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Current-induced magnetization caused by crystal chirality in nonmagnetic elemental tellurium
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Chiral matter has a structure that lacks inversion, mirror, and rotoreflection symmetry; thus, a given chiral
material has either a right- or left-handed structure. In chiral matter, electricity and magnetism can be coupled
in an exotic manner beyond the classical electromagnetism (e.g., magneto chiral effect in chiral magnets). In
this paper, we give a firm experimental proof of the linear electric-current-induced magnetization effect in bulk
nonmagnetic chiral matter elemental trigonal tellurium. We measured a 125Te nuclear magnetic resonance (NMR)
spectral shift under a pulsed electric current for trigonal tellurium single crystals. We provide general symmetry
considerations to discuss the electrically (electric-field- and electric-current-) induced magnetization and clarify
that the NMR shift observed in trigonal tellurium is caused by the linear current-induced magnetization effect,
not by a higher-order magnetoelectric effect. We also show that the current-induced NMR shift is reversed by a
chirality reversal of the tellurium crystal structure. This result is direct evidence of crystal-chirality-induced spin
polarization, which is an inorganic-bulk-crystal analog of the chirality-induced spin selectivity in chiral organic
molecules. The present findings also show that nonmagnetic chiral crystals may be applied to spintronics and
coil-free devices to generate magnetization beyond the classical electromagnetism.
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I. INTRODUCTION

In condensed matters, various crystal symmetries and
low-energy excitations allow an exotic coupling between elec-
tricity and magnetism beyond the classical electromagnetism.
These cross-correlation phenomena, called magnetoelectric
effects [1] (in a broad sense), may have applications in
information and energy technology. Among various magneto-
electric effects, the linear electric-field-induced magnetization
effect can occur only in a system that lacks both inversion
and time-reversal symmetry [2]. Thus, this magnetoelec-
tric effect is forbidden in nonmagnetic materials. (The term
“magnetization” is defined in this paper as net macroscopic
magnetization, unless there is particular attention. Note that
magnetization is, in principle, caused not only by spin polar-
ization but also by orientation of orbital magnetic moment.)
In contrast, an electric current can induce magnetization
in a noncentrosymmetric material, even if the material has
time-reversal symmetry. This current-induced magnetization
effect has so far been studied in surface/interface Rashba
systems [3–12] as the Edelstein effect [13]. In a microscopic
viewpoint, an electric current causes an imbalance between
opposite spin populations in spin-split bands caused by the
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breaking of inversion symmetry and the spin-orbit interac-
tion (SOI). A promising direction of the current-induced
magnetization effect is to expand the phenomenon into bulk
materials. The availability of various types of crystal symme-
try in bulk materials allows us to arbitrarily design a relation
between the directions of an electric current and induced
magnetization.

A sign of the bulk current-induced magnetization has been
observed as current-induced modulation of optical activity in
elemental trigonal tellurium [14,15]. We recently reported the
possibility of the bulk linear current-induced magnetization
in trigonal tellurium by observing a hyperfine shift, which
is proportional to the local electronic magnetization, of the
nuclear magnetic resonance (NMR) spectrum induced by an
electric current [16]. The induced magnetization can be par-
allel to an applied electric current in tellurium because of
its chiral nature, which contrasts sharply with the current-
induced magnetization perpendicular to an applied current in
Rashba systems. Thus, the possible current-induced magne-
tization effect in tellurium may provide coil-free devices to
generate magnetization and a magnetic field. Moreover, the
possible current-induced spin polarization in chiral tellurium
may be a bulk-crystal counterpart of the chirality-induced spin
selectivity studied in chiral organic molecules [17]. However,
the analysis and the argument of our previous work were not
perfect, as will be explained later. An incontrovertible proof
of this phenomenon is desired.

Here we add further confirmation to our claim that the
linear current-induced magnetization effect occurs in chiral
matter tellurium [16] by providing symmetry considerations
to discuss the general magnetoelectric effect and by analyzing
the observed electrically (electric-field- and electric-current-)
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FIG. 1. Relation between the linear current-induced magnetization and the crystal point groups. (a) Possible second-rank axial tensor forms
of the linear current-induced magnetization effect for 21 noncentrosymmetric crystal point groups. Only 18 gyrotropic groups can have nonzero
components of the tensor. Three of the noncentrosymmetric groups are nongyrotropic. The tensor forms for the point groups of the monoclinic
systems, 2(C2) and m(C1h), are represented in the first setting, where the twofold rotation axis (the mirror plane) is parallel (perpendicular)
to the z axis. (b) Circular angular-momentum texture in the k space in a polar system. The current-induced magnetization M tends to be
perpendicular to an applied electric current I. (c) Radial angular-momentum texture in a chiral system. M tends to be parallel to I.

induced NMR spectral shifts from the viewpoint of the sym-
metry considerations. We address two issues. First, we prove
that the electrically induced NMR shift is attributable to the
linear current-induced magnetization effect, not to higher-
order magnetoelectric effects. Second, we present that the
chirality reversal of the crystal structure causes the polarity
reversal of the current-induced magnetization using a right-
and a left-handed single crystal. These two results give a con-
clusive understanding of the magnetoelectric effect in trigonal
tellurium.

II. SYMMETRY CONSIDERATIONS

The bulk linear current-induced magnetization is written
as M = βI. The second-rank current-induced magnetization
tensor β must be axial because the tensor connects magne-
tization M (an axial vector) and electric current I (a polar
vector). Axial tensors acquire a minus sign through improper
rotation; hence, the matrix elements of β are more strongly
constrained by improper rotation symmetry (e.g., inversion,
mirror, and rotatory reflection symmetry) than by proper rota-
tion symmetry, sometimes being zero. For example, inversion
symmetry forces all elements of β to be zero. Figure 1(a)
shows the possible tensor forms of β for 21 noncentrosym-
metric crystal point groups. Notably, all elements of β are
zero for 6̄(C3h), 6̄m2(D3h), and 4̄3m(Td), even though they do
not possess inversion symmetry. Thus, the bulk linear current-
induced magnetization effect can occur only in systems
belonging to the remaining 18 noncentrosymmetric crystal
point groups, called the gyrotropic groups. In the gyrotropic
groups, the two subclasses of polar and chiral groups are
important. Polar systems, such as the Rashba systems, have a

circular angular-momentum texture in the wave number k
space and antisymmetric (off-diagonal) components in β;
thus, an electric current and an induced magnetization tend
to be orthogonal independently of the current direction
[Fig. 1(b)]. Chiral systems (e.g., trigonal tellurium), which
have no improper rotation symmetry, have a radial angular-
momentum texture and isotropic diagonal components in β;
thus, an electric current and an induced magnetization tend to
be parallel [Fig. 1(c)].

