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Chirality-induced intrinsic charge rectification in a tellurium-based field-effect transistor
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We report gate-induced enhancement of intrinsic charge rectification without p-n junctions in chiral semi-
conductor Te under magnetic field B. As gating shifts the chemical potential to the valence band maximum of
Te, the charge rectification efficiency is enhanced hundredfold. By integrating model calculations, we attribute
the charge rectification to the B-induced asymmetry of the chiral band structure. We also show that the carrier
density subject to this asymmetry is augmented by a saddle-point structure near the valence band maximum,
which further enhances the gate-tunable charge rectification together with its improved switchability and thermal

robustness.
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Introduction. Chiral crystal structure is characterized by
breaking of mirror and inversion symmetries. This characteri-
zation carries over to momentum space and demands that spin
degeneracy of the electronic band be lifted by spin-orbit in-
teraction (SOI). As a result, spin-momentum locking emerges
and enables one to electrically control electron spins even in
nonmagnetic materials. This property in noncentrosymmet-
ric materials has attracted attention in spintronics research
[1]. Interestingly, the spin o can be coupled parallel to the
momentum k in chiral crystals via SOI [2—-6], which has
only recently been verified conclusively [7,8]. The resulting
spin-momentum locking is hedgehoglike in momentum space
and unique to chiral crystals. The spin-momentum locking is
described by chiral SOI, called Weyl-type SOI, in the form of
> aik;oy, with «; being SOI strengths (i = x, y, 2).

Chiral materials have been gaining renewed attention as
spin polarizers since the discovery of chirality-induced spin
selectivity (CISS) in chiral molecules [9—12]. Recent exten-
sion of CISS from molecules to inorganic metals CrNbsSg
and disilicides suggested micrometer-scale spin-propagation
lengths by nonlocal transport measurement [13,14] and a
high spin-polarization rate by SQUID magnetometry [15].
Additionally, CISS has been integrated into organic-inorganic
hybrid materials [16—19], in which regularly structured chiral
molecules act as multiple spin filters. These findings could be
steps forward to future spintronics, although the mechanism
remains to be clarified [12]. We note that charge transport phe-
nomena related with Weyl-type SOI follow the same selection
rule as CISS [13,14]. This makes it impossible to distinguish
these two effects by symmetry consideration. A criterion for
CISS appears to lie in the high efficiency of charge-to-spin
conversion beyond conventional spintronic effects. Therefore,
it is critical to explore a quantitative approach to transport phe-
nomena caused by spin-momentum locking in chiral crystals.
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Elemental Te is the simplest chiral crystal with strong
Weyl-type SOI. Te was recently shown to host a hedgehoglike
spin texture near the highly symmetrical points in momentum
space by angle-resolved photoemission spectroscopy [7,8].
Additionally, charge rectification caused by spin-momentum
locking without p-n junctions [20,21] has been reported both
for bulk crystals [22] and for nanowires [23]. These studies
encouraged us to explore a quantitative approach to charge
rectification caused by spin-momentum locking in Te along-
side its possible relation with CISS.

In this Letter, we achieve giant charge rectification caused
by spin-momentum locking of a p-type thin-film transis-
tor (TFT) of elemental Te. A high on/off current ratio of
1.7 x 107 enables us to reach the valence band maximum
(VBM) of Te and to investigate charge transport caused by
spin-momentum locking in a special band structure. As gating
shifts the chemical potential towards the VBM, the charge
rectification efficiency is enhanced by 100, which far exceeds
a factor of 6 reported for Te nanowires [23]. By integrating
TFT characterization, we also reveal that the enhancement
starts when the chemical potential approaches a saddle point
slightly below the VBM. Our observations are rationalized by
the semiclassical Boltzmann transport theory, which takes into
account chiral spin-momentum locking under external mag-
netic field. The excellent correspondence indicates that the
charge rectification results from the magnetic-field-induced
asymmetry of the chiral band structure. The calculation also
shows that near-VBM hole carriers contribute dominantly to
this effect. We suggest that the augmented density of such
carriers in the saddle-point band structure improves the on/off
ratio of the charge rectification and makes the rectification
robust against thermal fluctuation.

