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Semiconductor transistors operate by modulating the charge carrier con-
centration of a channel material through an electric field coupled by a capa-
citor. This mechanism is constrained by the fundamental transport physics
and material properties of such devices—attenuation of the electric field, and
limited mobility and charge carrier density in semiconductor channels. In this

work, we demonstrate a new type of transistor that operates through a dif-
ferent mechanism. The channel material is a Weyl semimetal, NbP, whose
resistivity is modulated via a magnetic field generated by an integrated
superconductor. Due to the exceptionally large electron mobility of this
material, which reaches over 1,000,000 cm?/Vs, and the strong magnetor-
esistive coupling, the transistor can generate significant transconductance
amplification at nanowatt levels of power. This type of device can enable new
low-power amplifiers, suitable for qubit readout operation in quantum

computers.

The recently discovered topological materials have drawn tremendous
research attention due to their unique electronic properties that could
be exploited for improved or new kinds of electronic devices"*. Among
these materials, Weyl semimetals (WSMs) are of particular interest
due, in part, to the presence of relativistic pockets hosting Weyl fer-
mion quasiparticles®*. These quasiparticles are located at physically
separated linear band crossing points, i.e., Weyl nodes, which behave
as a source or sink of Berry curvature in momentum space’. Each Weyl
node is associated with a given chirality, leading to unusual transport
phenomena such as chiral anomaly and topological protection®*. The
linear energy dispersion of these materials translates to a low effective
carrier mass and extremely high mobilities’. For instance, carrier
mobilities of 5x10° cm*/Vs and 4 x 10° cm?/Vs have been reported for
the WSMs NbP and WP,, respectively®. The high mobility correlates
with the observed extreme magnetoresistance (XMR) in these mate-
rials, i.e., the strong modulation of the resistivity with respect to an
applied magnetic field, which reaches values in the order of 1 x 10%% for
NbP and WP,*°,

To exploit the high carrier mobility for device functionality, local
control of material properties, for instance through an electrostatic

gate, is required to realize integrated Weyl electronic devices. How-
ever, the quasi-metallic carrier concentration in these materials®, which
for certain materials reaches up to 102 cm, makes electrostatic cou-
pling through electric field-effect gating difficult to implement™'2,
Nevertheless, the first prototypes of Weyl semimetal-based devices
have been proposed and realized, such as novel field-effect

transistors®?, optoelectronic devices®, photodetectors”, and

more"?,

Many of the unique transport properties of WSMs require applied
magnetic fields to be observed, such as chiral anomaly”?*, extreme
magnetoresistance®”, anomalous thermoelectric effects®, etc.
Therefore, integration of WSMs with local magnetic field generation to
control these properties can enable new functional Weyl devices, such
as magnetic-gate transistors. In fact, simulations have shown that
magnetic field control of the extreme WSM magnetoresistance can
lead to positive high-frequency current and power gain®’. Moreover, by
using magnetic fields instead of electric fields as control quantity, the
performance of magnetically-coupled devices is less reliant on having
ultra-thin channels, such as is the case for semiconductor electric field
devices.
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However, this kind of Weyl transistor has not yet been demon-
strated. Nanofabrication of such device structures is challenging due
to the lack of straightforward and reliable WSM thin-film epitaxy®.
While there are reports of thin-film epitaxy, the majority of research so
far has been done on off-chip bulk single crystals*>°. As an alternative,
focused ion beam (FIB) manipulation has been successfully used to
structure WSM single crystals into complex test structures and can
provide a path for realizing new device concepts at sub-micron
dimensions®*.

Due to the exceptionally high mobility of WSMs, an advanced
Weyl transistor could achieve power gain at DC power consumption
around a few tens of nanowatts, significantly lower than what is pos-
sible with alternative transistor technologies, as was previously
demonstrated through simulations”’. Comparable low-noise amplifiers
based on state-of-the-art InP/InAs high-electron-mobility transistors
(HEMTSs) operate with DC power above 100 uW>*, Such transistors are
part of cryogenic low-noise amplifiers (LNAs) at the qubit readout
stage of quantum computers®. Qubit readout stages today comprise
at least a parametric amplifier at 10 mK, and a cryogenic LNA at 4K,
providing most of the low-temperature gain®’. The scalability of read-
out stages due to these components presents a challenge to the
development of future quantum computers with large number of
qubits. A single compact amplifier stage at 10 mK providing sufficient
gain (>40 dB) at extremely low-power dissipation would constitute an
ideal solution.