III. CRYSTAL AND ELECTRONIC STRUCTURES
OF TRIGONAL TELLURIUM

Trigonal tellurium is a semiconductor with a narrow
bandgap of Eg = 0.32 eV, with only the p-type being avail-
able. Trigonal tellurium has a crystal structure belonging to
either space group P3121(D4

3) or P3221(D6
3) [Figs. 2(a) and

2(b)]. Tellurium atoms form dominant covalent bonds in a
helix structure with a threefold screw symmetry. The helices
along the crystal c axis further form a hexagonal arrangement
with van der Waals interactions, thereby yielding a chiral
crystal structure. Note that a crystal with right-handed he-
lices of the covalent bonds belongs to the space group with
a right-handed symmetry element P3121(D4

3), and a crys-
tal with left-handed helices belongs to P3221(D6

3) [18]. In
this paper, we define the chirality of the crystal structure
by referring to that of the covalent-bond helices. We use
the phrases “right-handed tellurium” for P3121(D4

3) tellurium
and “left-handed tellurium” for P3221(D6

3) tellurium (see
Appendix B). The chirality of the covalent-bond helices de-
termines the polarities of many physical properties, such as
the angular-momentum texture in the k space [19–21], natural
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FIG. 2. Crystal and electronic structure of trigonal tellurium. (a), (b) Crystal structures of tellurium for P3121(D4
3) (a) and P3221(D6

3)
(b) with right-handed covalent-bond helices and left-handed helices, respectively. The pink parallelogram indicates a unit cell. A right-handed
crystal has the screw operation of {ρ3|c/3} as a symmetry operation, while a left-handed crystal has the operation of {ρ3|2c/3}, where ρ3

is a 120◦ counterclockwise rotation along the c axis, and c is the primitive vector along the c direction. (c), (d) Schematic band structures
along kz (and kx = ky = 0) around the H and H ′ points with (d) and without (c) the spin-orbit interaction (SOI). The signs of the (interatomic)
orbital angular momentum (lz) and the total angular momentum ( jz) for each wave number k and for each band are reversed when the crystal
structure chirality is reversed. The bands in the panel (c) are totally spin-degenerate. The hexagonal prism in (c) shows a schematic image
of the Brillouin zone of trigonal tellurium. (e), (f) Schematic outward (e) and inward (f) angular-momentum texture around the H and H ′

points when chemical potential crosses the camel-back structure of the highest valence band. (g), (h) Relation among the polarities of the net
spin-angular momentum 〈sz〉 and of the net spin magnetization 〈Ms,z〉 and an imbalance between the opposite spin populations for the highest
valence band under a positive electric current (I ‖ +k̂z) for outward (g) and inward (h) spin-angular-momentum textures.

optical rotatory power [22–25], second-harmonic generation
[26], piezoelectricity [27,28], shapes of etch pits [29], res-
onant diffraction with circularly polarized x rays [30,31],
polarized neutron scattering [32], and NMR chemical shift
[33] (see Appendix B). Trigonal tellurium has the bottoms
of conduction bands and the tops of valence bands around the
H and H ′ points [19,34,35]. These points are at the corners of
the hexagonal prism first Brillouin zone and are related to each
other by a time-reversal operation; they are not time-reversal
invariant momentums. Thus, the time-reversal symmetry of
trigonal tellurium does not provide Kramers degeneracy at the
H and H ′ points. Around these points, if spin-orbit interac-
tions are absent, the conduction bands would form a doubly
spin-degenerate parabolic band, whereas the valence bands
would form spin-degenerate, but (interatomic) orbital angular-
momentum split bands [36] with quadruple degeneracy at the
H and H ′ points owing to threefold screw and twofold rotation
symmetry [Fig. 2(c)]. The spin-orbit interactions lift the spin
degeneracy, thereby causing the two spin-split conduction
bands crossing at the H and H ′ points, the highest and second
highest nondegenerate valence bands, and the two splitting
deeper valence bands with band crossing [Fig. 2(d)]. This
band splitting provides total-angular-momentum textures in
the k space. The two deeper valence bands primarily consist
of states with total angular momentum jz = +1/2 or −1/2
and have a hedgehog angular-momentum texture around the
H and H ′ points (i.e., the spin-split conduction bands also
have a similar angular-momentum texture [19]). Notably, the
crystal threefold screw and the twofold rotation symmetries
forbid hybridization between the Bloch states with jz = +1/2
and −1/2 at the H and H ′ points, that is, they protect the
band crossing. This crossing point is nothing but a Weyl

node; thus, the possibility of a topological Weyl semimetal
phase is argued for trigonal tellurium [19,21,37,38]. In con-
trast, the highest and second highest valence bands primarily
consist of the hybridized states of jz = ±3/2, and the wave
functions | jz = +3/2〉 ± | jz = −3/2〉 are realized at the H
and H ′ points. Such spin-nematic-type hybridization opens
a gap between the two valence bands and causes a radial,
but almost kz-directional spin texture [Figs. 2(e) and 2(f)].
This c-axis anisotropy in p-type tellurium with a low carrier
density causes that only the c-axis part of an electric current
induces magnetization, which also has only the c-axis com-
ponent. The k space angular-momentum textures for a right-
and a left-handed crystal have opposite polarity, thanks to
the axial vector nature of the angular momentum. (Ab initio
calculations [20,21] directly show that the right- [P3121(D4

3)]
and left-handed [P3221(D6

3)] crystals have outward and in-
ward angular-momentum textures, respectively [Figs. 2(e) and
2(f)].) Thus, an electric current should cause a linear current-
induced magnetization with polarity depending on the crystal
structure chirality [Figs. 2(g) and 2(h)].

IV. MEASURING METHOD

We measured the 125Te NMR spectra for two single crystals
(samples 1 and 2) at 100 K under an applied pulsed electric
current. Samples 1 and 2 were synthesized with the physical
vapor transport technique and the repeated Bridgman method,
respectively (The detail of the synthesis is explained in
Appendix A). Both methods are not chirality-selective-growth
methods; thus, to obtain both right- and left-handed single
crystals, we picked up a number of crystals and deter-
mined the crystal structure chirality for each sample by
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FIG. 3. Magnetic-field polarity dependence of the electrically induced NMR shift. (a), (b) Single-crystal 125Te-NMR spectra for sample
1 for (a) a positive and (b) a negative magnetic field in the absence of a pulsed electric current at 100 K. A magnetic field was applied
approximately parallel to the c axis, but slightly tilted to the y axis. The spectra are plotted as a function of the effective magnetic field felt
by the 125Te nuclei (see Appendix A). The observed NMR spectra consist of two lines, that is, a single line and a doubling line, which are
respectively associated with one and two of the three tellurium atoms in a unit cell. The inset in (a) is a photo image of an etch pit on the crystal,
whose type appears on the left-handed [P3221(D6

3)] crystal [29]. (c)–(f) Doubling line (c) and single line (d) in the 125Te-NMR spectrum for
a positive magnetic field and doubling line (e) and single line (f) for a negative magnetic field for different electric current densities. For
comparison, the gray lines in each row show the spectrum in the absence of a pulsed electric current. The absence of data for −61 A cm−2

under a negative field is caused by the irreversible damage of an electric contact of the specimen during the measurement for this condition.

observing the shapes of etch pits on the surfaces of each
sample. According to the etch pit study [29], samples 1
and 2 are left- [(P3221(D6