Spin-split energy bands of Te. Elemental Te is a typical chi-
ral semiconductor and the spin-split energy bands have been
studied comprehensively [5,24,25]. The chirality is known to
determine the polarity of many properties, including spin-
momentum locking [7,8], current-induced bulk magnetization
[26-30] possibly protected by the emergent SU (2) symmetry
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FIG. 1. (a) Crystal structure of elemental Te in the space group
P3,21. (b) First Brillouin zone of the crystal structure and represen-
tative highly symmetrical points. k, , . represent wave numbers. The
valence band maxima are located in the vicinity of the H and H’
points. (c),(d) Valence band in the vicinity of the H point, calculated
from the effective Hamiltonian [Eq. (1)]. 8k, , represent deviations of
the corresponding wave numbers from the H point. (e) Microscopic
image of a thin-film crystal of Te laminated on the SiO, dielectric
layer. Scale bar 10 um. (f) Schematic of the experimental setup.
V, denotes the gate voltage. V,; and I; denote the drain voltage and
the drain current in dc measurement for TFT characterization. 7,.(¢)
and V% denote the ac excitation and the second-harmonic voltage
in lock-in measurement for charge rectification. B = B.e, denotes
the magnetic field applied along the z direction. (g) Temperature T’
dependence of the longitudinal resistance R along the z direction,
measured with different V,. (h) V, dependence of I,;, measured at
T =20K. V,; was set to 30 mV.

[31], optical activity [32-35], second-harmonic generation
[36], and diffraction with circularly polarized x rays [37].
In elemental Te, the atoms are covalently bound to form
spiral chains along the ¢ axis [Fig. 1(a)]. These chains are
bound together by van der Waals force in accordance with
an enantiomorphic space group, either P3,21 or P3,21. The
anisotropic chemical bonding alongside strong SOI yields
anisotropic spin textures in momentum space near the H and
H' points in the Brillouin zone [Fig. 1(b)]. As a result, the
two upper branches of the valence band near those points
consist mainly of |j, = +3/2) and |j, = —3/2) with j, being

the z component of total angular momentum of j = 3/2. Hy-
bridization between these two states yields an energy gap of
~0.1 eV together with a saddle point near the VBM. The top
branch of the valence band can be described by the effective
Hamiltonian H.¢ given by [23]

Hep = — A — C18k% — C(8k; + 8k7)
A

[8k2 + 8k2

where 8k; (i = x,y, z) represent deviations of k; from the H
point. x = +(—)1 corresponds to the enantiomorphic space
group P3,(1y21 and the last two terms proportional to x repre-
sent Weyl-type SOIs. The parameters were set to those values
in Ref. [23]. The higher energy eigenstate of H is the valence
energy band, visualized in Figs. 1(c) and 1(d). We stress that
previous experiments were susceptible to natural hole doping
by Te vacancies [23] and failed to probe charge rectification
in the vicinity of the VBM.

Experimental details. Thin-film crystals of Te were pre-
pared, washed, and laminated on heavily doped Si substrates
covered with a SiO, dielectric layer [Fig. 1(e)], following
a procedure in Ref. [38]. Te crystals are known to form
millimeter-scale monodomains with one handedness [7,22]
and this monodomain formation carries over to thin-film crys-
tals obtained by the same crystal growth method as ours [23].
Therefore, our Te-based TFT was also expected to be of one
handedness, although we did not identify the space group
of the Te thin-film crystal. Contact patterns were defined by
standard photolithography and the contacts were made by de-
positing Au through a magnetron sputtering method. For TFT
characterization [dc measurement in Fig. 1(f)], we took trans-
fer curves by sourcing a drain voltage along the screw axis
and measuring a drain current along the same axis. For charge
rectification measurement [lock-in measurement in Fig. 1(f)],
we employed phase-sensitive detection of longitudinal volt-
age in a physical property measurement system (Quantum
Design). An alternating current I.(t) = ﬁ[rms sin(2r ft) was
sourced with the frequency f = 37.14 Hz and the ampli-
tude s < 100 nA. Voltages at first and second harmonics
of f were detected by lock-in amplifiers. The longitudinal
voltages along the screw axis were measured while external
magnetic field B was applied along the same direction. For
high-accuracy phase-sensitive detection, the lowest system
temperature was limited to 20 K, below which a high sample
resistance hindered high-accuracy measurement.

