
 

 

 University of Groningen

Connecting chirality and spin in electronic devices
Yang, Xu

DOI:
10.33612/diss.132019956

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2020

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Yang, X. (2020). Connecting chirality and spin in electronic devices. [Thesis fully internal (DIV), University
of Groningen]. University of Groningen. https://doi.org/10.33612/diss.132019956

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 23-05-2023

https://doi.org/10.33612/diss.132019956
https://research.rug.nl/en/publications/3b6a577e-de4a-4d4c-9855-3bda6fa0295f
https://doi.org/10.33612/diss.132019956


5

114 Chapter 5.

sion in single graphene layers at room temperature,” Nature 448(7153), p. 571, 2007.
[56] C. N. Berglund and W. E. Spicer, “Photoemission studies of copper and silver: theory,” Physical Review 136(4A),

p. A1030, 1964.
[57] C. N. Berglund and W. E. Spicer, “Photoemission studies of copper and silver: experiment,” Physical Review 136(4A),

p. A1044, 1964.
[58] W. Kuch and C. M. Schneider, “Magnetic dichroism in valence band photoemission,” Reports on Progress in

Physics 64(2), p. 147, 2001.

6

Chapter 6

Highly anisotropic and nonreciprocal charge
transport in chiral van der Waals Tellurium

S
olid-state electronics is keen to seek materials with low symmetry and low dimensionality
for potential novel charge and spin transport properties. This consideration highlights
a recently developed quasi-two-dimensional chiral van der Waals semiconducting ma-
terial, Tellurene. Here we report for this material a giant mesoscopic conductance ani-
sotropy that reaches 104 at cryogenic temperatures. Interestingly, the principal axis of
the observed conductance anisotropy does not align with the principal symmetry axis of
the crystal. Moreover, the chiral (inversion-asymmetric) crystal exhibits nonreciprocal
(rectified) charge transport both for longitudinal and transverse conduction. Our results
suggests broad application areas for the material, for example in piezoelectricity and non-
linear electronics.

This chapter is being prepared as:
X. Yang, T. S. Ghiasi, J. Momand, P. D. Ye, B. J. Kooi, C. H. van der Wal & B. J. van Wees
”Highly anisotropic and nonreciprocal charge transport in chiral van der Waals Tel-
lurium”
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Layered van der Waals (vdW) materials have been incorporated in nano-electronic
and spintronic devices for their functional properties such as magnetism, spin-orbit
interaction, and optical response [1–3]. These properties often arise from their low-
ered dimensionality and low crystal symmetry, and can be imprinted into adjacent
layers using heterostructure stacking [4]. Further lowering the dimensionality or
crystal symmetry can enable additional novel properties and open up new applica-
tion areas. For example, strong in-plane anisotropy can give rise to piezoelectric-
ity for energy conversion [5], inversion asymmetry enables nonreciprocal (rectified)
electronic responses, and chirality brings forward chemical and bio-organic applica-
tions [6] as well as chirality-induced spin selectivity (CISS) for spintronic technolo-
gies [7, 8].

These considerations inspire to explore the electronic properties of trigonal Tel-
lurium (Te), which has a unique crystal structure consisting of a vdW stack of one-
dimensional (1D) helical chains of Te atoms [9]. The semiconducting material was
recently made into quasi-two-dimensional (2D) Tellurene flakes [10], and have been
explored for its charge and spin transport properties [11–14].

The 1D nature of Tellurene suggests strong in-plane anisotropy for charge con-
duction, and the helical chain breaks inversion symmetry and introduces chirality.
However, current experiments only found negligible in-plane anisotropy [10], and
the nonlinear transport behaviors and chirality-related properties remain largely un-
explored. Here, by reducing the size of the Tellurene electronic device, we uncover
the expected giant in-plane charge transport anisotropy. Additionally, we investi-
gate the nonreciprocal transport behaviors of the chiral crystal in terms of second-
harmonic nonlinear response.

6.1 Highly anisotropic charge transport in Tellurene

6.1.1 Angle-resolved mesoscopic conductance

We use Tellurene single crystals that were grown in solution following procedures
reported in Ref. 10. The helically winding chains (along c-axis) form a hexagonal
stack (in the a-b plane) via vdW interaction, as illustrated in Fig. 6.1a-b. Within each
chain, Te atoms form valence bonds with two nearest neighbors, and three Te atoms
complete a helical turn [9]. Chains with the same handedness form enantiomeric
single crystal flakes, but the as-grown solution is a racemic mixture of flakes with
opposite chiralities.

Typically, the Tellurene single crystal flakes show elongated shape with paral-
lel long edges, which are expected to be aligned with the trigonal principal axis (c-
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Figure 6.1: a-b. Crystal structure of trigonal chiral Tellurium (bulk space group P3121 and
P3221 for opposite enantiomeric forms). It consists of helical chains curving around the c-axis
(panel a). The chains are attached to each other via vdW binding and form a hexagonal stack in
the a-b-plane (panel b). c. Selected-area electron diffraction (SAED) pattern and d. TEM image
of a cross-sectioned Tellurene flake. The cut is taken perpendicular to the long parallel edges
of a trapezoidal flake. The scale bar in panel c is 5 nm−1, and the white circle with diameter
of 125 nm in panel d indicate the region where SAED is taken. e. A typical trapezoidal flake,
on which the device for conductance anisotropy measurements is made. Circularly patterned
Ti-Au contacts are labeled by their angular direction with respect to the c-axis. The scale bar
is 20 µm. f. Conductance anisotropy measurement geometry. Four electrodes are used in
each measurement, two for applying low-frequency ac voltage bias Vxx and measuring the
longitudinal current Ixx, and the other two for measuring the transverse voltage response
Vxy . g-h. Angular dependence of longitudinal conductance Gxx and transverse resistance
Rxy at a temperature of 300 K. The red line in panel h is a sinusoidal fit.

axis) [10, 11]. This was confirmed by the selected-area electron diffraction (SEAD)
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pattern obtained through a flake cross section (Fig. 6.1c), and the simultaneously ob-
tained TEM image (Fig. 6.1d) reveals that the flake lies in the a-c plane, which we
define as the in-plane orientation. All anisotropic behaviors herein are investigated
within this plane.

We first studied the anisotropic electrical conduction in trapezoidal shaped Tel-
lurene flakes, where eight circularly arranged Ti-Au electrical contacts were dis-
tributed according to crystallographic directions (see Fig. 6.1e and Methods). We
applied voltage bias using the pair of opposing contacts (±Vxx) along a specific di-
rection with respect to the crystal c-axis, and measured the subsequent longitudinal
current (Ixx) and transverse voltage (Vxy) responses. The measurement geometry is
illustrated (for the 0◦ direction) in Fig. 6.1f. For other angular directions, all four
electrodes were rotated counterclockwise simultaneously. To ensure linear response,
we used low-amplitude (5 mV), low-frequency (below 33 Hz) ac voltage bias, and
registered the linear responses using lock-in amplifiers (see Methods). The obtained
angular dependence of longitudinal conductance Gxx and transverse resistance Rxy

at 300 K are plotted in Fig. 6.1g-h.