3)] and right-handed [P3121(D4
3)]

tellurium, respectively [Figs. 3(a) and 5(a)]. We applied a
static magnetic field of 8.012 T for sample 1 (the left-handed
crystal) and 8.327 T for sample 2 (the right-handed crystal)
almost parallel to the c axis. A pulsed current synchronized
with the NMR measurement was also applied almost parallel
to the c axis through two electric terminals (see Appendix
A). To avoid movement of the sample by the pulsed electric
current, sample 1 with a coil for the NMR measurements
was coated with epoxy (Stycast 1266) and fixed on a glass
plate, and sample 2 with a coil was soaked into a pressure
medium of Daphne 7373 and placed in a BeCu pressure
cell, in which a low pressure of 0.5 GPa was applied at
room temperature. The temperature dependence of the two-
terminal resistance showed that the present crystals had an
impurity hole density less than 1 × 1016 cm−3 and that the
systems at 100 K were in the extrinsic region with a neg-
ligible density of the thermally excited carriers across the
band gap. For an arbitrary magnetic field direction, the NMR
spectrum of trigonal tellurium should have three lines with
the same intensity that correspond to the three atoms in the

unit cell. For the present samples, we verified that such a
three-line spectrum appeared when the magnetic field direc-
tion was rotated away from the c axis, confirming that the
samples were single crystals. In the following results, an
applied magnetic field was almost parallel to, but slightly
tilted from the c axis. The tilting direction was controlled to
be precisely aligned to the y axis. Thus, the observed NMR
spectra consisted of two lines, a single line and a doubling
line, which are respectively associated with one and two of
the three tellurium atoms in a unit cell [Figs. 3(a) and 3(b)
and 5(a)]. We estimated the angular differences between the
magnetic field directions and the c axis to be approximately
7◦ for sample 1 and 9◦ for sample 2 by comparing the two-line
spectrum with the shift parameters [33].

V. RESULTS

A. Magnetic-field polarity dependence of current-induced
NMR shift

We observed the electrically induced 125Te NMR spec-
tral shift in Figs. 3(c)–3(f) in more detail than in our
previous report [16]. Below, we show that the elec-
trically induced NMR shift is caused by the linear
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current-induced magnetization effect, and not by a higher-
order magnetoelectric effect. In theoretical viewpoints, the
electric-field- and electric-current-induced magnetization can
be clearly distinguished. The former is an equilibrium phe-
nomenon without energy dissipation and requires systems
that lack both inversion (P) and time-reversal (T ) symme-
try. In contrast, the latter is a nonequilibrium phenomenon
that requires systems lacking both P and PT symmetry.
These relations indicate the duality of the two phenomena:
the electric-field-induced magnetization needs an odd-parity
component of magnetic ordering in real space, whereas the
electric-current-induced magnetization needs an odd-parity
component of the magnetization textures (angular-momentum
textures) in the k space. However, in real experiments, the
two effects cannot be immediately distinguished because an
electric current inevitably needs an electric field. Furthermore,
the NMR measurement requires an external magnetic field,
which explicitly breaks the time-reversal symmetry of ma-
terials and may cause higher-order magnetoelectric effects.
Thus, to prove firmly the linear current-induced magnetiza-
tion effect, it is necessary to rule out the scenarios that the
electrically induced magnetization observed originates from
the electric-field-induced magnetization and/or higher-order
magnetoelectric effects. (This was not done in our previous
report [16].) From this viewpoint, we first consider the sym-
metry of the magnetism induced by an electric current I, an
electric field E, and a magnetic field H. Phenomenologically,
magnetization can be expanded up to the second order of I, E,
and H as follows [39]:

Mi = χi jHj + αi jE j + βi j I j + �IE
i, jkI jEk + �EH

i, jkE jHk

+�IH
i, jkI jHk + �II

i, jkI j Ik + �EE
i, jkE jEk + �HH

i, jkHjHk,

where, i, j, and k (= x, y, z) are the indices of the matrix
elements; χ , α, and β are the second-rank response ten-
sors for magnetic susceptibility, linear electric-field-induced
magnetization, and linear current-induced magnetization, re-
spectively; and �IE, �EH, �IH, �II, �EE, and �HH are the
third-rank response tensors for each bilinear effect.

To know which terms can survive under the P and T trans-
formations, we considered the P and T transformations of M,
I, E, and H. I is inversion-odd (P-odd) and time-reversal odd
(T -odd); E is P-odd and T -even; and M and H are P-even
and T -odd. In accordance with these transformations, some
response tensors must be zero when a system in a null field
has P and/or T symmetry. For example, the linear electric-
field-induced magnetization tensor α must be zero when a
given system has a time-reversal symmetry because input E
and output M acquire opposite signs through a time-reversal
transformation.

For trigonal tellurium, α and �IH must be zero, and β and
�EH can be nonzero because tellurium is a nonmagnetic chiral
(or, T -symmetric and P-broken) semiconductor. We can also
neglect the effect of χi jHj , �IE

i, jkI jEk , �II
i, jkI j Ik , �EE

i, jkE jEk , and
�HH

i, jkHjHk because the observed electrically induced NMR
shift shows a linear dependence on an electric input, I or E
(The linearity was reported in our previous work [16] and con-
firmed in Figs. 4 and 6 here.) Thus, the possible origins of the
electrically induced NMR shift are the linear current-induced
magnetization term βi j I j and/or the bilinear magnetoelec-
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FIG. 4. Current density dependence of the current-induced shifts
for sample 1. The current-induced shift is defined as the difference
between the spectral first moment of each line and the shift origin
defined such that the intersection of the fitting lines should be zero.
The proportionality coefficients obtained by least-squares fitting are
+2.5 (±0.2) × 10−4 mTA−1 cm2 for the doubling line (+8 T), +2.0
(±0.3) × 10−4 mTA−1 cm2 for the single line (+8 T), +2.0 (±0.3)
× 10−4 mTA−1 cm2 for the doubling line (−8 T), and +1.8 (±0.3)
× 10−4 mTA−1 cm2 for the single line (−8 T).

tric term �EH
i, jkE jHk . (Specifically, the bilinear magnetoelectric

effect primarily originates from a modulation of the mag-
netic susceptibility induced by the piezoelectric effect.) We
measured the magnetic-field polarity dependence of the elec-
trically induced shift to clarify which effect dominates the
electrically induced NMR shift observed in trigonal tellurium.
The linear current-induced magnetization βi j I j is independent
of the polarity of a magnetic field; thus, the polarity reversal of
a magnetic field does not change the polarity of the NMR shift
induced by this effect. In contrast, the bilinear magnetoelectric
�EH

i, jkE jHk term depends on the magnetic-field polarity; thus,
the polarity reversal of the magnetic field reverses the polarity
of the NMR shift induced by the bilinear magnetoelectric
effect.

