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( 57 ) ABSTRACT 
An apparatus for performing quantum computing includes 
multiple qubits , each of at least a subset of the qubits 
comprising a loop formed of a Dirac or Weyl semimetal and 
having at least two stable quantum states . The apparatus 
further includes at least one terahertz cavity coupled with the 
qubits , the terahertz cavity being configured to detect the 
quantum states of the qubits . Each of at least the subset of 
qubits is configured to receive a circularly polarized radia 
tion source . The radiation source is adapted to excite a chiral 
current in each of at least the subset of qubits , the quantum 
states of the plurality of qubits being a function of the chiral 
current . 
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QUANTUM COMPUTING USING CHIRAL forming quantum computing which eliminates or at least 
QUBITS substantially minimizes , one or more of the above - noted 

challenges facing conventional quantum computing imple 
CROSS - REFERENCE TO RELATED mentations . One or more aspects of the invention , according 

APPLICATIONS to illustrative embodiments thereof , involve the use of qubits 
formed using chiral materials , referred to herein as chiral This application claims priority to U.S. Provisional Patent qubits , in place of qubits formed using standard supercon Application Nos . 62 / 685,349 filed Jun . 15 , 2018 entitled ducting materials . Chiral qubits formed according to “ Chiral Qubit System and Method , ” 62 / 758,029 filed Nov. 9 , embodiments of the invention beneficially achieve greater 2018 entitled “ Chiral Qubit System and Method , ” 62/828 , 10 coherence times ( e.g. , about 100 nanoseconds ( ns ) ) . Addi 549 filed Apr. 3 , 2019 entitled “ Chiral Qubit System and 

Method , " and 62 / 854,080 filed May 29 , 2019 entitled “ Chi tionally , chiral qubits according to aspects of the invention 
ral Qubit System and Method , ” the disclosures of which are allow the implementation of quantum gates at frequencies of 
incorporated by reference herein in their entireties for all about 10 terahertz ( THz ) or higher . Thus , while the chirality 

coherence time may still be considered short ( with a chiral purposes . 15 ity flipping rate in the GHz frequency range ) , the ability to 
STATEMENT OF GOVERNMENT RIGHTS form quantum gates comprising chiral qubits that operate at 

clock frequencies of about 10 THz or higher leads to a ratio 
This invention was made with government support under of coherence time to gate time on the order of about 104 or 

Grant Nos . DE - SC0012704 , DE - SC0017662 and DE - FG02 higher , which is sufficient for the implementation of quan 
88ER40388 awarded by the Department of Energy . The 20 tum error correction algorithms . Advantageously , chiral 
government has certain rights in the invention . qubits formed according to one or more aspects of the 

invention achieve such superior performance metrics with 
BACKGROUND out a need to cool the qubits to typical superconductivity 

temperatures ( e.g. , about 10 mK ) . The present invention relates generally to the electrical , An exemplary apparatus for performing quantum com electronic and computer arts , and , more particularly , to puting , according to an aspect of the invention , includes quantum computing . multiple qubits , each of at least a subset of the qubits Quantum computing involves the use of quantum - me 
chanical phenomena such as superposition and entangle comprising a loop formed of a Dirac or Weyl semimetal and 
ment to perform computation . A quantum computer is used having at least two stable quantum states . The apparatus 
to perform such computation . There are currently two pri- 30 further includes at least one terahertz cavity coupled with the 
mary approaches to physically implementing a quantum qubits , the terahertz cavity being configured to detect the 
computer : analog and digital . Analog approaches include quantum states of the qubits . Each of at least the subset of 
quantum simulation , quantum annealing , and adiabatic qubits is configured to receive a circularly polarized radia 
quantum computation . Digital quantum computers employ tion source . The radiation source is adapted to excite a chiral 
quantum logic gates to perform computation . Both analog 35 current in each of at least the subset of qubits , the quantum 
and digital approaches for implementing a quantum com states of the plurality of qubits being a function of the chiral 
puter use quantum bits , typically referred to as qubits , which current . 
represent the basic units of quantum information . In another aspect , an exemplary method for performing 