TFT characterization. In Fig. 1(g), we show the temper-
ature 7 dependence of the longitudinal resistance R along
the ¢ axis, measured at the fundamental frequency. When the
gate voltage V, was set to 0 V, R decreased with decreas-
ing T. The metallic conduction indicates that the Te crystal
was naturally doped. When V, was set to +80V, however,
R increased with decreasing T and exhibited a semiconduct-
ing property. The result shows that the chemical potential ©
was such that valence band states were almost filled up by
applying V,, which changed charge conduction from metallic
to semiconducting. Because this change took place at positive
V,, we confirmed that our Te film was p doped and that p
was located in the vicinity of the VBM. The proximity of u

+ x (8kcoy + 8kyoy) + xAdk.o,, (1)
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to the VBM is also supported by the V, dependence of the
drain current I;. In Fig. 1(h), we show the transfer curve taken
at 20 K. As V; is increased from 0 V, I; decreases and finally
becomes indiscernible above ~90 V. The drain-current on/off
ratio is 1.7 x 107, which is one of the best values reported
for p-type Te TFT devices; Te crystals are subject to natural
hole doping and do not always exhibit such a high on/off
ratio. The excellent TFT property enables us to selectively
populate near-VBM hole carriers and to investigate charge
transport conveyed by those hole carriers in the presence of
spin-momentum locking.

Charge rectification. Having checked near-VBM charge
conduction, we turn to charge rectification [20,21] in the
relevant energy range. Subsequently, we discuss charge rec-
tification in the presence of a uniaxially large Weyl-type SOI,
for example, xa k0., where x = =1 distinguish left- and
right-handed crystals. This SOI represents breaking of inver-
sion and mirror symmetries, namely chirality. As a result,
electrical resistivity has a bilinear correction §p(j, B) with
respect to the electric current density j and the magnetic field
B.5p(j, B) is given by

3p(j,B) = poy j.B., )

where pg is the resistivity at zero magnetic fields. This term
represents charge rectification and the coefficient tensor y
describes the strength as well as the symmetry-adapted selec-
tion rule of the charge rectification. y due to the anisotropic
Weyl-type SOI is finite when j and B are applied along the
z direction. An approximate selection rule was demonstrated
for hole transport in Te nanowires [23], probably because of
the highly anisotropic Weyl-type SOI in the valence band. y
is related with chirality via y o« x and the tendency of Te to
monodomain formation with one handedness is important to
detect y.

In the present setup [see also Fig. 1(f)], y appears in an
electric field at the second harmonic of f, E*/ =V?//I,,
where V2/ is a detected voltage at the second harmonic of
£ and [. is a distance between the detection electrodes. E*/ is
given by [39]

E* =y pY jpB:. 3)
where p!/ is the resistivity at the first harmonic of f. E*/,
Jrms = Irms/Sap (Sap @ cross-sectional area in the ab plane),
and B, are all assumed to be along the screw axis (c axis),
considering the anisotropic Weyl-type SOI.