We highlight here three unusual observations. First, the direction measuring low-
est conductance (along 45◦ and 225◦) is not orthogonal to that measuring the highest
(along 0◦ and 180◦). This angular dependence significantly departures from a sinu-
soidal curve with 180◦ period, which is the requirement of the (2D) tensor-form of
Ohm’s law (see Appendix A). Second, the longitudinal conductance measured along
45◦ (225◦) direction significantly differs from that measured along 135◦ (315◦) direc-
tion, despite that the two directions appear equivalent considering the trapezoidal
flake geometry. Third, although the transverse resistance does follow a sinusoidal
dependence, it is nonzero even when the ac bias is applied along (or perpendicular
to) the crystal c-axis.

These qualitative behaviors were also largely reproduced in another sample (see
Appendix B), except that the lowest Gxx was measured along the 135◦(315◦) rather
than the 45◦(225◦) direction.

To investigate the possible origin of these anomalies, we first examined the con-
tact resistance and were able to exclude its dominant contribution to the observations
(Appendix B). We could also exclude the role of the trapezoidal flake geometry be-
cause of the different behaviors along the 45◦(225◦) and the 135◦(315◦) directions.
Moreover, we could rule out errors due to device fabrication by fitting the Gxx an-
gular dependences with sinusoidal curves with 180◦ period. This yielded best fits
with angular shifts larger than ±10 degrees away from the c-axis (opposite signs for
the two samples, and the absolute value varies depends on temperature). This is
significantly larger than any (rotational) misalignment that could be identified from
optical microscopic images (see e.g. Fig. 6.1e).
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6.1.2 Inhomogeneity and chirality effects in 2D conduction

We attribute the observed behaviors to inhomogeneities within the micrometer-sized
device and the chirality of the material.

Generally, the anisotropic charge transport in a 2D crystal is described by the (2D)
tensor-form of Ohm’s law for linear response

j =

(
σxx σxy

σyx σyy

)
E, (6.1)

where j and E are current density and electric field vectors defined in the x-y plane.
In the absence of a magnetic field or magnetization, the conductivity tensor (σ)ij is
always symmetric and can be diagonalized along a particular direction. For an achi-
ral crystal, this direction is always parallel or perpendicular to the crystal principal
axis; while for a chiral crystal, this direction can be rotated from the crystal princi-
pal axis by an angle, whose sign depends on the chirality. This rotation manifests
as a finite transverse conduction when the driving bias is applied along the crystal
principal axis. The sign of this transverse signal depends on the (sign of) chirality.

For the angle-resolved measurement geometry we used, the conductivity tensor
description always predicts a 180◦-periodic sinusoidal angular dependence for lon-
gitudinal and transverse responses, because j and E can always be decomposed into
x- and y-components (see Appendix A).

Therefore, our repeatedly observed deviations from a sine curve suggest the pres-
ence of inhomogeneity within the Tellurene devices. This makes it improper to de-
scribe the charge transport in the device using the material-averaged property of
conductivity. Instead, we must take into account the inhomogeneities and the subse-
quent irregular current paths within the mesoscopic device, and describe the charge
transport using the directly measured conductances. It is important to realize that
such significant inhomogeneity contributions were observed in micrometer-scale de-
vices.

We attribute the inhomogeneities to mechanisms for conduction between the
1D helical Te chains (inter-chain conduction). Unlike the intra-chain (1D) transport
through covalently bound Te atoms, the inter-chain conduction must overcome the
vdW gap, and is expected to be orders of magnitude weaker [15]. However, the
conductance we observed at 300 K was at the same order of magnitude along all
angular directions. This suggests that the inter-chain conduction may be facilitated
by extrinsic mechanisms, which may not be distributed following the crystal lattice.
The inhomogeneous distribution of these conduction mechanisms causes irregular
current paths, and can give rise to mesoscopic conductances with an angular de-
pendence that deviates from a sinusoidal shape. This deviation was previously also
observed in other materials using similar device geometries [16–18]. Note that the
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180◦ periodicity is always guaranteed by the nature of linear response. In our de-
vices, the presence of irregular current paths is further evidenced by the occasionally
observed negative conductance values when using a four-terminal measurement ge-
ometry (Appendix C).

In addition to the inhomogeneity, the chirality of Tellurene eliminates the ap-
parent mirror symmetry within the trapezoidal flake geometry, and thereby distin-
guishes the 45◦ (225◦) direction from the 135◦ (315◦) one, and also allows transverse
conduction when bias is applied along the high symmetry axes. This is of the same
symmetry origin as the aforementioned rotated conductivity tensor for chiral crys-
tals, although here the conduction is not (perfectly) described by a tensor.

b.a.

Figure 6.2: A conductor network model for the non-sinusoidal conductance anisotropy mea-
sured in inhomogeneous materials. a. The conductor network is formed by 1D (horizontal)
chains and a few (partially tilted) channels for inter-chain conduction. The horizontal chains
and the inter-chain channels are assumed to have different conductivity values. The network
is contacted by eight circularly distributed electrodes. The color scheme describe the poten-
tial landscape when a bias is applied using the pair of horizontal electrodes (0◦ direction). b.
The calculated angle-resolved 2T conductance probed using opposing pair of electrodes along
different directions. The angles are defined in the same way as in Fig. 6.1e.

In order to illustrate this, we construct a conductor network model formed by
horizontally aligned parallel 1D conductors, as shown in Fig. 6.2a. They are inter-
connected by arbitrarily distributed but (partially) orderly tilted channels with a dif-
ferent conductivity value, which mimic the inhomogeneous (extrinsic) inter-chain
conduction mechanisms (see Methods). The tilting of the inter-chain channels intro-
duces chirality. With this model, we simulate the angular dependence of Gxx, and
can indeed qualitatively reproduce the anomalies discussed earlier (see Fig. 6.2b).

Note that in principle inhomogeneity alone can readily explain all the anomalies
we observed, but the qualitative repetition in two samples suggests a potential role
of their (opposite) chirality. The chirality distinguishes left from right, and this can
in fact be identified from the crystal structure (projected on the a-c plane) shown in
Fig. 6.1a. This symmetry aspect may therefore also be reflected in the distribution of
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inter-chain conduction mechanisms. We emphasize that further evidence of this is
still needed, for example, by verifying whether the two samples indeed had opposite
chiralities.