In this work, we report the experimental realization of a
magnetoresistive-coupled Weyl transistor. We implement electrical
control of a Weyl semimetal NbP microcrystal through local magnetic
field generation via a superconducting gate and show that this type of
transistor operates with extremely low-power dissipation and pro-
mising electrical characteristics due to the high mobility and magnetic
field response of these materials.

Results

Device concept

The realized Weyl transistor exploits the magnetoresistive coupling
between a metal electrode, that acts as the control gate, and the active
channel material, the Weyl semimetal NbP. Figure 1a shows a false-
colored scanning electron micrograph of the fabricated device (see
“Methods” for details on the device fabrication). The control gate is
made of superconductive NbN and is electrically insulated from the
NbP crystallite by a 20 nm layer of SiO,. The insulator prevents gate
leakage currents while allowing the magnetic field to propagate into
the WSM. A schematic image of the transverse cross-section of the

Fig. 1| Schematic of the Weyl transistor. a Scanning electron micrograph of the
fabricated device. The NbP crystallite and the NbN gate are separated by 20 nm of
Si0,. b Schematic of the cross-section of the device (not to scale). ¢ Schematic

figure of the working mechanism of the proposed device. The current generated by

device is reported in Fig. 1b. The length, width, and thickness of the
NbP are 9, 6, and 1 um, respectively. The length refers to the distance
between the contacts 2-6 and 3-7. Further device dimensions are
reported in the Supplementary Materials (Supplementary Table S1). In
this kind of transistor, the width also represents the effective gate
length. The dimensions and the overall design of the WSM crystallite
are chosen to favor uniform current injection parallel to the gate line.
In this way, the current and the applied magnetic field are perpendi-
cular, which is necessary in order to maximize the transverse MR*. In
particular, the current in the NbP crystallite flows along the x direction,
which is parallel to the b-axis of NbP. The magnetic field is applied
along the y direction, parallel to the a-axis.

The working mechanism of the transistor action relies on the
WSM resistivity modulation induced by the magnetic field generated
by the supercurrent flowing in the gate electrode. The device operates
as a transistor in the sense that it is a tunable resistor. Considering this,
the target operation for the developed device differs substantially
from the Weyl-based devices that have been reported in the literature,
where topological phase change', electrostatic gating>*"”'® or spin-
dependent properties™ are primarily exploited to perform the
switching operation.

A schematic representation of the principle of magnetoresistive
coupling is shown in Fig. 1c. An electric current is induced in the
superconductive gate by a DC bias, representing the input signal,
applied to the gate electrode. The current generates an approximately
uniform magnetic field applied perpendicularly to the current flow in
the NbP crystallite, thereby modulating its resistivity. In order to
characterize the device, electrodes 2, 3, 6, and 7 were added to enable
four-probe measurements of the NbP channel resistance. The current
is applied to the external contacts 1 and 5 and collected from contacts
4 and 8, while the voltage is collected by the electrodes located at the
contacts 2 and 3 (or, alternatively 6, 7).

Magnetotransport properties of the NbP microcrystal
The Weyl transistor operation relies on the extreme magnetotransport
properties of the NbP crystallite, which are first studied in the presence
of a uniform, externally generated magnetic field. Typically in these
materials, MR exhibits either a quadratic®’ or a linear***” dependence
on the magnetic field. In contrast to normal metals, the behavior
appears to be non-saturating and can reach up to a few million percent
at 9T, 2K*. Certain WSMs, including NbP, have a parabolic to linear
transition at relatively low magnetic field strengths®*°-,

In Fig. 2a, we report the magnetoresistive properties of our pat-
terned NbP crystallite at -9 T to 9 T external magnetic field strengths,

Pt contact Pt contact
J— NbP —
o - -
electrode electrode
NbN-E————
SI10, capping

Si substrate

the gate voltage V¢ induces a magnetic flux density B which is applied to the NbP,
thus modulating its resistance. The resistance variation is measured at constant
current Iwsy by detecting the voltage variation between the inner contacts (2, 3
or6,7).
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Fig. 2 | Characterization of the NbP crystallite in an external magnetic field.