In Fig. 2(a), we show the V, dependence of y at 20 K. The
corresponding B, and ji,s dependences of E?/ are shown in
Figs. 2(b) and 2(c), both of which are consistent with Eq. (3).
As V, is increased from 0 V to 50 V, y increases gradually
by a factor of 2. However, upon a further increase of V,, y
increases exponentially and exhibits a drastic enhancement.
As a result, y at V, =80V is one hundred times larger
than at V, = 0 V. This controllable enhancement is the great-
est of three-dimensional normal conductors, being second to
noncentrosymmetric superconductors [40]. Additionally, the
chiral selection rule of y is supported by the magnetic-field-
direction dependence of E/ as shown in Fig. 2(d). When B
was applied along the a axis [see also Fig. 2(e)], a magnetic-
field-linear E2/ signal was undetectable. If charge rectification
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FIG. 2. (a) V, dependence of the charge rectification coefficient
y measured at 20 K. The inset shows a linear plot. (b),(c) B, (b) and
current density ji,s (¢) dependences of the second-harmonic electric
field E%/. V, was set to 80 V. jins is increased as the color varies
from light to dark in (b) such that j2  is increased in increments of
2.1 x 105 A2mm~*. E¥ at B, = 1T is plotted in (c). (d) Magnetic-
field-direction dependence of E?/. The direction of j,, was fixed
along the ¢ axis. (e) Schematic of charge rectification measurement
overlaid on the microscopic image of the Te thin film. B, and B,
correspond to B || current and B L current in (d), respectively.

resulted from inversion symmetry breaking by V, along the
b* axis, y would be greatest with B | a axis and satisfy a
selection rule of polar systems [41]. Since such a polar selec-
tion rule is absent in Fig. 2(d), V,-driven inversion symmetry
breaking can be ignored in the present measurement. Instead,
our results indicate that the V,-dependent y originates directly
from the chiral band structure of Te.

The enhancement of y near the band edge is reminiscent
of that of the polar semiconductor BiTeBr [41], although the
value of y can be one order of magnitude larger in this study.
The charge rectification in BiTeBr was attributed to B-induced
asymmetry of the electronic band via the Zeeman effect along-
side its polar atomic arrangement. Therefore, we calculate
y, denoted by y.c to stress its microscopic nature, under
the assumption that hole carriers are subject to the Zeeman
interaction, H; = —%2B.0., as well as Weyl-type SOI [see
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FIG. 3. (a),(b) Calculated B, dependences of the second-order
electrical conductivity o> (a) and the first-order electrical conduc-
tivity o{1’ (b) obtained for each chemical potential 1 in increments
of 2.5 meV. T was set to 20 K. (¢),(d) Calculated p dependences of
o® (c) and oV (d) at several T. B, was set to 2 T. (¢) Calculated
1 dependence of the charge rectification coefficient y,c, normalized
bY Veae at 4 = —6meV. The inset shows B;-induced asymmetry of
the valence band via the Zeeman effect.

also Eq. (1)]. Here g = O(1) and up are the effective g factor
and the Bohr magneton, respectively. According to Ref. [41],
Yeale 18 given by

2 08(2)
Sasz (Ge(l))zv

“)

Yeale = —

where o) and o» are first- and second-order electrical
conductivities with respect to an external electric field, respec-
tively. It should be noted that this formalism is independent of
a relaxation time 7 if 7 is assumed to be constant. Therefore,
we calculated o{1"® by Boltzmann transport theory with a
constant t, using the valence band of the total Hamiltonian
He¢ + Hz.  and T were taken into account by the Fermi-
Dirac distribution function of hole carriers. In calculating
oM? | we assumed a two-dimensional limit by setting Sk,
to 0 [41], because V, was applied along the b* axis to confine
hole carriers in the ca plane [38].