Figures 3(c)–3(f) show the current density dependence
of the NMR spectra under the positive and negative
magnetic fields of 8.012 T for sample 1, which has a
left-handed [P3221(D6

3)] crystal structure [Fig. 3(a)]. The
polarity reversal of the magnetic field preserves the polar-
ity of the observed electrically induced NMR shift. This
experimental result demonstrates that the electrically induced
NMR shift observed in trigonal tellurium is caused by the
linear current-induced magnetization effect. Figure 4 shows
the current density dependence of the electrically induced
NMR shift. The slope coefficients for the doubling line
are +2.5 ± 0.2 × 10−4 mTA−1 cm2 for a positive field and
+2.0 ± 0.3 × 10−4 mTA−1 cm2 for a negative field, showing
a good agreement between the two values within the margin
error. The slope coefficients for the single line are +2.0 ±
0.3 × 10−4 mTA−1 cm2 for a positive field and +1.8 ± 0.3 ×
10−4 mTA−1 cm2 for a negative field, which also show a good
agreement. The agreement between the coefficients for the
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positive and negative magnetic fields indicates that the bilinear
magnetoelectric effect makes a minor or negligible contribu-
tion to the electrically induced NMR shift compared to the
linear current-induced magnetization effect. The slight differ-
ence between the slope coefficients of the doubled line and
the single line is also observed, although it is comparable with
the fitting error bars. This may indicate that the off-diagonal
hyperfine coupling coefficient causes different hyperfine field
components parallel to the external magnetic field slightly
tilting from the c axis, for the doubling-line and single-line tel-
lurium atoms. Revisiting the symmetry consideration, the �EH

i,zz
coefficients must be zero for the 32(D3) point group symmetry
of tellurium. In other words, all directional components of the
bilinear EH-induced magnetization must be zero when exter-
nal electric and magnetic fields are applied exactly parallel
to the c axis of tellurium. Although the present experimental
setup had a slight misalignment of the magnetic and electric
fields from the c axis, this symmetry constraint guaranteed
the weakness of the bilinear magnetoelectric effects for the
present directions of the fields, even if the bilinear effect for
the arbitrary field directions of an external fields would be
detectable.

B. Crystal structure chirality dependence of current-induced
NMR shift

We next show that the polarity of the current-induced
magnetization in tellurium depends on the crystal structure
chirality. Figures 5(b) and 5(c) show the 125Te NMR spec-
tra under a positive magnetic field of 8.327 T for sample
2, which has a right-handed [P3121(D4

3)] crystal structure
[Fig. 5(a)]. Similar to the results for sample 1 [Figs. 3(c)–
3(f)], an electric-current induces local-field shifts, and the
shifts linearly depend on the electrical current density with
coefficients of −5.1 ± 0.4 × 10−4 mTA−1 cm2 for the dou-
bling line and −4.2 ± 0.5 × 10−4 mTA−1 cm2 for the single
line (Fig. 6). Notably, the polarity of the shifts induced
by a positive electric current was negative for sample 2
(right-handed tellurium) in contrast to the positive shifts for
sample 1 (left-handed tellurium). The negative shifts indicate
a negative spin magnetization because of the positive hyper-
fine coupling coefficient [40] between the c-axis electronic
spin magnetization and the c-axis hyperfine field. There-
fore, the polarity of the current-induced spin magnetization
is positive for the left-handed tellurium and negative for the
right-handed tellurium when a positive current is applied.
(We will discuss the possible current-induced orbital mag-
netization later.) Consequently, the present result shows that
a chirality reversal of the crystal structure causes a reversal
of the current-induced magnetization. The absolute values of
the current-induced magnetization coefficients for the right-
and left-handed samples differed by a factor of approximately
two. This discrepancy may originate from a non-negligible
amount of a surface contribution to the total electric current
depending on the surface condition for each sample. If a sur-
face current exists, a bulk current could be overestimated, and
the coefficients could be underestimated. In fact, a metallic
surface state in the {101̄0} plane was observed [41–43]. Note
that even if a non-negligible amount of a surface current was
present, the Oersted field generated by the surface current
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FIG. 5. Inversion of the current-induced shift by a reversal of the
crystal structure chirality. (a) Single-crystal 125Te-NMR spectra for
sample 2 in the absence of a pulsed electric current at 100 K. A
magnetic field was applied approximately parallel to the c axis, but
slightly tilted to the y axis. The spectra are plotted as a function of
the effective magnetic field felt by the 125Te nuclei (see Appendix A).
The observed NMR spectra consist of a single line and a doubling
line similar to the spectra for sample 1. The inset indicates the
photo image of an etch pit on the crystal, whose type appears on
the right-handed [P3121(D4

3)] crystal [29]. (b), (c) Doubling (b) and
single (c) lines in the 125Te-NMR spectrum for different electric
current densities. For comparison, the gray lines in each row show
the spectrum in the absence of a pulsed electric current.

would cause only a broadening (not shift) of the NMR spectra
(see Appendix D); thus, the observed current-induced shift
originates from the magnetization of the bulk part of the
samples.

VI. DISCUSSION

A. Relation among the current-induced NMR shift, k space spin
texture, and crystal structure chirality

We discuss the relation among the polarity of the current-
induced NMR shift, spin texture of the highest valence bands,
and crystal structure chirality. As discussed in our previous
report [16], an electric current induces magnetization parallel
(antiparallel) to an electric current in tellurium with an inward
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FIG. 6. Current density dependence of the current-induced shifts
for sample 2. The current-induced shift is defined as the difference
between the spectral first moment of each line and the shift origin
defined such that the intersection of the fitting lines should be zero.
The proportionality coefficients obtained by least-squares fitting are
−5.1 (±0.4) × 10−4 mTA−1 cm2 for the doubling line and −4.2
(±0.5) × 10−4 mTA−1 cm2 for the single line.

(outward) spin-angular-momentum texture, which provides
an outward (inward) spin-magnetization texture around the
H and H ′ points. Thus, the present chirality-dependent re-
sult shows that a left-handed (right-handed) crystal has an
inward (outward) spin-angular-momentum texture, which is
consistent with the recent ab initio calculations and the
spin- and angle-resolved photoemission spectroscopy mea-
surements [20,21]. We should point out herein that our
previous report [16] has two points that need to be corrected.
First, we wrote in the previous report that a right-handed crys-
tal should have an inward spin-angular momentum texture,
but it actually has an outward texture. When we reported
the previous work [16], we were not aware that there are
contradictions in earlier literatures about the relations between
the crystal chirality and the physical properties. This is the
reason for which we deduced the incorrect relation between
the crystal chirality and the spin texture in our previous
work. We briefly review and discuss the earlier literature in
Appendix B. Second, we wrote in the report that the crys-
tal used was right-handed; however, it was left-handed (see
Appendix C). In the previous study, we crashed a tellurium
ingot into pieces, which was grown by the repeated Bridgman
method, and we used one of the pieces for the NMR mea-
surement. At that time, we thought that the sample used for
the NMR measurement was right-handed because other pieces
of the ingot show the etch pits of the right-handed crystal
chirality. However, we recently observed that there are pieces
from the same ingot showing the etch pits of the left-handed
crystal chirality; thus, we conclude anew that the ingot has
multichirality domains and the sample previously used was
left-handed. Unfortunately, the etch pits of the crystal used
for the previous NMR measurement cannot be investigated
because the crystal was destroyed during attempt to remove it

from epoxy in which the crystal was embedded. Note that the
current-induced positive NMR shift under a positive current
in the previous study can be explained consistently by the two
facts that the sample is left-handed and that the left-handed
tellurium has the inward spin angular-momentum texture.