a Measured transverse magnetoresistance of the NbP crystallite for temperatures T
ranging from 5 to 300 K. b Angular dependence of the MR. Note that the magnetic
field is always perpendicular to the current flow. ¢ Quantum oscillations
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(Shubnikov-de Haas) extracted from (a) by subtracting the non-oscillatory com-
ponent, which is evaluated with a 4th order polynomial fit, and plotted with respect
to 1/B. d Calculation of the effective masses for the three main frequencies,
obtained by fitting the thermal damping factor (Eq. (1)).

for temperatures between 5K and 300K. At 5K, the MR reaches a
maximum of 11,000%. Below 5 K, we can no longer accurately measure
the magnetoresistive properties of this NbP crystal, due to a super-
conductive transition of a FIB-induced Nb-rich surface layer that low-
ers the zero-field resistivity** (Supplementary Fig. S1). In fact, Nb and P
have significantly different sublimation points, which causes P to be
sputtered when exposed to the ion beam, thus leaving a Nb-rich sur-
face layer. The latter is responsible for the observed
superconductivity*. The measured MR at + 9T is consistent with lit-
erature values for FIB-processed NbP crystallites’**, as the FIB manip-
ulation lowers the MR by approximately one order of magnitude with
respect to bulk crystals®*,

Due to the nonuniform local magnetic field generation, the
angular dependence of the transverse MR will influence device
operation. In Fig. 2b, we report the MR behavior at B=9 T as a function
of the angle of application 6. The magnetic field is rotated by 360° in
the plane defined by the a and c lattice vectors, while still being applied
perpendicular to the current flow (b-axis). The measured behavior
shows a sinusoidal angular dependence which is predicted for high-
mobility semimetals*®. This, together with the almost perfect sym-
metry of the transverse MR measurement reported in Fig. 2a, suggests
a negligible current jetting effect*®". In our device, most of the field is
applied parallel to the a-axis due to process-related reasons. While
convenient from a fabrication point of view, this configuration is not
optimal to maximize the MR response. However, it is important to
highlight how, despite a marked anisotropy, the transverse MR
response in NbP is within the same order of magnitude in the whole
angular range, meaning that the impact of nonuniform distribution of
the magnetic field generated by the superconductive gate is mitigated.
Other WSMs, such as MoTe, show stronger anisotropy*®. Moreover,
the geometry of the device has been optimized for relatively uniform
magnetic field generation, up to 93% uniformity according to simula-
tions (Supplementary Fig. S2a).

In order to determine charge carriers’ mobility, we report in
Fig. 2c and d the quantum oscillations extracted from the MR in Fig. 2a

and the amplitude of the oscillations as a function of the temperature,
respectively*>*°, From this, it is possible to calculate the effective mass
of the carriers associated to the detected frequencies. The relevant
physical quantities calculated from quantum oscillations analysis are
reported in the Supplementary Materials (Supplementary Table S2).
Quantum oscillations are isolated by subtracting a 4th order poly-
nomial fit from the MR, in a temperature range between 6.9 K and 25K
(i.e., above the superconductive transition of the Nb surface layer) and
then plotted as a function of 1/B. The effective masses of the charge
carriers in the main pockets are obtained by fitting the thermal
damping factor, Ry, of the measured oscillation amplitude versus
temperature (Eq. (1))°°°

_2m? kT Jh,
T sinh(2m2 kT Jha, )

