional Dirac
fermion systems.
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