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We propose a method for broadband long-wavelength photode-
tection using the nonlinear Hall effect in noncentrosymmetric
quantum materials. The inherently quadratic relation between
transverse current and input voltage at zero magnetic field is
used to rectify the incident terahertz or infrared electric field into
a direct current, without invoking any diode. Our photodetector
operates at zero external bias with fast response speed and has
zero threshold voltage. Remarkably, the intrinsic current respon-
sivity due to the Berry curvature mechanism is a material property
independent of the incident frequency or the scattering rate,
which can be evaluated from first-principles electronic structure
calculations. We identify the Weyl semimetal NbP and ferro-
electric semiconductor GeTe for terahertz/infrared photodetection
with large current responsivity without external bias.
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uvantum material is one of the most important fields in

condensed-matter physics. While at a fundamental level the
properties of all materials are governed by quantum mechan-
ics, quantum materials are distinctive in that they exhibit novel
electrical and optical properties originating from the quantum
nature of electron wavefunction. The complexity and richness
of quantum wavefunction underlie new phases of matter and
emergent properties, as revealed through the lens of geometry
(1), topology (2), and entanglement (3). The rise of quantum
materials not only advances our fundamental understanding of
solids but also opens exciting opportunities for inventing new
technologies.

Terahertz technology is a fast-growing field with wide-ranging
applications (4, 5). Since terahertz waves can transmit through
many materials, terahertz spectroscopy and imaging can be used
to identify concealed objects for security check, detect chemical
composition and material defects for quality control, and exam-
ine biological tissues in medical imaging. Terahertz sensors can
help autonomous vehicles to identify remote objects under foggy
conditions. Terahertz-band communication is regarded as a key
enabling technology for the next-generation wireless networks.
Despite the enormous potential, fast, sensitive, and broadband
terahertz detection at room temperature has been a technology
challenge. Conventional terahertz detectors, such as Golay cells,
bolometers, and pyroelectric sensors, rely on thermal response
and therefore usually require cryogenic cooling and have slow
operation speed. Alternatively, Schottky diodes in conjunction
with antennas are used to convert high-frequency electric field
signals to direct current (DC). However, they typically have
cutoff frequencies below 1 THz.

In this work, we propose a method of terahertz detection
based on the intrinsic nonlinear Hall effect in quantum materials.
This effect was predicted (6) and observed (7, 8) in inversion-
breaking crystals without the need of magnetic field, where an
applied electric field induces a transverse current to the second
order (9, 10). Our idea here is to use this quadratic transverse
current-voltage characteristic of quantum materials to rectify
and detect terahertz radiation directly, without invoking any
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junction region. This “Hall rectifier” (11) has a number of impor-
tant advantages. It is an intrinsic full-wave rectifier with a large
attainable responsivity at zero bias and a high cutoff frequency
that ranges from subterahertz to tens of terahertz. It features a
very short response time down to ps. Due to its simple device
architecture, Hall rectifiers can be easily fabricated, integrated
on chip, and potentially mass produced.

Remarkably, we show that the current responsivity due to
the intrinsic second-order Hall effect is independent of the fre-
quency and intensity of incident radiation, and it is an intrinsic
material property determined by electronic band structure and
the Berry curvature dipole (6). This finding enables us to predict
the right materials for high-sensitivity terahertz detection using
first-principles calculations. We identify a number of topologi-
cal semimetals with anisotropic energy dispersion, in which the
intrinsic current responsivity can reach 1 A/W without external
bias and over a very broad range of frequency.

Unlike photogalvanic effects at optical frequencies due to
interband transitions (12-26), the photoresponse of metals and
degenerate semiconductors in the terahertz frequency range is
usually governed by an intraband process involving electrons
near the Fermi surface only. Importantly, since the dispersion
relation of the Bloch electron in nonmagnetic materials nec-
essarily satisfies ¢ =e_x due to time-reversal symmetry, the
second-order response of noncentrosymmetric materials is an
inherently quantum-mechanical effect arising from the inver-
sion asymmetry of the electron wavefunction within the unit cell.
Therefore, quantum materials having complex Bloch wavefunc-
tions, such as topological surface states and inversion-breaking
topological metals, generally exhibit a large second-order
response.