In Figs. 3(a) and 3(b), we show the calculated B, depen-
dences of o{:® obtained at T = 20K. o/ is B linear and
vanishes at zero fields, consistent with our second-harmonic
voltage measurements. Interestingly, as u is increased towards
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FIG. 4. T dependences of the experimental y for V, = 80V and
the calculated yy. for © =4 meV, normalized by their respective
values at 20 K. Black lines are guides to the eye.

the VBM at i ~ 1.5meV, o/ increases and exhibits a peak
structure [Fig. 3(c)] despite the monotonically decreasing o ("
[Fig. 3(d)]. When p is above the VBM energy, Eypm, the
major n dependences of 0@ stem from the Boltzmann
statistics through e~(#~Evew)/ksT (., the Boltzmann constant);
therefore, y.ac is enhanced exponentially with the corre-
sponding threshold via gy (:—,2)))2 as shown in Fig. 3(e).
The exponential enhancement with the characteristic thresh-
old reproduces the V,-dependent y. This demonstrates that
near-VBM carriers dominate charge rectification due to the
B.-induced band asymmetry [see also the inset to Fig. 3(e)]
and that selectively populating those carriers results in effi-
cient charge rectification.

We recall that the density of states (DOS) near the VBM
is augmented by the saddle-point structure [42—44] [see also
Fig. 1(c)], which is absent in noncentrosymmetric semicon-
ductors studied previously. Such a DOS contributes to the
characteristic peak structures of o® in Fig. 3(c), thereby
further enhancing y. We also suggest that anomalies near
the saddle-point structure are more pronounced in experi-
ments than in calculations [compare Figs. 1(h) and 2(a) with
Figs. 3(d) and 3(e), respectively]. This indicates that the actual
DOS in the saddle-point structure is larger than expected from
H.g possibly thanks to higher-order corrections to Heg [25].
We argue that such a special band structure improves gate
switchability of y around V, = 50 V.

In Fig. 4, we compare the 7 dependence of y with our
calculation in which a finite temperature effect was considered
via the Fermi-Dirac statistics of hole carriers. We ignored the
T dependence of u and set o to 4 meV in calculation. As T
is increased from 20 K to 150 K, the experimental y at V, =
80V (u ~4meV at 20 K) decreases monotonically. The T
dependence is reproduced qualitatively by the calculation, as
shown in Fig. 4. This means that y is due mainly to near-VBM
hole carriers and shows that a decreasing ratio of such carriers
to the total carrier density is responsible for the decreasing y.

Interestingly, y decreases less rapidly and is more robust
against thermal fluctuation than the calculated y.y.. Several
mechanisms can be responsible for the thermal robustness. In
one scenario, the result can be attributed to a greater carrier
density near the saddle point than expected and likewise the

1220403-4
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V,-tunable y. Such carriers can contribute to y across a wider
energy range, thus making y less T-dependent. Another sce-
nario is a T-dependent p. In p-doped semiconductors, u shifts
upwards with increasing T, which helps to selectively popu-
late near-VBM hole carriers. The last scenario is the relevance
of chirality-induced spin selectivity (CISS), which intensifies
with increasing T [12]. Although CISS-based charge rectifica-
tion has not been discussed in literature, this problem setting
would be worth consideration. We note that CISS-induced
magnetoresistance (MR) with ferromagnetic electrodes can
reach tens of percents [12], which originates from spin-
dependent interfacial resistance change. This experimental
technique was not adopted in the present study; therefore, it
is difficult to compare the charge rectification efficiency with
previous MR values. Interfacial MR measurement with fer-
romagnetic electrodes is an important future study to clarify
the possible coexistence of CISS in the present system. Such
a MR device may also provide a systematic approach for
investigating spin-dependent current—voltage characteristics
of CISS without being plagued by the delicate nature of chiral
molecular devices.

Summary. We have demonstrated highly gate-tunable
charge rectification caused by spin-momentum locking of a
field-effect transistor of elemental Te. The charge rectification

follows a chiral selection rule and its efficiency is gate variable
by two orders of magnitude on demand. The correspondence
with calculations shows that the chiral rectification stems from
a concerted effect of Weyl-type spin-orbit interaction and Zee-
man interaction with magnetic field. We expect that Te-based
field-effect transistors provide ideal platforms for exploring
chirality-induced nonreciprocal phenomena, including CISS.
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