Quantum computing based on superconducting qubits has quantum computing includes : providing a plurality of 
made substantial progress recently . ( See , e.g. , J. M. Gam- 40 qubits , each of at least a subset of the qubits comprising a 
betta et al . , “ Building Logical Qubits in a Superconducting loop formed of a Dirac or Weyl semimetal and having at 
Quantum Computing System , " npj Quantum Information 3 , least two stable quantum states , and at least one terahertz 
Article No. 2 , January 2017 , pp . 1-7 ) . However , the reliance cavity coupled with the plurality of qubits , the terahertz 
on superconductivity imposes severe constraints on quan cavity being configured to detect the quantum states of the 
tum processors due , at least in part , to the need to cool the 45 qubits ; and exposing at least the subset of qubits to a 
qubits to very low temperatures ( e.g. , about 10 millikelvins circularly polarized radiation source , whereby a chiral cur 
( mK ) ) , and a magnitude of the superconducting gap limits rent is excited in each of at least the subset of qubits , the 
the operation frequency of quantum processors to the giga quantum states of the plurality of qubits being a function of 
hertz ( GHz ) range . the chiral current . 

Another significant challenge for conventional quantum 50 As may be used herein , “ facilitating ” an action includes 
computing systems is controlling the loss of quantum coher performing the action , making the action easier , helping to 
ence , known as decoherence . Quantum computers require carry the action out , or causing the action to be performed . 
that coherent states be preserved and that decoherence is Thus , by way of example and not limitation , instructions 
managed in order to actually perform quantum computation . executing on one processor might facilitate an action carried 
Decoherence times for current quantum computing systems 55 out by instructions executing on a remote processor , by 
are typically on the order of a fraction of a millisecond , sending appropriate data or commands to cause or aid the 
which significantly limits the number of operations that can action to be performed . For the avoidance of doubt , where 
be performed in a prescribed period of time . As a result , an actor facilitates an action by other than performing the 
time - consuming tasks may render some quantum algorithms action , the action is nevertheless performed by some entity 
inoperable , since maintaining the state of the qubits for a 60 or combination of entities . 
long enough duration will eventually corrupt the superpo Various units , circuits , modules , or other components may 
sitions . be described herein as being " configured to ” perform a 

particular task or tasks . In such contexts , the term " config 
SUMMARY ured to ” is intended to be construed broadly as a recitation 

65 of structure generally meaning “ having circuitry that ” per 
The present invention , as manifested in one or more forms the task or tasks during operation . As such , the 

embodiments , comprises a method and apparatus for per unit / circuit / module / component can be configured to perform 
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the subject task or tasks even when the unit / circuit / module / FIG . 2B is a schematic view depicting an illustrative 
component / is not currently powered on . In general , circuitry chiral particle diffusion process , leading to a nonlocal volt 
that forms the structure corresponding to " configured to ” age drop along a magnetic field direction at different dis 
may include hardware circuits and / or memory storing pro tances ; 
gram instructions executable to implement the operation . 5 FIG . 3 conceptually depicts a Weyl semimetal , repre 
Similarly , various units / circuits / modules / components may sented as two spatially separated , massless Weyl nodes with 
be described as performing a task or tasks , for convenience distinct chiralities , x = -1 and +1 ; 
in the description . Such descriptions should be interpreted as FIG . 4 conceptually depicts two basis quantum states of 
including the phrase “ configured to . ” Reciting a unit / circuit / an exemplary chiral qubit , according to an embodiment of 
module / component that is configured to perform one or 10 the present invention ; 
more tasks is expressly intended not to invoke a 35 U.S.C. FIG . 5 conceptually depicts an exemplary ring - shaped 
$ 112 , paragraph ( f ) interpretation for that unit / circuit / chiral qubit with flux lines through the ring attributable to 
module / component . quantum currents flowing in the qubit , according to an 