Significance

Despite the enormous potential of terahertz technology, fast,
sensitive, and broadband terahertz detection at room tem-
perature has been a challenge. We propose a method for
long-wavelength photodetection using topological quantum
materials without invoking any diode or junction region.
The inherently quadratic relation between transverse cur-
rent and input voltage at zero magnetic field is used
to rectify the incident terahertz or infrared electric field
into a direct current. We identify the Weyl semimetal NbP
and ferroelectric semiconductor GeTe for terahertz/infrared
photodetection with large current responsivity without
external bias.
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We start with a brief review of the nonlinear Hall effect due
to the Berry curvature dipole (6). As a type of second-order
response, this effect can be viewed as a current-induced anoma-
lous Hall effect. The anomalous current due to Berry curvature
Q is given by

2 d
i = [ el 0 (B x 0, (1

where E is the applied electric field and f(k) is the distribu-
tion function in the presence of the field. To first order in
E, the anomalous current is obtained by replacing f with the
equilibrium Fermi-Dirac distribution f°(k) =1/(e?(x=#) 4 1),
In time-reversal-invariant and inversion-breaking systems, Berry
curvature can be nonzero, but the condition Q = —Q_x leads to
zero linear-response anomalous current due to the cancellation
of contributions from Bloch electrons at +k.

On the other hand, the anomalous current can be nonzero
when we extend the analysis to the second order in E. In the
current-carrying state, the distribution function f differs from
equilibrium and, to first order in E, is given by

=109+ 5 (@), 21

where 7 is the scattering rate in Drude transport. Then, the
anomalous current at second order is obtained as

3
. e’TBx.
Ja = <€ab>\ 2 2 >Eb Ee = Xave By B, [3]

where the nonlinear Hall conductivity X is a third-rank tensor
that is antisymmetric in indexes a, b. By. is the Berry curva-
ture dipole, an intrinsic property of Bloch electron wavefunctions
defined by ref. 6:

[ A%k Lo, O
B“*/(Qw)df ) k. 4]

B is allowed by symmetry in noncentrosymmetric crystals and
surfaces having certain point groups (see below). For example,
in materials with a polar axis, large B has been found due to the
presence of tilted Dirac or Weyl points in the band structure (6,
27-35). When B is nonzero and in the presence of an applied
electric field, the imbalance in the probability of occupation
f(k) # f(—k) leads to a net Berry curvature, which then induces
a second-order anomalous current in the transverse direction.

The inherently quadratic relation between the transverse cur-
rent and input voltage due to the nonlinear Hall effect is ideal
for rectifying alternating current (AC) input E(¢) = E cos(wt),
including both the positive and negative half cycles. At very low
frequency w < 1/7, the time-dependent transverse current sim-
ply follows the AC voltage, j* (t) = j*| (1) o cos® (wt), which is a
sum of DC and 2w components with equal weight. Thus, the DC
output ;°, or the time average of j(t) over a full cycle, is given
by j° = 1j* = 1XEE. Unlike diodes, our Hall rectifier does not
involve any junction or barrier structure, but relies on the inher-
ent nonlinearity of a homogeneous quantum material. Since the
carriers do not need to overcome a barrier to conduct a current,
the Hall rectifier has a zero-threshold voltage and operates with-
out the need of a finite bias, which is ideally suited for detecting
small signals in terahertz frequency. Since both positive and neg-
ative voltages generate transverse current in the same direction,
dark current is eliminated.

Provided that the incident frequency is well below the thresh-
old for interband transition, the second-order direct current due
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to the Berry curvature mechanism shows a Drude-like response

(6,9, 10)
0 _ 1 Xabe
Jo = (1 +w27'2> g ke 1]

where the frequency dependence comes from the change of dis-
tribution function to the first order of the oscillating electric
field. Note that for time-reversal-invariant systems, the DC pho-
tocurrent effect and, more generally, the linear photogalvanic
effect vanishes in the absence of dissipation 771 =0, because
time-reversal symmetry forbids a direct current (37). At frequen-
cies w>> 77, the photocurrent j° from the intraband process
decreases as 1/w?. However, in reality, even in the case of good
metals, the scattering rate at room temperature is at least a
few tens of terahertz. Therefore, the nonlinear Hall effect of a
homogeneous quantum material can be used as a replacement
of diodes to rectify incident waves in a very broad range of fre-
quency up to at least 10 THz, and the output direct current is
linearly proportional to the incident power.