6.1.3 Anisotropic temperature dependence

Next, we repeated the angle-resolved conductance measurement at different temper-
atures, and the results are shown in Fig. 6.3a-b.
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Figure 6.3: Anisotropic temperature dependence of longitudinal conductance. a. Angle-
resolved longitudinal conductance measured at four different temperatures, plotted in log
scale. The topmost curve (300 K) is the same as shown in Fig. 6.1g. b. Anisotropic temperature
dependence of the longitudinal conductance, plotted for the four distinct angular directions
in log scale. c. Temperature dependence of conductance ratios of two pairs of orthogonal
directions, Gxx(90

◦)/Gxx(0
◦) and Gxx(45

◦)/Gxx(135
◦), plotted in log scale.

As shown in Fig. 6.3b, in all four distinct angular directions that we measured, the
2T conductance decreased with decreasing temperature, as expected from a semicon-
ductor. This temperature dependence was also anisotropic. The Gxx along the 90◦

(270◦) direction showed much stronger temperature dependence than along other
directions. It reduced by five orders of magnitude, and changed from having the
second highest value (slightly lower than along the c-axis) at room temperature to
having the lowest at temperatures below 20 K. In contrast, the Gxx along the c-axis
changed by less than one order of magnitude, and nearly remained constant below
50 K.

These temperature dependences are highlighted in Fig. 6.3c as two sets of con-
ductance ratios between orthogonal crystal directions. The ratio Gxx(90

◦)/Gxx(0
◦)

is nearly unity for temperatures above 50 K, in agreement with previous results [10,
19]. Remarkably, it drops four orders of magnitude to about 10−4 at very low tem-
perature (4.7 K). This strong anisotropy is comparable to other vdW materials such
as (kish) graphite [15]. The ratio Gxx(45

◦)/Gxx(135
◦) also changes with temperature,

but only roughly by one order of magnitude.
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guishes the 45◦ (225◦) direction from the 135◦ (315◦) one, and also allows transverse
conduction when bias is applied along the high symmetry axes. This is of the same
symmetry origin as the aforementioned rotated conductivity tensor for chiral crys-
tals, although here the conduction is not (perfectly) described by a tensor.

b.a.

Figure 6.2: A conductor network model for the non-sinusoidal conductance anisotropy mea-
sured in inhomogeneous materials. a. The conductor network is formed by 1D (horizontal)
chains and a few (partially tilted) channels for inter-chain conduction. The horizontal chains
and the inter-chain channels are assumed to have different conductivity values. The network
is contacted by eight circularly distributed electrodes. The color scheme describe the poten-
tial landscape when a bias is applied using the pair of horizontal electrodes (0◦ direction). b.
The calculated angle-resolved 2T conductance probed using opposing pair of electrodes along
different directions. The angles are defined in the same way as in Fig. 6.1e.

In order to illustrate this, we construct a conductor network model formed by
horizontally aligned parallel 1D conductors, as shown in Fig. 6.2a. They are inter-
connected by arbitrarily distributed but (partially) orderly tilted channels with a dif-
ferent conductivity value, which mimic the inhomogeneous (extrinsic) inter-chain
conduction mechanisms (see Methods). The tilting of the inter-chain channels intro-
duces chirality. With this model, we simulate the angular dependence of Gxx, and
can indeed qualitatively reproduce the anomalies discussed earlier (see Fig. 6.2b).

Note that in principle inhomogeneity alone can readily explain all the anomalies
we observed, but the qualitative repetition in two samples suggests a potential role
of their (opposite) chirality. The chirality distinguishes left from right, and this can
in fact be identified from the crystal structure (projected on the a-c plane) shown in
Fig. 6.1a. This symmetry aspect may therefore also be reflected in the distribution of
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inter-chain conduction mechanisms. We emphasize that further evidence of this is
still needed, for example, by verifying whether the two samples indeed had opposite
chiralities.

6.1.3 Anisotropic temperature dependence

Next, we repeated the angle-resolved conductance measurement at different temper-
atures, and the results are shown in Fig. 6.3a-b.
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Figure 6.3: Anisotropic temperature dependence of longitudinal conductance. a. Angle-
resolved longitudinal conductance measured at four different temperatures, plotted in log
scale. The topmost curve (300 K) is the same as shown in Fig. 6.1g. b. Anisotropic temperature
dependence of the longitudinal conductance, plotted for the four distinct angular directions
in log scale. c. Temperature dependence of conductance ratios of two pairs of orthogonal
directions, Gxx(90

◦)/Gxx(0
◦) and Gxx(45

◦)/Gxx(135
◦), plotted in log scale.

As shown in Fig. 6.3b, in all four distinct angular directions that we measured, the
2T conductance decreased with decreasing temperature, as expected from a semicon-
ductor. This temperature dependence was also anisotropic. The Gxx along the 90◦

(270◦) direction showed much stronger temperature dependence than along other
directions. It reduced by five orders of magnitude, and changed from having the
second highest value (slightly lower than along the c-axis) at room temperature to
having the lowest at temperatures below 20 K. In contrast, the Gxx along the c-axis
changed by less than one order of magnitude, and nearly remained constant below
50 K.

These temperature dependences are highlighted in Fig. 6.3c as two sets of con-
ductance ratios between orthogonal crystal directions. The ratio Gxx(90

◦)/Gxx(0
◦)

is nearly unity for temperatures above 50 K, in agreement with previous results [10,
19]. Remarkably, it drops four orders of magnitude to about 10−4 at very low tem-
perature (4.7 K). This strong anisotropy is comparable to other vdW materials such
as (kish) graphite [15]. The ratio Gxx(45

◦)/Gxx(135
◦) also changes with temperature,

but only roughly by one order of magnitude.
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This highly anisotropic temperature dependence can also be explained by the
presence of extrinsic mechanisms for inter-chain conduction, which has a different
temperature dependence from the intra-chain conduction.

Note that for trigonal Tellurium, which is a inversion-lacking Weyl semimetal [14,
20–22], there exists an intrinsic source of anisotropic temperature dependence of elec-
trical conductivity [23]. However, this mechanisms suggests that the conductance
ratio between orthogonal directions scales linearly with temperature [23], which is
not what we observed.

6.2 Nonreciprocal charge transport in Tellurene

6.2.1 Bias dependence of nonlinear charge transport

In order to further understand the conduction mechanisms, we measured the bias
dependence of the charge transport at temperature of 50 K. This is done by apply-
ing a dc bias on top of the ac driving voltage, and recording the first and second
order response in both longitudinal and transverse directions (see Methods and Ap-
pendix C). The results are shown in Fig. 6.4.
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Figure 6.4: Angle-resolved bias dependence of first and second order responses in longitu-
dinal and transverse directions. a. First order longitudinal conductance G

(1ω)
xx = Ixx/Vxx.