B. Current-induced orbital magnetization

The highest valence bands of tellurium have an orbital
angular momentum that originates not from an intra-atomic
orbital angular momentum of a p-wave atomic state, but
from an inter-atomic orbital angular momentum of the Bloch
state. Thus, an electric current can induce not only net spin
magnetization, but also net orbital magnetization, which is
called the orbital Edelstein effect [44,45]. In fact, theoretical
studies predicted current-induced intrinsic [20,46] and ex-
trinsic [46] orbital magnetization effect in trigonal tellurium.
However, we infer here that the observed current-induced
NMR shift is not related to the orbital degrees of freedom of
electrons. In the present study, the possible origins of current-
induced local magnetic fields at nucleus due to the orbital
degrees of freedom of electrons are the following three: (1)
the current-induced (or electric-field induced) modulation of
a chemical-shift field, (2) the trivial Oersted field induced by
a macroscopic electric current (which is the spatial average of
a microscopic solenoidal electric current flowing through tel-
lurium helices), and (3) the nontrivial magnetic field induced
by the circular component of a microscopic solenoidal electric
current. The first, the current-induced (or the electric-field in-
duced) modulation of a chemical-shift field, can be caused by
the two processes that an electric input (an electric current or
an electric field) causes modulation of chemical bonds and an
external magnetic field restores the orbital angular momentum
of electrons feeling the potential of the modulated chemical
bonds. This effect is exactly a bilinear effect of the EH or
IH term in the present symmetry consideration. According to
the previous discussion, the current-induced modulation of a
chemical-shift field (the IH effect) is ruled out by the sym-
metry restriction and the electric-field-induced modulation of
that (the EH effect) is also ruled out by the result of the present
field-reversal NMR measurements. Hence, we can neglect this
field hereafter. The second, the trivial Oersted field, can occur
in any materials under a macroscopic electric current. This
field is not the hyperfine field of the current-induced orbital
magnetization, because no orbital magnetization is accompa-
nied with this field. Note that the trivial Oersted field does not
alter the NMR spectra at all in an ideal case where a macro-
scopic electric current and a magnetic field is applied exactly
parallel to the same direction, because the trivial Oersted field
is perpendicular to the applied magnetic field in this case.
Slight misalignments of the electric current and magnetic
field from the c axis in the present experiments would affect
the NMR spectra, but they cause not shifts but symmetric
line broadening of the spectra. Thus, the trivial Oersted field
cannot explain the observed current-induced NMR shift (see
Appendix D for more quantitative discussion about the trivial
Oersted field). The third, the nontrivial magnetic field in-
duced by the circular component of a microscopic solenoidal
electric current should be interpreted as the hyperfine field
of the current-induced orbital magnetization, which has been
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recently discussed theoretically [44,45]. In this case, a
magnetic field due to the orbital magnetization is proportional
to ξ jzS/c, where jz is an electric current density, c = 5.93
Å is the pitch of the tellurium helix, S = 4.50 Å2 is the
cross-sectional area of the helix, and ξ is a dimensionless
factor indicating an effective number of turns of a solenoidal
electric current within a unit cell. The factor ξ is unity when a
system can be treated as classical solenoids and ξ is enhanced
with a factor of 10 at most in a tight-binding model calcula-
tion for a chiral system similar to tellurium [45]. Assuming
ξ = 1–10 and using the experimental values of jz ∼ 100
A cm−2, we obtain a very weak orbital hyperfine field of
10−6–10−7 mT. Thus, we consider that this effect cannot
be detected by the present experiment. Moreover, the polar-
ity of the observed current-induced shift also indicates that
the current-induced orbital magnetization does not dominate
the observed shift. The orbital hyperfine coupling constant
must be positive according to the conventional electromag-
netics. In addition, theoretical studies [20,46] showed that
the intrinsic orbital magnetization of each Bloch state of
the highest valence bands is antiparallel to the spin magne-
tization of each state. This suggests that a current-induced
orbital magnetization should cause a negative NMR shift for
the left-handed crystal under a positive current, whereas an
observed shift is positive. The insensitiveness of the NMR
to the current-induced orbital magnetization allows us to
separate the spin and orbital contributions to the current-
induced magnetization using the present NMR method
and other probes that can detect the current-induced total
magnetization.
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APPENDIX A: METHOD

1. Sample Preparation

Single crystals of trigonal tellurium were synthesized with
the physical vapor transport (PVT) technique for sample 1
and the repeated Bridgman method for sample 2. For the
PVT technique, elemental tellurium (6N) grains of 0.46 g
were sealed in an evacuated quartz tube heated in a two-zone
tube furnace with temperatures set to 445 ◦C (source side)
and 395 ◦C (growth side). Single crystals that were typically
1 mm in size with well-defined faces were obtained after
cooling, one of which was used for the NMR studies as
sample 1. For the repeated Bridgman method, a single-crystal
ingot was obtained after repeatedly melted at 600 ◦C in an
evacuated quartz tube. After the crystal growth, the obtained
ingot was crashed into pieces, one of which was used for the
NMR studies as sample 2. The length along the c axis of
each sample L and the cross-sectional area S were approxi-
mately L =∼2.6 mm and S =∼0.33 mm2 (∼0.6 mm × ∼
0.5 mm) for sample 1 and L =∼4.5 mm and S =∼0.79 mm2

(∼1.0 mm × ∼0.8 mm) for sample 2. The crystal structure

chirality for each sample was investigated by observing the
shapes of the etch pits [Figs. 3(a) and 5(a)] produced by
the slow action of hot sulfuric acid (100 ◦C, 30 min) on
the cleavage planes of the crystals [29]. A pulsed electric
current was applied approximately along the c axis through
two electrodes placed at the top and bottom of the sample.
Titanium and gold were evaporated on the samples to achieve
a good electrical contact between the sample and the elec-
trodes. Copper wires were then attached using silver paste.
For the NMR measurements, a coil was wound around each
sample.

2. NMR measurements

The NMR spectra of 125Te (nuclear spin I = 1/2, gyro-
magnetic ratio γ = 13.454 MHz/T) were measured at 100 K
under an external magnetic field of 8.012 T for sample 1 and
8.327 T for sample 2. A magnetic field was applied almost
parallel to the c axis, but slightly tilted to the y axis. The
NMR spectra were obtained as a function of the resonance
frequency f by the Fourier transformation of the spin-echo
signals following a π/2–π pulse sequence. All throughout
this paper, the NMR spectra are shown as a function of the
magnetic field felt by the 125Te nuclei and calculated using
B(T) = f (MHz)/γ . The NMR pulse sequence and the pulsed
electric current were synchronized, such that the current pulse
was switched on 50 μs of time before the NMR π/2 pulse and
switched off well after the decay of the spin-echo signals [16].
The polarities of an electric current and of a magnetic field are
defined as positive when they direct a positive direction of a
laboratory coordinate system. The first moment of the NMR
spectrum δ was calculated from δ = ∫

I (B)B dB/
∫

I (B) dB,
whose interval of integration was the full width at half maxi-
mum of each line, where I (B) is the spectral intensity at B.