An important parameter for terahertz detectors is current
responsivity, which measures the electrical output per optical
input. In our device shown in Fig. 1, the antennas collect the
incident radiation and create a strongly enhanced terahertz field
in the active region of the Hall rectifier, which generates the
photoresponse current in the transverse direction. The power
absorbed by the Hall rectifier P = 04y (w) Eq E3 S, where S = LW
is the area of the Hall rectifier with length L and width W. o is
the linear-response AC conductivity given by

. e2Dgy T
oap(w)= 20T wET)

[6]

within Drude transport theory, where the Drude weight D is
defined by

_ [ d‘k OE OE [ 0fy
ou= [ Gy o5, (1) vl

The output current per absorbed power defines the current
responsivity of our Hall rectifier:

In_ 1

R =— .
P W owE.Ey

(8]

Note that R is inversely proportional to the width of the Hall
rectifier, so it is advantageous to use a narrow channel.

Due to the quadratic dependence of transverse current ;°
on the terahertz field, R is inherently independent of incident
power; i.e., our terahertz detector exhibits ideal linearity over a
large range of optical power. Moreover, since both the nonlinear
Hall conductivity and linear response conductivity exhibit Drude
behavior with the same 7/(1 + w?7?) dependence, R is indepen-
dent of frequency and scattering rate, regardless of the value
of wr. Therefore, the current responsivity due to the intrinsic
nonlinear Hall effect is entirely determined by the Berry cur-
vature dipole B and the Drude weight D. B is a property of
Bloch electron wavefunction, and D is a property of energy dis-
persion. This is an important result of our work. As both B
and D are material properties attainable from first-principles
electronic structure calculations, the intrinsic current respon-
sivity R of quantum materials can be predicted without any
tuning parameter. This enables computational materials design
of long-wavelength photodetectors.

Concerning practical application, the responsivity of a pho-
todetector measures the electrical output per incident opti-
cal power, which is reduced from the intrinsic responsivity
R defined above by the absorption coefficient, i.e., the ratio
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Fig. 1. Terahertz photodetection based on the nonlinear Hall effect in quantum materials. (A) Schematic diagram of an antenna-coupled topological
semimetal or ferroelectric semiconductor terahertz detector element with substrate resonant cavity length of L. The thickness of substrate is given by
the resonant condition L = i’\’/g Xo (n=0,1,2...) with ¢, as the dielectric constant of the Si substrate and )\ as the wavelength of incoming terahertz
radiation in free space (36). (B) The oscillating terahertz field enhanced by a bowtie antenna induces a direct current in the transverse direction via the
intrinsic second-order response of the quantum material itself. (C) Current-voltage characteristic of the nonlinear Hall rectifier. The quadratic relation

enables full-wave rectification of AC input at zero external bias, with zero threshold voltage and zero dark current.

between absorbed and incident power. Resonant optical cav-
ity and antenna with impedance match (Fig.1) can be used to
maximize the absorption of incident terahertz radiation and opti-
mize the photodetector responsivity toward the fundamental
limit R set by the intrinsic second-order nonlinearity of quantum
materials.