We have subtracted the mixing of second order response into the first order due to the
dc+ac measurement technique [24]. b. Second-order longitudinal conductance coefficient
G

(2ω)
xx = I

(2ω)
xx /V 2

xx. c. Second order transverse resistance coefficient R
(2ω)
xy = V

(2ω)
xy /I2xx.

Each box in Panel b and c contains a pair of curves measured at opposite directions.

In Fig. 6.4a is the bias dependence of the first-harmonic longitudinal conduc-
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tances (effectively the differential conductance, here noted as G
(1ω)
xx ) along different

crystal directions. The bias dependence is again anisotropic. In directions along the
c-axis (0◦ and 180◦), the longitudinal conductances remain nearly unchanged within
the bias range, while along other directions, the conductance changes monotonically
with bias.

The presence of this bias non-even conductance, especially in the 45◦ (225◦) and
135◦ (315◦) directions, highlights the rectified (nonreciprocal) charge transport. Inter-
estingly, the slopes for the 45◦ and 135◦ curves have opposite signs, and we suggest
that their finite but incomplete compensation may be the reason for the finite but
relatively weak bias dependence along the 90◦ (270◦) direction.

These nonlinear behaviors are further detailed in the second-order responses of
the crystal. For these measurements, we first confirmed the parabolic shape of the
second-order I-V in all directions by sweeping the ac amplitude from 0 to 5 mV at
zero dc bias. Then, we fixed the ac amplitude at 5 mV and swept the dc bias between
±100 mV. Both the longitudinal (current) and transverse (voltage) second-order re-
sponses were measured, and the associated coefficients are plotted in Fig. 6.4b-c. The
measurement geometry requires the two (180◦-separated) curves within each box to
overlap when both the horizontal and vertical axes reverse sign. This disqualifies
the 135◦ and 315◦ transverse results for further analysis. We focus here only on the
other valid curves.

We separately discuss the second-order longitudinal conductance G(2ω)
xx and trans-

verse resistance R
(2ω)
xy for each distinct angular direction. When the ac bias is applied

along the c-axis (0◦ and 180◦), both the G
(2ω)
xx and R

(2ω)
xy scale linearly with dc bias,

but their slopes have opposite signs. Notably, G(2ω)
xx vanishes at zero dc bias, in agree-

ment with the flat G(1ω)
xx bias dependence, while R

(2ω)
xy remains finite.

The orthogonal direction (90◦ and 270◦) shows overall similar behaviors, but with
a few differences. On one hand, the G

(2ω)
xx is nonzero at zero dc bias, and it reaches

saturation at about 30 mV bias. The R
(2ω)
xy , on the other hand, is much smaller at zero

dc bias as compared to the c-axis direction.
For the 45◦ and 225◦ directions, G

(2ω)
xx also scales linearly with dc bias before

reaching saturation at around 30 mV, where the R
(2ω)
xy shows a sharp turn and re-

verses its bias dependence before vanishing. Note that the R
(2ω)
xy here is three orders

of magnitude larger than the 0◦ (180◦) and 90◦ (270◦) directions.

6.2.2 Discussion on nonlinear mechanisms

From a symmetry point of view, these nonreciprocal transport properties are indeed
allowed in Tellurene because of its lack of inversion symmetry [25]. We interpret the
observations as a combined result of intrinsic and extrinsic mechanisms.
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This highly anisotropic temperature dependence can also be explained by the
presence of extrinsic mechanisms for inter-chain conduction, which has a different
temperature dependence from the intra-chain conduction.

Note that for trigonal Tellurium, which is a inversion-lacking Weyl semimetal [14,
20–22], there exists an intrinsic source of anisotropic temperature dependence of elec-
trical conductivity [23]. However, this mechanisms suggests that the conductance
ratio between orthogonal directions scales linearly with temperature [23], which is
not what we observed.

6.2 Nonreciprocal charge transport in Tellurene

6.2.1 Bias dependence of nonlinear charge transport

In order to further understand the conduction mechanisms, we measured the bias
dependence of the charge transport at temperature of 50 K. This is done by apply-
ing a dc bias on top of the ac driving voltage, and recording the first and second
order response in both longitudinal and transverse directions (see Methods and Ap-
pendix C). The results are shown in Fig. 6.4.
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Figure 6.4: Angle-resolved bias dependence of first and second order responses in longitu-
dinal and transverse directions. a. First order longitudinal conductance G

(1ω)
xx = Ixx/Vxx.

We have subtracted the mixing of second order response into the first order due to the
dc+ac measurement technique [24]. b. Second-order longitudinal conductance coefficient
G

(2ω)
xx = I

(2ω)
xx /V 2

xx. c. Second order transverse resistance coefficient R
(2ω)
xy = V

(2ω)
xy /I2xx.

Each box in Panel b and c contains a pair of curves measured at opposite directions.

In Fig. 6.4a is the bias dependence of the first-harmonic longitudinal conduc-
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tances (effectively the differential conductance, here noted as G
(1ω)
xx ) along different

crystal directions. The bias dependence is again anisotropic. In directions along the
c-axis (0◦ and 180◦), the longitudinal conductances remain nearly unchanged within
the bias range, while along other directions, the conductance changes monotonically
with bias.

The presence of this bias non-even conductance, especially in the 45◦ (225◦) and
135◦ (315◦) directions, highlights the rectified (nonreciprocal) charge transport. Inter-
estingly, the slopes for the 45◦ and 135◦ curves have opposite signs, and we suggest
that their finite but incomplete compensation may be the reason for the finite but
relatively weak bias dependence along the 90◦ (270◦) direction.

These nonlinear behaviors are further detailed in the second-order responses of
the crystal. For these measurements, we first confirmed the parabolic shape of the
second-order I-V in all directions by sweeping the ac amplitude from 0 to 5 mV at
zero dc bias. Then, we fixed the ac amplitude at 5 mV and swept the dc bias between
±100 mV. Both the longitudinal (current) and transverse (voltage) second-order re-
sponses were measured, and the associated coefficients are plotted in Fig. 6.4b-c. The
measurement geometry requires the two (180◦-separated) curves within each box to
overlap when both the horizontal and vertical axes reverse sign. This disqualifies
the 135◦ and 315◦ transverse results for further analysis. We focus here only on the
other valid curves.

We separately discuss the second-order longitudinal conductance G(2ω)
xx and trans-

verse resistance R
(2ω)
xy for each distinct angular direction. When the ac bias is applied

along the c-axis (0◦ and 180◦), both the G
(2ω)
xx and R

(2ω)
xy scale linearly with dc bias,

but their slopes have opposite signs. Notably, G(2ω)
xx vanishes at zero dc bias, in agree-

ment with the flat G(1ω)
xx bias dependence, while R

(2ω)
xy remains finite.