APPENDIX B: RELATION AMONG THE CRYSTAL
STRUCTURE CHIRALITY AND THE PHYSICAL

PROPERTIES OF TRIGONAL TELLURIUM

In our previous study [16], we wrote that the highest va-
lence band of the P3121(D4

3) right-handed tellurium has an
inward spin-angular-momentum texture around the H and
H ′ points in the k space, while that of the P3221(D6

3) left-
handed tellurium has an outward texture. This relation was
indirectly deduced from the relation between the k space
spin texture and the natural optical rotatory power along
the c axis, which is the optic axis, and that between the
natural optical rotatory power and the crystal structure chi-
rality reported in past studies [Fig. 7(a)]. However, recent
ab initio calculations [20,21] and spin- and angle-resolved
photoemission spectroscopy [21] independently showed that
the opposite relation are probable, that is, the highest valence
band of the P3121(D4

3) right-handed tellurium has the out-
ward spin-angular-momentum texture in the k space, while
that of the P3221(D6

3) left-handed tellurium has the inward
spin-angular-momentum texture [Fig. 7(b)]. To understand the
chirality-dependent physical properties of trigonal tellurium,
this section briefly summarizes the relations among the crystal
structure chirality and some physical properties of trigonal
tellurium with reference to the previous studies.
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FIG. 7. Relations between the spin-angular-momentum texture
and the crystal structure chirality. (a) Deduced from the past studies.
(b) Relation claimed by the recent studies [20,21].

1. Definitions and notations of the physical properties

An unambiguous definition of the positive/negative signs
(polarities) is crucially important in studying the physical
properties and phenomena depending on the material chiral-
ity. Historically, confusion and contradiction caused by an
ambiguous definition have been repeated in studies on chiral
materials. Thus, we explicitly define the word herein and the
sign of some physical properties.

Coordination. We use only the right-handed coordinates.
Figure 1(a) depicts the relation among the x, y, and z axes and
the crystal axes of trigonal tellurium.

Crystal structure chirality. Trigonal tellurium belongs to
the chiral space group of either P3121(D4

3) or P3221(D6
3).

The screw operations 31 and 32 are called right- and left-
handed screws, respectively [47]. According to this notation,
we call P3121(D4

3) tellurium as the “right-handed tellurium”
and P3221(D6

3) tellurium as the “left-handed tellurium.” (Note
that one cannot straightforwardly define the chirality of an
enantiomorphic crystal structure by referring to the symmetry
elements when a given crystal structure belongs to one of the
43 achiral Sohncke groups.) We stress that, in principle, no a
priori relations exist among the chirality of a space group and
that of the helices of dominant chemical bonds (e.g., α- and
β-quartz [47]). However, for trigonal tellurium, the chiralities
of the screw axes in the space group and of the helices of the
dominant covalent bonds between the nearest neighbor atoms
are the same, that is, P3121(D4

3) tellurium is composed of
right-handed helices.

Angular-momentum texture in k space. The polarity of the
angular-momentum texture in the k space and that of the mag-
netization texture must be clearly distinguished because the
polarity of the angular momentum and that of magnetization
are not always the same. For a spin part, the two quantities
always have opposite signs for electrons. To avoid confusion,
we discuss only the angular-momentum and the magnetization
textures for electrons, not holes.

Notation for the optical properties. The four following
properties have a notation related to the discussion about the
absolute sign of the natural optical rotation: (1) Circularly
polarized light. We use the term “right circularly polarized
light” when the electric field vector rotates clockwise in time
at a fixed place when viewed by an observer whose eye the
light is entering [48]. (2) The phase of light: The notation
of the phase of light affects the notation of the complex
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FIG. 8. Etch pit forms.

susceptibility and that of the polarization vectors (Jones vec-
tors) of light. We use the notation of kr − ωt , not ωt − kr.
That is, we represent complex dielectric permittivity as ε =
ε1 + iε2 (not ε1 − iε2) and the polarization vector of the
right-handed polarized light as (x̂ − iŷ). (3) Optical rota-
tion: We use the term dextrorotatory optical rotation when
the polarization plane at an observer rotates clockwise from
the polarization plane at a light source when viewed by an
observer whose eye the light is entering [48]. (4) Sign of the
optical rotatory power (sign of the rotatory angle): The optical
rotatory power ρ is defined as the rotatory angle θ divided by
the crystal length L, in which the light propagates. We use
the notation that ρ, θ > 0 when a levorotatory optical rotation
(in our definition) is observed. Using the four notations, the
optical rotatory power ρ along the optic axis z in the optical
uniaxial crystal can be written as ρ = (nR − nL) ω/2c =
(ω/2c) Im εA

xy/
√

εxx, where ω is the angular frequency of light,
c is the speed of light in vacuum, nR and nL are the refractive
indices for the right- and left-handed circularly polarized light,
respectively, and εxx and εA

xy are the xx component and the an-
tisymmetric part of the xy (not yx) component of the dielectric
tensor, respectively.

Etch pits. Trigonal tellurium has the characteristic enan-
tiomorphic form of etch pits on the cleavage {011̄0} prismatic
faces. The etch pit chirality depends on that of the crystal
structure. To avoid confusion, we do not use “left” and “right”
to designate the etch pit form; instead, we use the terms “4-
shaped” and “inverse 4-shaped” to designate them as shown
in Fig. 8 because the “4” resembles one of the etch pit forms.

2. Summary of the previous studies

The relations among the four properties, namely, crys-
tal structure (space group), angular-momentum texture in k
space, natural optical activity, and etch pit shape, should be
determined to study the chirality-dependent physical prop-
erties of trigonal tellurium (Fig. 9). The latter two, natural
optical activity and etch pits, are practically important because
they are relatively easy to measure experimentally. Many stud-
ies determined the relation between two of the four properties.
We summarized the previous studies below as far as we know
to obtain the correct relations.

a. Crystal structure and angular-momentum texture in k space

Through ab initio calculations, Tsirkin et al. [20] and
Sakano et al. [21] independently showed that the spin-angular-
momentum texture of the highest valence band around the H
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FIG. 9. Relations among the four properties, namely, crystal
structure (space group), angular-momentum texture in k space, natu-
ral optical activity, and etch pit shape.

and H ′ points directs outward for P3121(D4
3) tellurium and

inward for P3221(D6
3) tellurium. Theoretical studies [35,49]

showed that the Bloch states of the highest valence band
around the H and H ′ points are primarily composed of states
with the projected total angular momentum jz = +3/2 and
−3/2. Hence, the orbital-angular-momentum texture for the
highest valence band around the H and H ′ points are parallel
to the spin-angular-momentum texture and should also direct
outward for P3121(D4