To search for quantum materials suitable for the Hall rectifier,
we note that a large Berry curvature dipole appears in the vicinity
of band crossings with anisotropic energy dispersion. Therefore
inversion-breaking Weyl semimetals such as TaAs, TaP, NbP,
and NbAs (38-41) are good candidates. Our first-principles cal-
culations reveal that among these four materials, NbP has the
largest current responsivity (Fig. 2). The NbP family of Weyl
semimetals has the point group Cj, with a fourfold rotation axis
in the z direction and two vertical mirror planes M, M,. Thus,

A

the only nonzero elements of the Berry curvature dipole tensor
are By, = —B,,. Hence, the photoresponse is largest when the
incident electric field lies within the zy plane and the photocur-
rent along the z direction is measured. In this configuration, the
intrinsic current responsivity is given by

1 eByy
r= W 2Dy

[9]

Interestingly, we find that large contributions to the Berry curva-
ture dipole in NbP come from regions near two extended loops
in momentum space, rather than the vicinity of Weyl points as
in TaAs. These loops are located on a M, -invariant plane and
correspond to a nodal line of band crossings that would occur
due to band inversion if spin—orbit coupling were turned off.
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(A) Schematic illustration of rhombohedral distorted rock salt crystal structure of ferroelectric semiconductor GeTe with polarization along the ¢

axis. (B) Fully relativistic band structure of GeTe along high-symmetry lines. The dotted line stands for the Fermi level at —0.3 eV. (C) Chemical potential-
dependent Berry curvature dipole By, and Drude weight Dy (in the unit of %(Qcm)’”. (D) current responsivity as a function of chemical potential in the

valence band side of GeTe.

The introduction of spin-orbit coupling leads to strong
momentum-dependent band hybridization and therefore creates
anisotropic energy dispersion and a large Berry curvature dipole
near the Fermi level. As a result, a large current responsivity
R is found for a range of Fermi energy within +20 meV. Our
calculation shows that the responsivity of the NbP-based long-
wavelength photodetector at zero external bias can reach about
0.3 A/W for a realistic device width W =1 pum. Reducing the
width to W =0.1 um leads to R =3 A/W.

We further calculate the current responsivity for other type
I Weyl semimetal TaAs, TaP, and NbAs with point group Ci,
(NbAs shows a similar magnitude to NbP; see SI Appendix for
details) and type II Weyl semimetal MoTe; and WTe; with point
group Ca,. In general, type I Weyl semimetals have a larger
current responsivity because of the reduced Drude weight from
small electron (hole) pockets.

Besides the topological semimetal, ferroelectric semiconduc-
tors are also promising candidates where the current responsivity
can be optimized by doping. The ferroelectric XTe (X = Ge, Sn)
monochalcogenides share rhombohedrally distorted rock salt
structure (space group R3m). In particular, GeTe has a remark-
ably high Curie temperature up to 700 K. Here we calculate
the Berry curvature dipole and current responsivity in p-doped
GeTe. While the global bandgap of GeTe is 0.32 eV, the Berry
curvature dipole B, reaches 0.5, which is much larger than that
of the Rashba semiconductor BiTel at the topological phase
transition (30). As shown in Fig. 3, the resulting current respon-
sivity of GeTe is sizable over a wide range of doping, which is
attractive for room-temperature terahertz photodetection.

All of the materials identified here possess a polar axis. To use
these materials for terahertz detection, it is important to con-
sider the orientation of the polar axis. When the polar axis lies
within the plane, terahertz radiation at normal incidence will pro-
duce a photocurrent along the polar axis. When the polar axis
is out of plane (z axis), there is no in-plane photocurrent with
normal incidence. However, the nonlinear Hall effect from the
Berry curvature dipole results in xux = —Xzo and X,z = —Xzy, SO
that terahertz radiation at oblique incidence will produce an in-

40f6 | PNAS
https:/doi.org/10.1073/pnas.2100736118

plane photocurrent, which enables photodetection in the device
configuration shown in Fig. 1.

In Fig. 4, we compare the performance of our nonlinear Hall
long-wavelength photodetector with that of other detectors and
rectifiers. To this end, we plot their current responsivity ver-
sus operating frequency (42-53). In the long-wavelength region
below 37 THz, the current responsivity is typically limited to less
than 1 A/W and varies dramatically with operating frequency. As
the Drude half-width of NbP at room temperature determined
from optical conductivity is around 30 meV (54), we expect our
nonlinear Hall photodetector can operate up to 15 THz with a
large current responsivity reaching 3 A/W. At higher frequency,
the interband linear photogalvanic effect (LGPE) starts to dom-
inate in the TaAs family of Weyl semimetals (21, 55). As shown

2 NbP, our work
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Fig. 4. Comparison of current responsivity to that in previous studies in the
frequency range 10° to 10'> Hz. The reference data points are adopted and
updated from a terahertz detector review article (42); labels 1 to 11 corre-
spond to a series of works on two-dimensional materials and topological
semimetals (43-53).
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in SI Appendix, we find a large current responsivity due to LGPE
for TaAs, NbP, and GeTe, which provides a promising platform
for infrared photodetection.