The orthogonal direction (90◦ and 270◦) shows overall similar behaviors, but with
a few differences. On one hand, the G

(2ω)
xx is nonzero at zero dc bias, and it reaches

saturation at about 30 mV bias. The R
(2ω)
xy , on the other hand, is much smaller at zero

dc bias as compared to the c-axis direction.
For the 45◦ and 225◦ directions, G

(2ω)
xx also scales linearly with dc bias before

reaching saturation at around 30 mV, where the R
(2ω)
xy shows a sharp turn and re-

verses its bias dependence before vanishing. Note that the R
(2ω)
xy here is three orders

of magnitude larger than the 0◦ (180◦) and 90◦ (270◦) directions.

6.2.2 Discussion on nonlinear mechanisms

From a symmetry point of view, these nonreciprocal transport properties are indeed
allowed in Tellurene because of its lack of inversion symmetry [25]. We interpret the
observations as a combined result of intrinsic and extrinsic mechanisms.
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The intrinsic nonlinearity can arise from the bias-dependent nonequilibrium band
occupation in the material. What we measured here is a second-order current density
(electron velocity) driven by an oscillating electric field under time-reversal invariant
conditions. Here the intrinsic contribution has two aspects: firstly, the momentum-
integrated group velocity of the Bloch electrons, and secondly, the momentum-inte-
grated Berry curvature gradient over all occupied states [26, 27]. At zero dc bias, the
first integral is required to vanish due to its odd k-dependence and the equal occu-
pation of k and −k states (time-reversal pairs) [27]. Therefore, the intrinsic nonlinear
response at low bias is solely determined by the second integral, which is referred to
as the Berry curvature dipole [27]. It gives rise to nonlinear transverse conduction
in polar and inversion-lacking materials, which is termed the nonlinear anomalous
Hall effect [27–29]. In a (quasi) 2D system, the anisotropy of this effect transforms as
an in-plane vector, it should be strongest in one direction but vanishes in the orthog-
onal direction. This however does not (fully) describe our observations in Fig. 6.4c.
Moreover, the magnitude of this effect in trigonal Tellurium is expected to be too
small to observe [30].

When a dc bias is applied, the k and −k states at the Fermi surface are no longer
equally occupied, and therefore the group velocity integral becomes nonzero. This
allows a second-order response that is odd in the dc bias in both the longitudinal
and the transverse directions. This mechanism explains the linear bias dependence
of G

(2ω)
xx and R

(2ω)
xy around zero bias in all (valid) directions, however, it does not

explain their nonzero values at zero bias (equilibrium).
We attribute the finite equilibrium nonreciprocal transport, as well as other ob-

served nonlinear features, to extrinsic mechanisms. The transverse response can
arise from asymmetric disorder scatterings [31], which can add to the intrinsic Berry
curvature dipole contribution and give rise to a nontrivial in-plane anisotropy. This
disorder scatterings may also be reflected in the longitudinal response [32]. In addi-
tion, the longitudinal term may also be induced by, for instance, asymmetric poten-
tial profile for inter-chain conduction, or electron-electron interactions [33, 34].

6.3 Conclusion

In summary, we investigated the electrical transport properties of a quasi 2D van
der Waals chiral crystal, Tellurene, and observed its giant conductance anisotropy
of up to 104. The anisotropy exhibited strong temperature dependence, suggesting
a role of extrinsic conduction mechanisms in the crystal. There is also a nonrecip-
rocal bias dependence associated with the charge transport, and we studied this as
second-order longitudinal and transverse electrical responses. This can again largely
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be accounted for by extrinsic conduction mechanisms.
Our results demonstrated the complexity of electrical conduction in low-symmetry,

low-dimensional crystals, and highlighted the rich physics enabled in these mate-
rials. These phenomena can be potentially applied to piezoelectric and nonlinear
electronic applications, but this requires further theoretical understandings. The ap-
plications can even be extended to the spin degree of freedom given the strong spin-
orbit coupling of the material [11], and this directions should also be addressed in
future researches.

6.4 Methods
Device fabrication. We transfer the solution-grown Tullurene flakes on a Si-SiO2 (295 nm oxide) substrate
using Langmuir–Blodgett transfer technique. Then we selected trapezoidal flakes that were around 50 nm
thick for charge transport devices (Fig. 6.1e). On each flake, we deposited eight circularly arranged electri-
cal contacts (5-nm Ti–50-nm Au), which were 45◦ separated from each other, as shown in Fig. 6.1e and f.
The channel length between the two opposing contacts was 1 µm, and the width at the end of the contacts
was 0.2 µm. The contacts were labeled by their angular orientation with respect to the c-axis, following a
counterclockwise order. The measurement geometry is illustrated in Fig. 6.1f. At each angle, we applied
longitudinal ac voltage bias with amplitude of 5 mV (root mean square) using Vxx electrodes, and used
lock-in technique to measure simultaneously the linear response of longitudinal current Ixx (using the
same electrodes) and the transverse voltage Vxy . When the angular direction of the measurement was
changed, all four electrodes were rotated at the same time. The measurement direction was labeled using
the same angular label of the +Vxx electrode. The measurement geometry shown in Fig. 6.1f is for the 0◦

direction.
Electrical measurements. For the in-plane conductance anisotropy measurement, we characterized the

I-V response in each angular direction by sweeping a low frequency (ranging from 3 to 33 Hz) ac bias
Vxx from 0 to 5 mV, and at the same time measured the first-harmonic response of Ixx and Vxy using
a lock-in amplifier (Stanford Research Systems SR830). The slopes of the linear I-V are used to extract
the longitudinal conductance Gxx = dIxx/dVxx and the transverse resistance Rxy = dVxy/dIxx. The
angular dependence of both quantities are plotted in Fig. 6.1g-h for T = 300 K.

The same measurement geometry was used for the bias-dependent measurements, but in addition to
the low frequency ac bias, a dc bias was applied on top using a voltage divider circuit (see Appendix C).
The ac bias was kept at a constant amplitude of 5 mV, while the dc bias was swept between −100 and
100 mV. Both the first-harmonic and the second-harmonic responses of Ixx and Vxy were measured.
These results were used to obtain the plots in Fig. 6.4. Note that the dc+ac measurement technique causes
second-harmonic responses to mix into first-harmonic signals [24]. This mixing contribution has been
subtracted for the curves in Fig. 6.4a.