@

Here, kg is the Boltzmann’s constant, T is the temperature, and 7 is
the reduced Plank’s constant. The effective mass my is determined
from the cyclotron frequency (w.=eB/mgs;, where e is the electron
charge) by inserting in the above equation the average value of the
magnetic field strength over which the oscillations are sampled. The
frequencies associated with the main electron and hole pockets
obtained from our analysis are consistent with the values reported in
literature®>> (F;=18.6 T, F,=30.1T, F5=42.7 T). In the main electron
pocket, corresponding to the frequency F,’, carriers have an effective
mass of about 0.09 m, (free electron mass) and are therefore highly
susceptible to external perturbations such as a magnetic field. More-
over, the relatively long mean free path of tens of micrometers (Sup-
plementary Table S2) suggests that electron transport at cryogenic
temperatures is ballistic along the entire WSM channel of the device in
Fig. 1a. Combining the effective mass and the charge carrier density, we
evaluate the electron mobility, which reaches values in the order of
1,000,000 cm?/Vs. It is worth noting that these very high values
directly relate to the extreme MR exhibited by WSMs'****, and
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Fig. 3 | Superconductive characterization and magnetic coupling mechanism.
a Left: Measured resistance of the NbN gate as a function of temperature. Sharp
superconductive transition observed between 13.1K and 13.4 K. Right: Measured
resistance of the NbP crystallite as a function of temperature. The observed
superconductivity is induced by the FIB procedure, which generates a Nb-rich
surface layer. The transition is broad and occurs between 2.1K and 4.3 K. Left and
right: The light-gray area highlights the range in which both NbP and NbN are
superconductive, the dark-gray one where none of them is, and the gray area in
between highlights the operating window in which only the gate is

superconductive. b Measured data points for the gate-induced resistance mod-
ulation, taken at opposite field offset. The two slopes are similar (apart from the
sign) and in accordance with the local slope of the MR taken with external field.
¢ Offset versus resistance variation: introducing an offset forces the modulation to
occur around a non-zero slope portion of the MR, thus increasing its effectiveness.
d Superposition of the external and local field modulation: the effective generated
field strength is 0.44 mT. The error bars represent the standard deviation of the
individual data points with respect to the linear regression (as shown in (b)).

therefore also to the effectiveness of the magnetoresistive coupling in
the transistor device.

Weyl transistor properties

We proceed to characterize the Weyl transistor shown in Fig. 1a. The
superconductive NbN gate is implemented to eliminate the contribu-
tion of self-heating, caused by the power dissipated in the gate elec-
trode, to the resistivity modulation. The superconductive transition of
the NbN gate is reported in Fig. 3a, left. The transition occurs in the
temperature range of 13.1to 13.4 K. This value is in accordance with the
Tc reported in literature® and confirm the good quality of the depos-
ited film. As previously described, due to the influence of the FIB
fabrication process, the NbP crystallite also exhibits a superconductive
transition, shown in Fig. 3a, right. The transition happens between 2.1
and 4.3 K and is less sharp, as expected, given the spurious state of the
Nb surface layer. Therefore, in this temperature range, the observed
MR does not represent a true property of the NbP crystallite. For this
reason, the working temperature for the Weyl transistor in the fol-
lowing measurements is set to 5K, where the NbN gate, but not the
NbP, is superconductive.

We confirm the transistor operation via the superconducting gate
by combining the local generated magnetic field with an external off-
set field generated by the measurement setup. The external offset field
can be exploited to lift the operation point towards a higher dR/dB
(Supplementary Fig. S3). This is beneficial in order to maximize the
magnetoresistive coupling between the gate and the channel. Fur-
thermore, by sweeping the external magnetic field while measuring the
local gate modulation, we can confidently attribute a magnetic origin
to the measured signal. The resistivity modulation is first measured at
=500 mT and 500 mT external field offsets. The results are reported in
Fig. 3b. The resistance modulation values at the two different offsets
have the same magnitude (roughly 150 pQ at gate voltages from -1V to
1V), but opposite slopes. Since the MR modulation is expected to
occur along the two opposite branches of the parabola, this observa-
tion is a strong indication that the signal is due to magnetic coupling,
rather than parasitic effects such as heating and leakage. If we nor-
malize the resistance variation to the zero-field value, we obtain a
modulation effectiveness of 0.45%/V.

In Fig. 3¢, a study is reported of the variation in resistance mod-
ulation, at different gate voltages (nominally, from O up to 1V), while
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sweeping the external offset field between O T and 0.5T. The effec-
tiveness of the gate modulation, i.e., dR/dB, is increased for higher field
offsets, meaning that the magnetoresistive coupling in the transistor is
enhanced. Three paths to device operation without an external field
are envisioned: (i) Channel materials with steeper MR response close
to OT. (ii) Advanced gate geometries based on planar device fabrica-
tion, given the availability of epitaxial high-MR thin films. (iii) Magnetic
field focusing.