One or more embodiments of the invention , or elements embodiment of the present invention ; 
and features thereof , can be implemented in the form of an 15 FIGS . 6A - 6C conceptually illustrate multiple kinds of 
article of manufacture including a machine readable medium asymmetric Weyl semimetals using Weyl or Dirac 3D cones , 
that contains one or more programs which when executed with FIG . 6A showing Weyl notes at different energy levels , 
implement one or more method steps set forth herein ; that is FIG . 6B showing different Fermi velocities for the left- and 
to say , a computer program product including a tangible right - Weyl fermions , and FIG . 6C showing left - symmetric 
computer readable recordable storage medium ( or multiple 20 and right - tilted Weyl cones ; 
such media ) with computer usable program code for per FIGS . 7A and 7B conceptually depict the chirality - depen 
forming the method steps indicated . Furthermore , one or dent optical transition of Weyl fermions with symmetric and 
more embodiments of the invention or elements thereof can titled cones , respectively ; 
be implemented in the form of an apparatus including FIG . 8 illustrates at least a portion of an exemplary device 
memory and at least one processor that is coupled to the 25 adapted to measure the chiral vertical effect ( CVE ) in Weyl 
memory and operative to perform , or to facilitate the per semimetals , such as TaAs , according to an embodiment of 
formance of , exemplary method steps . Yet further , in another the present invention ; 
aspect , one or more embodiments of the invention or ele FIGS . 9A and 9B conceptually depict at least a portion of 
ments thereof can be implemented in the form of means for apparatus configured for CVE voltage detection , according 
carrying out one or more of the method steps described 30 to embodiments of the present invention ; 
herein ; the means can include ( i ) specialized hardware FIGS . 10A - 10D are top level views depicting exemplary 
module ( s ) , ( ii ) software module ( s ) stored in a tangible modifications of Weyl semimetal ring structures , according 
computer - readable recordable storage medium ( or multiple to embodiments of the present invention ; 
such media ) and implemented on a hardware processor , or FIG . 11 depicts at least a portion of an exemplary chiral 
( iii ) a combination of ( i ) and ( ii ) ; any of ( 1 ) - ( iii ) implement 35 quantum processor including an array of chiral qubits , 
the specific techniques set forth herein . according to an embodiment of the present invention ; 

Aspects of the present invention can provide substantial FIG . 12 depicts at least a portion of an exemplary chiral 
beneficial technical effects . For example , a chiral qubit loop device , according to an embodiment of the present 
adapted for use in a quantum computing apparatus according invention ; and 
to one or more embodiments of the present invention 40 FIG . 13 is a schematic diagram depicting at least a portion 
achieves one or more of : of an exemplary quantum computing system including the 

greater coherence duration ; illustrative chiral qubit shown in FIG . 12 , implemented with 
ability to operate at higher switching frequencies ; chiral materials in a high inductance loop , along with 
operation at a substantially higher temperature , even room corresponding read / write control circuitry , according to an 

temperature ; 45 embodiment of the present invention . 
ability to manipulate chiral magnetic current using light It is to be appreciated that elements in the figures are 

( e.g. , circularly polarized light beam ) , which can illustrated for simplicity and clarity . Common but well 
thereby achieve gate times on the order of tens of THz . understood elements that may be useful or necessary in a 

These and other features and advantages of the present commercially feasible embodiment may not be shown in 
invention will become apparent from the following detailed 50 order to facilitate a less hindered view of the illustrated 
description of illustrative embodiments thereof , which is to embodiments . 
be read in connection with the accompanying drawings . 

DETAILED DESCRIPTION OF PREFERRED 
BRIEF DESCRIPTION OF THE DRAWINGS EMBODIMENTS 

55 

The following drawings are presented by way of example Principles of the present disclosure will be described 
only and without limitation , wherein like reference numerals herein in the context of apparatus , systems and methods for 
( when used ) indicate corresponding elements throughout the quantum computing using qubits comprising chiral materi 
several views , and wherein : als . It is to be appreciated , however , that the specific 

FIG . 1 conceptually depicts an illustrative Josephson 60 apparatus , systems and / or methods illustratively shown and 
junction which may be used to implement a superconducting described herein are to be considered exemplary as opposed 
qubit in a quantum computer ; to limiting . Moreover , it will become apparent to those 