Simulation details. The conductor network modeling in Fig. 6.2 was done with COMSOL Multi-
physics 5.2a software. We simulated the circularly arranged electrode geometry, and between the top
and bottom opposing electrodes we inserted 30 parallel elongated rectangular conducting channels to
represent the 1D Te chains. Note that in the actual sample, 500 Te chains could fit in the distance between
opposing electrodes [9]. We also introduced a few rectangles to make electrical contact between the par-
allel channels. They represent the extrinsic inter-chain conduction mechanisms. Their partially aligned
tilting reflects the chirality of the material. The conductivity of the eight electrodes were set four orders of
magnitude higher than that of the horizontal channels, which was again one order of magnitude higher
than that of the inter-chain channels. The conductance was evaluated by applying a fixed current density
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The intrinsic nonlinearity can arise from the bias-dependent nonequilibrium band
occupation in the material. What we measured here is a second-order current density
(electron velocity) driven by an oscillating electric field under time-reversal invariant
conditions. Here the intrinsic contribution has two aspects: firstly, the momentum-
integrated group velocity of the Bloch electrons, and secondly, the momentum-inte-
grated Berry curvature gradient over all occupied states [26, 27]. At zero dc bias, the
first integral is required to vanish due to its odd k-dependence and the equal occu-
pation of k and −k states (time-reversal pairs) [27]. Therefore, the intrinsic nonlinear
response at low bias is solely determined by the second integral, which is referred to
as the Berry curvature dipole [27]. It gives rise to nonlinear transverse conduction
in polar and inversion-lacking materials, which is termed the nonlinear anomalous
Hall effect [27–29]. In a (quasi) 2D system, the anisotropy of this effect transforms as
an in-plane vector, it should be strongest in one direction but vanishes in the orthog-
onal direction. This however does not (fully) describe our observations in Fig. 6.4c.
Moreover, the magnitude of this effect in trigonal Tellurium is expected to be too
small to observe [30].

When a dc bias is applied, the k and −k states at the Fermi surface are no longer
equally occupied, and therefore the group velocity integral becomes nonzero. This
allows a second-order response that is odd in the dc bias in both the longitudinal
and the transverse directions. This mechanism explains the linear bias dependence
of G

(2ω)
xx and R

(2ω)
xy around zero bias in all (valid) directions, however, it does not

explain their nonzero values at zero bias (equilibrium).
We attribute the finite equilibrium nonreciprocal transport, as well as other ob-

served nonlinear features, to extrinsic mechanisms. The transverse response can
arise from asymmetric disorder scatterings [31], which can add to the intrinsic Berry
curvature dipole contribution and give rise to a nontrivial in-plane anisotropy. This
disorder scatterings may also be reflected in the longitudinal response [32]. In addi-
tion, the longitudinal term may also be induced by, for instance, asymmetric poten-
tial profile for inter-chain conduction, or electron-electron interactions [33, 34].

6.3 Conclusion

In summary, we investigated the electrical transport properties of a quasi 2D van
der Waals chiral crystal, Tellurene, and observed its giant conductance anisotropy
of up to 104. The anisotropy exhibited strong temperature dependence, suggesting
a role of extrinsic conduction mechanisms in the crystal. There is also a nonrecip-
rocal bias dependence associated with the charge transport, and we studied this as
second-order longitudinal and transverse electrical responses. This can again largely
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be accounted for by extrinsic conduction mechanisms.
Our results demonstrated the complexity of electrical conduction in low-symmetry,

low-dimensional crystals, and highlighted the rich physics enabled in these mate-
rials. These phenomena can be potentially applied to piezoelectric and nonlinear
electronic applications, but this requires further theoretical understandings. The ap-
plications can even be extended to the spin degree of freedom given the strong spin-
orbit coupling of the material [11], and this directions should also be addressed in
future researches.
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Device fabrication. We transfer the solution-grown Tullurene flakes on a Si-SiO2 (295 nm oxide) substrate
using Langmuir–Blodgett transfer technique. Then we selected trapezoidal flakes that were around 50 nm
thick for charge transport devices (Fig. 6.1e). On each flake, we deposited eight circularly arranged electri-
cal contacts (5-nm Ti–50-nm Au), which were 45◦ separated from each other, as shown in Fig. 6.1e and f.
The channel length between the two opposing contacts was 1 µm, and the width at the end of the contacts
was 0.2 µm. The contacts were labeled by their angular orientation with respect to the c-axis, following a
counterclockwise order. The measurement geometry is illustrated in Fig. 6.1f. At each angle, we applied
longitudinal ac voltage bias with amplitude of 5 mV (root mean square) using Vxx electrodes, and used
lock-in technique to measure simultaneously the linear response of longitudinal current Ixx (using the
same electrodes) and the transverse voltage Vxy . When the angular direction of the measurement was
changed, all four electrodes were rotated at the same time. The measurement direction was labeled using
the same angular label of the +Vxx electrode. The measurement geometry shown in Fig. 6.1f is for the 0◦

direction.
Electrical measurements. For the in-plane conductance anisotropy measurement, we characterized the

I-V response in each angular direction by sweeping a low frequency (ranging from 3 to 33 Hz) ac bias
Vxx from 0 to 5 mV, and at the same time measured the first-harmonic response of Ixx and Vxy using
a lock-in amplifier (Stanford Research Systems SR830). The slopes of the linear I-V are used to extract
the longitudinal conductance Gxx = dIxx/dVxx and the transverse resistance Rxy = dVxy/dIxx. The
angular dependence of both quantities are plotted in Fig. 6.1g-h for T = 300 K.

The same measurement geometry was used for the bias-dependent measurements, but in addition to
the low frequency ac bias, a dc bias was applied on top using a voltage divider circuit (see Appendix C).
The ac bias was kept at a constant amplitude of 5 mV, while the dc bias was swept between −100 and
100 mV. Both the first-harmonic and the second-harmonic responses of Ixx and Vxy were measured.
These results were used to obtain the plots in Fig. 6.4. Note that the dc+ac measurement technique causes
second-harmonic responses to mix into first-harmonic signals [24]. This mixing contribution has been
subtracted for the curves in Fig. 6.4a.

Simulation details. The conductor network modeling in Fig. 6.2 was done with COMSOL Multi-
physics 5.2a software. We simulated the circularly arranged electrode geometry, and between the top
and bottom opposing electrodes we inserted 30 parallel elongated rectangular conducting channels to
represent the 1D Te chains. Note that in the actual sample, 500 Te chains could fit in the distance between
opposing electrodes [9]. We also introduced a few rectangles to make electrical contact between the par-
allel channels. They represent the extrinsic inter-chain conduction mechanisms. Their partially aligned
tilting reflects the chirality of the material. The conductivity of the eight electrodes were set four orders of
magnitude higher than that of the horizontal channels, which was again one order of magnitude higher
than that of the inter-chain channels. The conductance was evaluated by applying a fixed current density
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(against ground) using each opposing pair of electrodes, and the horizontal left-to-right current direction
is considered 0◦. Other angular directions were rotated in a counterclockwise fashion. The plotted meso-
scopic conductance in Fig. 6.2b was the normalized result.