Figure 3d shows the superposition between the first derivative of
the MR data (dR/dB), evaluated from the same dataset as in Fig. 2a, and
the local variation in resistance at a given bias point (AR/AB). The two
datasets are compared by matching the resistance values measured
when the gate voltage is zero. This approach allows to transduce the
current flowing in the gate into a magnetic field strength value. The
result obtained by matching the resistances is that the produced field
strength, sensed by the WSM, is equal to 0.44 mT. This value is
obtained by applying a nominal gate voltage of 1V, which generates a
supercurrent of 13.5 mA flowing in the gate. According to a numerical
simulation performed with ANSYS Maxwell 3D, by solving Maxwell’s
equations in a transverse cross-section of the active area of the device,
the average magnitude of the magnetic field strength of the NbP
crystallite is 0.48 mT (Supplementary Fig. S2a). This result is close to
the measured value of 0.44 mT, strengthening the conclusion that the
device indeed operates through a magnetic coupling.

A possible source of deterioration of the magnetic signal is self-
heating of the device. The superconductive gate does not self-heat, but
the NbP crystallite could at large biases. To study this, Fig. 4a reports
the resistivity variation of the WSM at different gate biases, for an
effective voltage drop on the NbP crystallite up to 80 pV, with a field
strength offset of 500 mT. The resistivity increase with increasing NbP
voltage indicates that the device starts to marginally heat up at around
50 pV. To maximize the resolution, the previous measurements are
taken at 80 pV. Significant self-heating of several Kelvin would cause a
reduction of MR (Fig. 2a) and result in an underestimation of the
sensed local magnetic field, since the MR would be lower than the
assumed one. However, this is not the case, given the good accordance
between the measured results and the simulations, in which self-
heating is not taken into account.

From the resistivity versus voltage characteristic, it is possible to
extract the transconductance g, of the device, which is an important
figure-of-merit for the high-frequency amplifying properties of the
transistor. Starting from the general definition of transconductance,
its behavior as a function of the applied WSM bias is evaluated
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Fig. 4 | Device self-heating and transconductance evaluation. a Resistivity vs.
voltage characteristic of the NbP microcrystal at different gate voltages. For actual
voltage drops above 50 pV self-heating of the device starts to be noticeable.

b Absolute transconductance, g, extracted from (a). In blue: g;,, values measured

(Eq. (2)). A full derivation is provided in the Supplementary Materials.
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Here, Vyysp, is the voltage applied to the NbP crystallite and V; is
the gate voltage. K5y, and K are constant values related to the geo-
metrical and electrical properties of the WSM and the gate, respec-
tively. K also depends on the slope of the MR curve and, therefore, on
the applied external field offset. Given the theoretically zero resistance
of the gate, the value of the extrinsic g,, depends, in practice, on the
quality of the contacts to the NbN gate. The results of the g, mea-
surements are reported in Fig. 4b. The reported values of g, are
obtained by numerically computing the derivative of the output signal
with respect to the input signal. We note that the measured trend is
linear with respect to the voltage drop Vysy, in agreement with Eq. (2).
The corresponding current through the WSM reaches -800 pA at
80uV, leading to DC power dissipation of ~70 nW. The developed
device operates close to a HEMT device, which in a low-noise amplifier
is always turned on and consumes a constant power which is generally
dominated by the static power. Therefore, the power dissipation we
report is to be intended as static power. To compare with standard
transistors, such as HEMTs and Si metal-oxide-semiconductor field-
effect transistors (MOSFET), we normalize g, to the narrowest section
of the NbP crystallite, 6 um. This section is comparable to the gate
width of a field-effect transistor, since it can be extended in order to
increase the current without impacting device performance. We thus
obtain normalized transconductance of 22 mS/um at 80V applied
WSM bias. However, as we noted, the high g,, in this Weyl transistor is
due not only to the extremely low resistivity of the channel, but also to
the signal transfer from the superconducting gate to the WSM.
Therefore, the high-frequency properties, such as the power gain, are
different from standard transistors and a direct comparison with
respect to high-frequency properties cannot be made strictly based on
DC characteristics”. Nevertheless, the combination of extremely high
channel mobility and strong magnetoresistive coupling is predicted to
enable a level of energy efficiency that is not possible with semi-
conductor transistor technologies”.