FIG . 2A conceptually depicts the generation of chiral skilled in the art given the teachings herein that numerous 
charge imbalance using a Weyl or Dirac three - dimensional modifications can be made to the embodiments shown that 
( 3D ) cone when no field is present , and using one - dimen- 65 are within the scope of the appended claims . That is , no 
sional cones when a magnetic field is present and when limitations with respect to the embodiments shown and 
magnetic and electric fields are present ; described herein are intended or should be inferred . 
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Efficient and reliable quantum computing requires con theoretical methods and is given by the following expres 
trollable and robust qubits . In modern quantum computers , sion , in the case of conserved chirality : 
the qubits are typically realized as superconducting Joseph J = OCMEB , [ 1 ] son junction devices cooled down to tens of mK tempera 
tures or as trapped ions / cold atoms held in place by laser 5 where I represents CME current , OCME represents the CME 
beams ( i.e. , laser trapping ) . The necessity to maintain such conductivity tensor , and B represents the magnetic field . low temperatures or laser trapping is a primary obstacle to CME can be induced by the electric and magnetic fields a commercially viable , mass - producible quantum computer . being parallel relative to one another . 
As previously explained , quantum computers utilizing Dirac semimetals ( e.g. , zirconium pentatelluride ( ZrTes ) , 
superconducting qubits face a number of other significant 10 cadmium arsenide ( Cd , As , ) , trisodium bismuthide ( Na , Bi ) ) 
challenges . Some of these other inherent challenges of and Weyl semimetals ( e.g. , tantalum arsenide ( TaAs ) , nio superconducting qubits include , but are not limited to , bium arsenide ( NbAs ) , niobium phosphide ( NbP ) , and tan having an operation frequency limited to the gigahertz talum phosphide ( TaP ) ) contain electrons that act as mass ( GHz ) range based on a magnitude of the superconducting less relativistic particles . These Dirac and Weyl semimetals 
gap , very short coherence time ( on the order of about 100 15 exhibit chiral anomaly , among other interesting character 
microseconds ( us ) ) , slow gate time ( on the order of about istics . The anomaly occurs when both electric and magnetic 
100 nanoseconds ( ns ) ) , low fault tolerance , and poor scal fields are applied to the material and has measurable con 
ability due at least in part to frequency collision in cross sequences for electric transport . This chiral anomaly can 
resonance gates , among other factors . also occur in Dirac and Weyl semimetals when real elec 

Conventional superconducting qubits make use of the 20 tromagnetic ( EM ) fields are replaced by strain - induced Josephson effect , a phenomenon whereby a current flows pseudo - EM fields . indefinitely long without any voltage applied across a device In 3D chiral materials , gapless fermions are described by 
known as a Josephson junction . With reference to FIG . 1 , an eigenstates of Weyl or Dirac equations with a definite 
illustrative Josephson junction 100 is shown which consists chirality ( projection of spin onto momentum ) . An electric 
of two or more superconductor materials ( e.g. , aluminum ) , 25 current in such materials can be induced by external gauge 
102 and 104 , coupled by a weak link 106 ( e.g. , aluminum fields with non - trivial topology , for example by parallel 
oxide ) . In this illustration , the two superconductor materials electric and magnetic fields , which enable the transfer of 
102 , 104 are formed in the shape of overlapping segments of chirality from an electromagnetic field to the chiral fermi 
a ring . The weak link 106 may consist of a thin insulating ons . In the absence of chirality flipping , this CME gives rise 
barrier ( known as a superconductor - insulator - superconduc- 30 to a dissipation - free transport of charge that is similar to 
tor junction ) acting as a tunnel junction , a short section of superconductivity but can exist at much higher tempera 
non - superconducting metal , or a physical constriction that tures , even room temperature . The chirality - flipping transi 
weakens the superconductivity at the point of contact . As tions introduce dissipation and limit the coherence time of 
previously stated , the operating temperature of the super the chiral magnetic current . Therefore , understanding the 
conducting qubit is about 10 mK . 35 mechanism of chirality flipping is important for realizing an 

The present invention , as manifested in one or more efficient chiral qubit . Factors that contribute to chirality 
embodiments , comprises an apparatus and method for per flipping include , but are not limited to , band topology , Fermi 
forming quantum computing which beneficially eliminates , energy ( chemical potential ) , electron - phonon coupling , 
or at least substantially minimizes , one or more of the Fermi velocity , magnetism , strain / pressure , spin - orbital cou 
above - noted challenges facing conventional quantum com- 40 pling ( SOC ) , and dimensionality . Understanding the role and 
puting implementations . Aspects of the invention , according interplay of these factors is an important mechanism in 
to illustrative embodiments thereof , use novel chiral qubits , gaining control of the chiral flipping rate in chiral materials , 
comprising chiral materials , in place of superconducting as will be described in further detail herein below . 
qubits to achieve superior performance . Advantageously , the In presently available Dirac and Weyl semimetals , the 
chiral qubits can maintain coherence at much higher tem- 45 chirality flipping rate is in the 1 GHz to 1 THz range ( 1 
peratures ( e.g. , 150 degrees K , or even room temperature ) THz = 1 / picosecond ( ps ) ) ; this leads to a quantum coherence compared to superconducting qubits . Moreover , a quantum time of the chiral qubit of up to 1 ns . The chiral current can device according to one or more embodiments of the inven be controlled by light with a frequency of up to about 10 
tion can be controlled by electromagnetic radiation with THz , which determines the gate time of the chiral qubit of high gate and readout fidelity . 50 about 0.1 ps . Therefore , a ratio of coherence time to gate Embodiments of the invention exploit a chiral magnetic time of the chiral qubit according to embodiments of the 
effect ( CME ) and a corresponding nearly dissipationless invention is about 104 , which potentially makes it a high 
chiral magnetic current in three - dimensional ( 3D ) chiral fidelity device capable of operating at frequencies of up to 
materials ( e.g. , Weyl or Dirac semimetals ) to demonstrate a 10 THz , about 10+ faster than existing superconducting 
new type of qubit , referred to herein as a chiral qubit , 55 qubits , and at room temperature . capable of operating at room temperature , THz frequencies , In one or more embodiments , a non - dissipative chiral and having a large ratio of coherence time to gate time , on charge transport enabled by the chiral anomaly provides a 
the order of about 104. In simple terms , CME is the direct link between gauge field theory and experiment . The generation of electric current along an external magnetic chiral anomaly of quantum electrodynamics dictates that the 
field induced by chirality imbalance between left- and 60 parallel external electric and magnetic fields generate the 
right - handed fermions in the presence of a magnetic field . If chiral charge with a rate 
the densities of the right- and left - handed fermions are 
different , the currents of positive and negative charges do 
not compensate each other , and the system develops a net dps 
electric current ; this net electric current is called the chiral 65 
magnetic current and the overall effect is referred to as the 
CME . The corresponding current can be computed by field 
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given by the following expression : 0.001-1 THz frequency range . The effect of chirality flipping 
is reduced when the frequency of the external electromag 
netic field is higher than this characteristic frequency . Inves 