6.5 Appendices

A. 2D tensor-form Ohm’s law
The 2D tensor-form Ohm’s law describes a charge current density in response to a driving electric field,
both are 2D (column) vectors. The (linear) response tensor connecting the two vectors is known as the
conductivity tensor. This is given by (Eqn. 1 in the main text)

(
jx
jy

)
=
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σxx σxy

σyx σyy

)(
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Ey

)
, (6.2)

where the x- and y-directions are defined by an external frame of reference, often the crystal structure of
the conducting material.

Figure 6.5: 2D tensor-form Ohm’s law and the corresponding angular dependence of longi-
tudinal conductance. a. Current density (j in response to a driving electric field (E), which
is along the θ direction, in a 2D (x-y plane) anisotropic conducting material. b. The longitu-
dinal (along the direction of the driving electric field) current density response as a function
of angular direction θ (semi-log scale, arbitrary unit). The three curves represent conducting
materials with σxy = σyx < 0, = 0, and > 0, respectively. All three are sinusoidal curves with
a period of 180◦.

We can rewrite the current density vector in terms of longitudinal (j‖) and transverse (j⊥) responses
with respect to the driving electric field, which we assume is applied at an angle θ with respect to the
x-direction, as illustrated in Fig. 6.5a.

However, the conductivity tensor is still defined in x- and y-terms because these directions are related
to the material property. Therefore, we need to project the conductivity tensor from its original x-y frame
of reference to a new frame of reference that is rotated (counterclockwise) by an angle θ. For this, we
introduce a rotation operator of angle θ

Rθ =

(
cos θ − sin θ

sin θ cos θ

)
, (6.3)

which satisfies R−1
θ = RT

θ (where RT
θ is the transpose of Rθ).
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The 2D Ohm’s law thus becomes
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)
, (6.4)

where E is the length of E.
This expression gives a j‖ that is a sinusoidal function of θ with a 180◦ period, as plotted in Fig. 6.5b

(semi-log scale). The three curves in this figure correspond to situations where the unrotated conductivity
tensor has its off-diagonal term σxy = σyx < 0, = 0, and > 0, respectively (assuming σxx = 10 σyy ,
and are kept unchanged for all three curves). At angles where j‖ takes maximum or minimum values,
the rotated conductivity tensor becomes diagonal.

B. Results on another sample (Sample B) and effect of contact resis-
tance
We performed the anisotropic conductance measurement on a different Tellurene flake using the same
device and measurement geometry, and the results for three different temperatures are shown in Fig. 6.6a.
For these results a gate voltage of −50 V was applied (see Appendix D). Similar to Sample A (main
text), these results also show that the highest and lowest conductances are measured in non-orthogonal
directions, and that the conductances are different along the 45◦ (225◦) and 135◦ (315◦) directions. Unlike
Sample A though, here it is the 135◦ (315◦) direction that has the lowest conductance.

The 90◦ (270◦) direction again showed strongest temperature dependence with a change of about
four orders of magnitude. However, the other directions also showed relatively strong temperature de-
pendence, and as a result, the anisotropy ratio Gxx(90◦)/Gxx(0◦) at 4 K is only roughly 10−2.
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Figure 6.6: Anisotropic conductance measurements on Sample B. a. Angular dependence of the two-
terminal Gxx at various temperatures. b. The two-terminal result of 300 K (black), as compared to when
the electrical contact resistance is removed (red).

At 300 K, we checked the effect of contact resistance on this sample. We used a three-terminal tech-
nique, where we drive charge current between two electrodes, one of which is grounded, and then mea-
sure the voltage difference between a third reference electrode and the grounded electrode. This measure-
ment was intended to determine the contact resistance of the grounded electrode. However, we found
that depending on the reference electrode choice, the measured three-terminal resistance was different.
This indicated that the sample itself was inhomogeneous, and therefore the three-terminal results con-
tained not only the contact resistance, but also information on the conduction path. We thereby tried to
use all available reference electrodes, and took the lowest measured resistance as an estimate for the con-
tact resistance of the ground electrode. In this way, we estimated the upper limit of contact resistance for
all eight electrode, and subtracted from the Gxx two-terminal measurement results. The angular depen-
dence of Gxx before (black) and after (red) the subtraction are plotted in Fig. 6.6b.
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is considered 0◦. Other angular directions were rotated in a counterclockwise fashion. The plotted meso-
scopic conductance in Fig. 6.2b was the normalized result.
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We can rewrite the current density vector in terms of longitudinal (j‖) and transverse (j⊥) responses
with respect to the driving electric field, which we assume is applied at an angle θ with respect to the
x-direction, as illustrated in Fig. 6.5a.

However, the conductivity tensor is still defined in x- and y-terms because these directions are related
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(semi-log scale). The three curves in this figure correspond to situations where the unrotated conductivity
tensor has its off-diagonal term σxy = σyx < 0, = 0, and > 0, respectively (assuming σxx = 10 σyy ,
and are kept unchanged for all three curves). At angles where j‖ takes maximum or minimum values,
the rotated conductivity tensor becomes diagonal.

B. Results on another sample (Sample B) and effect of contact resis-
tance
We performed the anisotropic conductance measurement on a different Tellurene flake using the same
device and measurement geometry, and the results for three different temperatures are shown in Fig. 6.6a.
For these results a gate voltage of −50 V was applied (see Appendix D). Similar to Sample A (main
text), these results also show that the highest and lowest conductances are measured in non-orthogonal
directions, and that the conductances are different along the 45◦ (225◦) and 135◦ (315◦) directions. Unlike
Sample A though, here it is the 135◦ (315◦) direction that has the lowest conductance.

The 90◦ (270◦) direction again showed strongest temperature dependence with a change of about
four orders of magnitude. However, the other directions also showed relatively strong temperature de-
pendence, and as a result, the anisotropy ratio Gxx(90◦)/Gxx(0◦) at 4 K is only roughly 10−2.

-100 -50 0 50 100
0,0

4,0x10-6

8,0x10-6

1,2x10-5

1,6x10-5

G
xx

 (S
)

DC Bias (mV)

 270

 225

 180

 315 135

 90

 45

 0

T=50 K

0 90 180 270 360
1E-9

1E-8

1E-7

1E-6

1E-5

G
xx

 (S
)

Angle

 4.7K
 20K
 50K
 300K

0 50 100 150 200 250
1E-9

1E-8

1E-7

1E-6

1E-5

1E-4

G
xx

 (S
)

1000/T (1/K)

 0
 45
 90
 135

0 90 180 270 360

10-7

10-5

G
xx

 (S
)

Angle

 2T Conductance
 Contact Removed

0 90 180 270 360
10-11

10-9

10-7

10-5

G
xx

 (S
)

Angle

 4 K
10 K
 300 K

Sample A, Temp dependence

Sample B, Temp and contact influence

a. b.

c. d.

a. b.