Another important figure of merit for photodetection is the
noise-equivalent power (NEP), defined as the noise power den-
sity over the responsivity. At room temperature, thermal noise
is the dominant noise source compared to the shot noise from
discrete incident photons. We compute the NEP from the root-

mean square of the noise current as NEP = 7“11“?;/70, where T'
is the operating temperature and 7, is the sample resistance.
With sample width W =0.1lum and room temperature resis-
tance 1o =300 Q (56), the NEP of the NbP device at peak
responsivity is estimated to be 2.5 pW/Hz%®. For comparison,
the NEP of the typical Schottky diode-based terahertz detector
is around 100 pW/Hz"? at the subterahertz (0.1 ~ 1 THz) range
and quickly increases at the higher frequency.

In addition to the Berry curvature dipole, other mechanisms
including skew scattering and side jump also contribute to the
nonlinear Hall effect (10, 11, 57-63). For crystals with cer-
tain point groups such as C3,, although the Berry curvature
dipole cannot contribute to the in-plane nonlinear Hall effect,
theory predicts that second-order nonlinear transport in diffu-
sive systems arises from skew scattering and side jump induced
by the inherent chirality of Bloch electron wavefunction (11).
Moreover, in the ballistic transport regime, nonlinear Hall con-
ductance is entirely determined by the integral of Berry cur-
vature over half of the Fermi surface (64), which is also an
intrinsic property of Bloch electron wavefunction. Regardless
of the microscopic origins, the inherent second-order nonlin-
earity of quantum materials can be utilized for long-wavelength
photodetection by rectifying oscillating electric field into direct
current.

On the experimental side, a second-order response was
observed in recent electrical transport (65) and terahertz pho-
tocurrent experiments (66, 67) on topological insulators. This
effect arises from the Dirac surface states with hexagonal warp-
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ing (68), which enables second-order response due to Berry
curvature and skew scattering. The dependence of photocur-
rent on incident frequency between 0.5 and 4 THz is consis-
tent with Drude behavior expected from intraband processes.
Very recently, a nonlinear Hall effect at room temperature
was observed in type II Weyl semimetal TalrTe; and enabled
radiofrequency rectification (69). Moreover, room temperature
terahertz detection and imaging have been achieved using the
second-order nonlinear response of topological surface states
in Dirac semimetal PdTe, (49). The photocurrent as a func-
tion of incident power displays excellent linearity. Remarkably,
the current responsivity without bias reaches as large as 0.2
A/W. These exciting results on many fronts encourage future
development of terahertz/infrared technology based on Hall
rectifiers.

Methods

For TaAs, TaP, NbAs, NbP, MoTe;,, WTe;, and GeTe, we first perform density
functional theory (DFT) Bloch wave functions from the full-potential local-
orbital (FPLO) program (70) within the generalized gradient approximation
(GGA) (71). By projecting the Bloch wavefunction to localized Wannier func-
tions, we construct the tight-binding model with 40 bands from d and s
orbitals for transition metal Nb (Ta) and s and p orbitals for pnicogen P (As).
For MoTe; and WTe,, the tight-binding model is constructed with 88 bands
from d orbitals for Mo (W) and p orbitals for Te. For ferroelectric GeTe,
the tight-binding model is constructed with 52 bands from 4s, 4p, 5s, 5p, 4d
orbitals for Ge and 5s, 5p, 6s, 5d, 6p orbitals for Te as the tight-binding
model with reduced basis has a large error fitting to the DFT band struc-
ture. The Berry curvature dipole and Drude conductivity integration are
both done with a 500 x 500 x 500 momentum space mesh.
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SI Appendix.
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