3) tellurium and inward for P3221(D6
3)

tellurium.

b. Crystal structure and natural optical activity

Two experimental studies and one theoretical study were
performed for the relation between the crystal structure
chirality and the natural optical activity chirality. For the
experimental studies, Brown et al. first directly showed that
a P3121(D4

3) crystal exhibits a levorotatory natural optical
rotation [32]. In contrast, Tanaka et al. directly showed that
a P3221(D6

3) crystal exhibits a levorotatory natural optical
rotation [30,31]. Brown et al. measured the natural optical
rotatory power and the Schwinger scattering intensities of
polarized neutrons using an identical single crystal of trigonal
tellurium. The latter neutron experiment provided information
on the absolute crystal structure. Tanaka et al. measured the
natural optical rotatory power and resonant diffraction with
circularly polarized x-ray using an identical single crystal.
The latter’s x-ray experiment also provided information on the
absolute crystal structure. The measurement temperatures and
the carrier density of the samples for the natural optical rota-
tory power measurements were not explicitly written in both
reports. However, the degrees of the natural optical rotatory
power observed in both studies reproduced the experimental
results for nondoped samples at room temperature [24,25].
This indicates that sign change of the natural optical rotatory
power depending on the measurement temperatures and the
carrier densities is very unlikely between the two reports; thus,

the two results are totally contradicting, and one of the two
claims must be modified. As for the theoretical study, Reijn-
hart claimed that a P3121(D4

3) crystal shows a dextrorotatory
natural optical rotatory power [50]. He calculated the natural
optical rotatory power of trigonal tellurium and other materi-
als having the helical structures similar to trigonal tellurium
and belonging to P3121(D4

3) space group (e.g., α-quartz) by
using the classical point dipole approximation. The theoretical
results for the α-quartz correctly reproduced the chirality of
their natural optical rotatory power that was measured exper-
imentally. The theoretical result that P3121(D4

3) tellurium has
a dextrorotatory natural optical rotatory power is consistent
with the resonant x-ray study by Tanaka et al. and inconsistent
with the neutron study by Brown et al.

c. Crystal structure and etch pits

Koma et al. claimed that P3121(D4
3) crystals show 4-

shaped etch pits, while P3221(D6
3) crystal shows inverse

4-shaped etch pits [29]. They observed the chiral shaped etch
pits on the cleavage {011̄0} prismatic faces of single crystals,
which were etched by a slow attack of concentrated sulfuric
acid. Considering a microscopic atomic arrangement, they
deduced that the etch pits on the cleavage {011̄0} prismatic
faces of P3121(D4

3) tellurium can form a 4-shaped type with
a specific internal form, which was called Model I in their
report. They also deduced that the etch pits for P3221(D6

3) tel-
lurium can form mirror images of the etch pits for P3121(D4

3)
tellurium. They experimentally observed that the etch pits for
a given single crystal have the form of either a 4-shaped or an
inverse 4-shaped type, which had the specific internal form
of Model I (Fig. 8). Thus, they concluded that P3121(D4

3)
tellurium shows 4-shaped etch pits, and P3221(D6

3) tellurium
shows inverse 4-shaped etch pits. According to the considera-
tion of a microscopic atomic arrangement, they also claimed
that an etch pit form indicates the positive direction of the
x axis ([100] direction) (Fig. 8). They measured the angle
dependence of the chemical shifts of the 125Te NMR lines
for single crystals with different etch pit forms [29,33]. They
confirmed that the relation between the angle dependence of
the chemical shifts, which depends on the crystal chirality,
and the positive x direction predicted by the etch pit forms is
consistent with the relation calculated by Shimizu [51], which
was based on a tight binding approximation for the 5p orbitals
of tellurium. This consistency also supports their claim for the
relation between the crystal structure chirality and the etch pit
form.

d. Angular-momentum texture in k space and etch pits

Sakano et al. performed spin- and angle-resolved photo-
electron spectroscopy measurement for two crystals; one of
which has 4-shaped etch pits, while the other has inverse
4-shaped etch pits [21]. The etch pits were formed by hot
concentrated sulfuric acid. They directly determined the spin-
magnetization texture of the highest valence band for the
two crystals and observed that the crystal with 4-shaped etch
pits had an inward spin-magnetization texture, namely the
outward spin-angular-momentum texture, and that the crystal
with an inverse 4-shaped etch pit has the inward spin-angular-
momentum texture.
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e. Natural optical activity and etch pits

Three different groups reported that crystals with 4-shaped
etch pits have a levorotatory natural optical rotatory power.
Blakemore and Nomura first claimed that a crystal with 4-
shaped etch pits produced by the slow action of hot sulfuric
acid has a levorotatory optical rotatory power [52]. (Note that
we could not find the definition of the optical rotatory power
in their paper; thus, ambiguity in the definition remains.)
The measurement temperature and the carrier density for the
crystals used for the optical activity measurement were not
reported in the paper. Fukuda et al. [23] and Ades et al. [24]
also claimed that crystals with 4-shaped etch pits produced by
the slow action of hot sulfuric acid show a levorotatory natural
optical rotatory power. (Note that the two groups most likely
used the definition of chirality of the optical rotatory power
according to our definition.) The measurement temperatures
and the carrier densities of crystals in the study by Fukuda
et al. were not explicitly described. The measurement by Ades
et al. was done for a nondoped crystal at room temperature.

f. Angular-momentum texture in k space and natural optical
activity

Previous studies claimed that the outward angular-
momentum texture of the highest valence band causes a
dextrorotatory natural optical rotatory. Ivchenko and Pikus
first showed the relation by calculating the natural optical
rotatory power caused by the interband transition between the
highest valence band and the conduction bands [49]. (In the
following section, the z axis component of the propagation
vector of the light qz is fixed to a positive value.) They showed
that the xyz component of the third-rank gyration tensor,
γxyz = Im εA

xy/qz, has the opposite sign of the coefficient of the
linear dispersion term of the highest valence band, S [Eq. (15)
in [49]]. The linear dispersion term Skz appears in the effective
energy dispersion of the highest valence band near the H and
H ′ points, E (k) = λ⊥(k2

x + k2
y ) + λ‖k2

z + √
S2k2

z + �2,
where k = (kx, ky, kz ) is a wave number measured from
the H or H ′ points. The eigenstates for the highest valence
band at k, where |kx|, |ky| 
 |kz| near the H and H ′ points,
are represented as 1/

√
2 × (1 + Skz/

√
S2k2

z + �2)1/2| jz =
+3/2 > +1/

√
2 × (1 − Skz/

√
S2k2

z + �2)1/2| jz = −3/2 >,
where | jz = +3/2 > and | jz = −3/2 > are the states with
the c-axis total projected angular momentum +3/2 and −3/2,
respectively. Thus, the total-angular-momentum texture of
the highest valence band directs outward from the H and
H ′ points when S > 0 (inward when S < 0). Similar to
the angular-momentum texture, the sign of S also depends
on the crystal structure chirality. A dextrorotatory natural
optical rotatory occurs when γxyz < 0; thus, their calculations
indicate that the outward spin texture causes a dextrorotatory
natural optical rotatory.