As a direction for future improvements, device designs based on
scaled Weyl semimetal thin films* that can generate stronger local
magnetic fields could be explored. Preliminary results on semimetal
thin-film growth exist, such as for Cd;As,**%, HfTe,”, PtTe,*°, NbP¥,
TaP%, and Na3Bi®', among others. In addition, the use of new channel
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as a function of the voltage drop on the WSM. The linear trend is in agreement with
Eq. (2). In green: measured g, as a function of the power dissipated in the WSM.
The transconductance is evaluated with respect to the actual voltage drop on the
gate contacts (-8 pV at a nominal value of 1V).
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materials with strong magnetic field response close to zero field®, or
with enhanced MR response®®, can enable operation without an
external magnetic offset field. transport properties of such materials.

Discussion

In this work, we have demonstrated a magnetic field-effect transistor
based on the Weyl semimetal NbP. The transistor action is enabled by
the extreme magnetoresistance of this material, which is modulated
through the local magnetic field generated by an integrated super-
conductor. The device utilizes a FIB-manipulated NbP microcrystal
exhibiting carrier mobility greater than 1,000,000 cm?/Vs, and mag-
netoresistance above 10,000% at 5 K and 9 T. These properties enabled
the Weyl transistor to operate with extremely high transconductance
gain at nanowatt levels of power dissipation, indicating the potential
for improvements over standard cryogenic amplifier technologies. We
foresee qubit readout signal amplification as a highly attractive area of
application for this type of device due to the increasing need for low-
power cryogenic amplifiers in advanced quantum computers. The
results indicate a promising path forward for integrated Weyl semi-
metal electronics that can leverage the often extreme transport
properties of such materials.

Methods

Sample growth

The NbP crystal was grown in the same batch as the ones characterized
in previous works*>¢*, Polycrystalline NbP powder was synthesized by
reacting Nb powder (99.9% purity) and red phosphorous pieces
(99.999% purity) in an evacuated silica tube for 48 h at 800 °C. Single
NbP crystals were then grown from this powder through a chemical
transport reaction using iodine as the transport agent, with the source
and sink set at 950 °C and 850 °C, respectively.

Device fabrication

The gate process consisted of the following steps. First, 200 nm of
superconductive NbN was deposited by means of physical sputtering
deposition. The NbN layer was subsequently covered with a SiO, hard
mask (400 nm) obtained by means of plasma-enhanced chemical
vapor deposition (PECVD). The hard mask was patterned with a direct
write laser lithography (Heidelberg DWL 2000) and then opened with
a reactive ion etching (RIE) process. Finally, the NbN layer was etched
into the desired shape with inductively coupled plasma reactive ion
etching (chlorine-based), and the SiO, hard mask was removed
with HF. Prior to the crystallite deposition, 20 nm of PECVD SiO,
was deposited, to provide electrical insulation. Au contact pads
(210 nm Au + 10 nm Ti, for adhesion) were evaporated and patterned
with a lift-off method. Lastly, from the NbP bulk sample, a 30 pm x
20 um x 1 um large crystallite was cut and then patterned with a dual
beam focused ion beam system (FIB) of the type FEI Helios 600i using
30keV Ga+ ions. The crystallite was then transferred onto the gate
structure by using an Omni-probe integrated in the FIB system.

Electrical transport measurements

The measurements were carried out using a Quantum Design PPMS
system, a cryostat able to cool the sample down to 1.7 K and to gen-
erate a magnetic field strength up to 9T. The PPMS system was
externally connected to two lock-in amplifiers for the electrical mea-
surements (Zurich Instruments MFLI 500 kHz/5 MHz). The measure-
ments were taken applying a constant current at ~113 Hz. The reported
values of current and voltage are root mean square (RMS) values.

Data analysis and simulations

The simulations have been carried out first within the MATLAB envir-
onment, implementing a self-made code for the field strength eva-
luation, which solves numerically a generalized Biot-Savart equation.
For further validation of the results, ANSYS Maxwell 3D has been used,

solving Maxwell’s equation in a transverse cross-section of the device.
Both MATLAB and a Python environment were used for the data
analysis.

Data availability
The data generated in this study is available on Zenodo under the
accession code https://doi.org/10.5281/zenodo.10276238.
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