0 100 200 300

1E-4

1E-3

0.01

0.1

1

C
on

du
ct

an
ce

 ra
tio

T (K)

 Gxx(90)/Gxx(0)
 Gxx(45)/Gxx(135)

Figure 6.6: Anisotropic conductance measurements on Sample B. a. Angular dependence of the two-
terminal Gxx at various temperatures. b. The two-terminal result of 300 K (black), as compared to when
the electrical contact resistance is removed (red).

At 300 K, we checked the effect of contact resistance on this sample. We used a three-terminal tech-
nique, where we drive charge current between two electrodes, one of which is grounded, and then mea-
sure the voltage difference between a third reference electrode and the grounded electrode. This measure-
ment was intended to determine the contact resistance of the grounded electrode. However, we found
that depending on the reference electrode choice, the measured three-terminal resistance was different.
This indicated that the sample itself was inhomogeneous, and therefore the three-terminal results con-
tained not only the contact resistance, but also information on the conduction path. We thereby tried to
use all available reference electrodes, and took the lowest measured resistance as an estimate for the con-
tact resistance of the ground electrode. In this way, we estimated the upper limit of contact resistance for
all eight electrode, and subtracted from the Gxx two-terminal measurement results. The angular depen-
dence of Gxx before (black) and after (red) the subtraction are plotted in Fig. 6.6b.
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C. Circuit geometry and additional results (Sample B)

We illustrate here the measurement geometry in Fig. 6.7a. Here we highlight the voltage divider circuit for
the dc+ac measurements in the green dashed box. During the experiments we used R = 100 Ω. Using this
circuit, we could apply a driving voltage of V ≈ Vac/1000 + Vdc/100 on the sample, and the subsequent
responses were all measured at the ac frequency. Notably, we simultaneously measured the two-terminal
current response Ixx, four-terminal longitudinal voltage responses (similar to a van der Pauw geometry)
Vxx−L and Vxx−R, and four-terminal transverse voltage response Vxy .
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Figure 6.7: Measurement circuit and additional results. a. The circuit geometry for the conductance
measurements. In the green dashed box is the voltage divider circuit for applying a dc+ac driving voltage.
The subsequent two-terminal charge current Ixx, transverse voltage response Vxy , longitudinal four-
terminal (van der Pauw geometry) voltage responses Vxx−L and Vxx−R are measured at the ac frequency
with a lock-in amplifier. All grounds are shared. When the angular direction is changed, all electrical
contacts are changed simultaneously. b-c. The angular dependence of longitudinal van der Pauw voltage
responses for Sample B at 4 K. These results are from the same set of measurements where the 4 K curve
in Fig. 6.6a was obtained.

The longitudinal conductances Gxx that we showed in the main text were all determined using the
two-terminal current response Ixx and the driving ac voltage Vac/1000, instead of the four-terminal van
der Pauw geometry that is commonly used for characterizing 2D conductors. This is because the van
der Pauw geometry requires the samples to be homogeneous within the area of measurement, so that a
(possibly anisotropic) conductivity tensor can be defined. However, as discussed in the main text, this
is not the case for our samples. To illustrate this, we take the same set of measurements that gave the
4 K two-terminal Gxx curve in Fig. 6.6a, and use the simultaneously measured quantities to obtain the
longitudinal four-terminal resistances Rxx−R = Vxx−R/Ixx and Rxx−L = Vxx−L/Ixx, as shown in
Fig. 6.7b-c. These results do not follow twofold sine curves, and can even provide negative resistance
values. This is a further evidence for inhomogeneity-induced irregular current paths within the sample
area.
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Figure 6.8: Gate and dc bias dependence measurement on Sample B. a. Gate dependence of Gxx at the
four distinct angular directions, without applying and dc bias.b. Gate dependence of the conductance
ratios Gxx(90◦)/Gxx(0◦) and Gxx(135◦)/Gxx(45◦), obtained from the data in Panel a. c-f. Gate depen-
dence under dc biases, along the four distinct angular direction. The dc bias is swept with equal steps
from positive (more orange) to negative (more blue) values, with a maximum current (absolute value) of
100 nA. (Thereby the maximum dc bias that was applied for the 0◦ direction was less than that along the
45◦ direction.)

D. Gate dependence (Sample B)

We performed gate dependence measurement on Sample B. The p-type semiconductor was turned on

at negative gate voltages, and the longitudinal conductance Gxx is plotted against the gate voltage in

Fig. 6.8. For Panels a-b, we only applied the ac driving bias to obtain the Gxx values, while for Panels c-f,

we used a voltage divider circuit to apply a dc bias on top of the ac driving bias (see above Appendix C),

in order to observe the bias-induced change to the gate dependences. Details of each panel is explained

in the figure legend.
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C. Circuit geometry and additional results (Sample B)
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the dc+ac measurements in the green dashed box. During the experiments we used R = 100 Ω. Using this
circuit, we could apply a driving voltage of V ≈ Vac/1000 + Vdc/100 on the sample, and the subsequent
responses were all measured at the ac frequency. Notably, we simultaneously measured the two-terminal
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responses for Sample B at 4 K. These results are from the same set of measurements where the 4 K curve
in Fig. 6.6a was obtained.
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Chapter 7

Enhancing and rectifying elec-
tron transport through a biomolecular junction
comprising Photosystem I and graphene

Biological systems provide a large pool of chiral materials. Understanding the electrical
properties of these materials opens up possibilities for bio-organic opto-electronic, photo-
voltaic, or spintronic applications. For this purpose, here we incorporate natural pho-
tosynthetic protein complex Photosystem I (PSI) onto graphene electrodes, and inves-
tigate the electron transport through the biomolecular junction. Comparing to earlier
researches, we significantly enhanced and rectified the electron transport by using phage-
displayed peptides as binders between PSI and graphene. Further, we studied how the
electron transport through the junction is affected by mechanical contact. Our results
provide insights for future device designs involving large bio-orgnaic systems.

This chapter is being prepared as:
X. Yang, T. Bosma, E. B. P. Brul, A. Kunzendorf, P. I. Gordiichuk, A. Herrmann, B. J.
van Wees & C. H. van der Wal, ”Enhancing and rectifying electron transport through a
biomolecular junction comprising Photosystem I and graphene”
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