Shalygin et al. measured the optical rotatory power of a
single crystal under an electric current at T = 77 K and
h̄ω = 0.117 to 0.238 eV [15], in which the hole density of the
sample was 4 × 1016 cm−3. They demonstrated that the nat-
ural optical rotatory angle for the positive propagation vector
q ‖ + ẑ and the current-induced optical rotatory angle under
an electric current that directs parallel (not antiparallel) to the
propagation vector (I‖q) have opposite signs. Note that this

relation is not altered by the ambiguity of the notations of the
optical properties. They also calculated the current-induced
optical rotatory power of nondegenerate tellurium under an
electric current (I ‖ q ‖ +ẑ) based on the semiclassical theory
using the effective band dispersions with the coefficient of the
linear dispersion term S, neglecting the natural optical rotatory
power. They obtained that the current-induced levorotatory
optical activity (Im εA

xy > 0) occurs for S > 0 when an electric
current is positive. Combining their experimental and theo-
retical results, the outward angular-momentum texture of the
highest valence band causes a dextrorotatory natural optical
activity.

Most recently, Tsirkin [20] also calculated the natural opti-
cal activity caused by inter- and intra-band transitions through
ab initio calculations. They showed that P3121(D4

3) tellurium,
which has an outward angular-momentum texture, exhibited a
dextrorotatory natural optical rotation primarily caused by the
interband transition at T = 77 K and h̄ω = 0.117 eV when
the hole density is low (n < 1018 cm−3). They also found that
a levorotatory natural optical rotation appears at the limited
range of the carrier density (1018 cm−3 < n < 1019 cm−3),
although the sign change of the natural optical activity by
doping or temperature change has not been experimentally
found so far [25]. They also calculated the current-induced
optical rotatory power and found that it has the opposite
sign to the natural optical rotatory power when light travels
parallel to the current (I ‖ q ‖ +ẑ), which agrees with the
experimental results by Shalygin et al. [15]. The calculated |ρ|
for the natural and the current-induced optical rotatory power
are smaller by approximately a factor of two compared to the
experimentally measured values.

3. Possible relations in the contradiction between previous
reports

Figure 10 shows all possible relations among the crystal
structure chirality, k space angular-momentum texture, nat-
ural optical rotatory, and etch pit form. We compared each
relation with the previous studies in Fig. 10 to evaluate which
relation is the most probable. Relations A and B are the most
probable because they have the fewest number of reports
that should be ruled out or modified. Importantly, for both
cases, the relations among the structure chirality, angular-
momentum texture, and etch pit form are the same. Thus, both
relations A and B are consistent with our present conclusion
in the main text, that is, when an electric current was applied
to the positive direction, a positive NMR shift or a positive
spin magnetization was found in P3221(D6

3) left-handed tel-
lurium with an inverse-4-shaped etch pit, and a negative NMR
shift was found in P3121(D4

3) right-handed tellurium with a
4-shaped etch pit.

APPENDIX C: POSSIBILITY OF THE MULTIDOMAIN
NATURE OF THE INGOT OF TELLURIUM

In our previous study [16], we reported that we used a sin-
gle crystal of P3121(D4

3) right-handed tellurium for the NMR
measurement under an electric current. However, the crystal
used was P3221(D6

3) left-handed tellurium. We prepared the
single crystal by crashing a tellurium ingot grown by the
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FIG. 10. All possible relations among the four physical properties. The chirality of the crystal structure P3121(D4
3) is fixed for brevity. If

relations for P3221(D6
3) are needed, all other properties should be inverted (e.g., levorotatory ↔ dextrorotatory, inward texture ↔ outward

texture, and 4-type ↔ inverse 4-type). The relation connected by a green (red) line is (not) consistent with all the related previous studies. The
relation connected by a blue or a purple line is consistent with a different part of the previous studies.

Bridgman method without seed crystal. We observed 4-shaped
etch pits on the surfaces of the other pieces of the ingot; thus,
we thought that all pieces of the ingot had a right-handed
chirality of the crystal structure and that the single crystal used
was accordingly a right-handed crystal [P3121(D4

3)]. How-
ever, we recently observed that some pieces of the ingot had
inverse 4-shaped etch pits; thus, we concluded anew that the
ingot has multichirality domains. Unfortunately, the etch pits
of the crystal used in the previous study cannot be measured
because the crystal was destroyed during attempts to remove
it from the epoxy in which the crystal was embedded. The
previous study showed that the current-induced NMR shift
of the crystal was positive under a positive electric current.
Comparing this result with the present finding that a positive
electric current causes a positive current-induced NMR shift
for P3221(D6

3) tellurium and a negative shift for P3121(D4
3)

tellurium, we eventually conclude that the single crystal
used in the previous study was a P3221(D6

3) left-handed
crystal.

APPENDIX D: ESTIMATION OF THE TRIVIAL OERSTED
FIELD INDUCED BY A MACROSCOPIC ELECTRIC

CURRENT

In the main text, we conclude that the origin of current-
induced NMR shift is not the Oersted field but the hyperfine
field due to the current-induced magnetization. This is because
the Oersted field cause the spectral broadening not a shift,
assuming an ideal condition. Here we discuss the effect of
the Oersted field more correctly. First of all, we estimate the

trivial Oersted field HOersted when an applied electric current
density j is exactly parallel to an external magnetic field
H0 = (0, 0, H0). We assume that a sample shape is an ideal
thin rod for simplicity. The estimated field at r = (x, y, z) is
HOersted(r) = j/2 × (−y, x, 0). Thus, the trivial Oersted field
does not alter the NMR spectra at all in this ideal case because
of the absence of the z-axis component of the trivial Oersted
field. In the present experiment, an external magnetic field
was slightly tilted to the y axis; thus an electric current and
a magnetic field is not exactly parallel to each other. Accord-
ingly, the misalignment angle �θ (defined in the xz plane) can
cause a finite z-axis component of the trivial Oersted magnetic
field HOersted,z(r) = j/2 × x × sin�θ . Using the experimental
value of sample 1, �θ = 7◦ and j = 182 A cm−2, HOersted,z(r)
is estimated to 0.14 × x (mm) mT. Thus, the maximum in-
crease in the square root of the second moment of the NMR
spectra due to the z-axis component of the trivial Oersted
field is estimated to �Hmax

Oersted,z = 0.02 mT, when we use the
radius of sample 1. This value is less than the induced NMR
shift when j = 182 A cm−2. More importantly, the trivial
Oersted field in this case causes only symmetric broadening
of the NMR spectra within ±0.02 mT, not a shift. Even
though there is something causing asymmetry of the trivial
Oersted field, for example, asymmetry of the sample shape
or electric-current distribution, we at least conclude that the
shift (not the broadening) caused by the trivial Oersted field
is much less than 0.02 mT; thus, the current-induced NMR
shift cannot be explained by the trivial Oersted field quantita-
tively. Using the parameter of sample 2 also yields the same
conclusion.
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