dp5 e2 [ 2 ] tigating the optical properties of the low scattering , low 
dt 5 dissipation electron transport and photonic properties of 

chiral bulk materials and nanocrystals at the THz frequency 
range can be beneficial in determining the chiral flipping where the first term is induced by the anomaly , and the rate . 

second term takes into account the chirality flipping transi FIG . 3 conceptually depicts a Weyl semimetal , repre 
tions between the left- and right - handed fermions with a 10 sented as two spatially separated , massless Weyl nodes , 
scattering time Ty , as shown in FIG . 2A . FIG . 2A concep cones 302 and 304 , with distinct chiralities , x = -1 and +1 , 
tually depicts the generation of chiral charge imbalance respectively . In Weyl semimetals , conduction and valence 
using a Weyl or Dirac 3D cone when no field is present ( left bands touch linearly near a Fermi energy ( Ep ) plane 306 . 
column ) , and using one - dimensional “ cones ” when a mag Weyl states are closely related to Dirac states , where both 
netic field is present ( center column ) and when magnetic and 15 time reversal and crystal inversion symmetries are pre 
electric fields are present ( right column ) . served . In contrast , Weyl states emerge when one of these 

With reference to FIG . 2A , parallel external electric ( E ) symmetries is broken . The band touching points in a Weyl 
and magnetic ( B ) fields generate the chiral charge imbal semimetal ( so - called Weyl nodes ) always come in spatially 
ance . Left and right Weyl or Dirac 3D cones , 202 and 204 , separated pairs of opposite chirality ( x = + 1 ) , as shown in 
respectively , are shown when no field is present . In graphs 20 FIG . 3 , which distinguish them from Dirac semimetals 
206 and 208 , left and right one - dimensional ( 1D ) “ cones , ” having two degenerate Weyl nodes ( doubly degenerated 
respectively , are depicted with Landau levels under a mag bands ) of opposite chirality that form one Dirac node . The 
netic field . In graphs 210 and 212 , left and right 1D cones , Berry curvature in a Weyl semimetal becomes singular at the 
respectively , illustrate the chiral anomaly when both mag Weyl node , creating an effective magnetic monopole in the 
netic and electric fields are present . 25 k - space . 

This chirality - flipping process is a major obstacle pre The chiral magnetic current exists in 3D chiral materials 
venting fully non - dissipative transport , since it depletes the at temperatures of about 150 K or higher . More particularly , 
amount of chiral charge that can be produced . The quasi CME exists at room temperature in Dirac semimetals , even 
particles with different chirality are converted to each other with small band gap , band non - linearity , and crystal defor 
with a rate that is in the GHz - THz frequency range , possibly 30 mation . In an illustrative embodiment involving massless or 
via magnetic impurities , band bending and band mixing , or massive 3D Dirac fermions in ZrTez , a linear relationship is 
electron - phonon coupling . Understanding and tuning the observed between the zero - magnetic field ( B ) absorption 
chirality - flipping rate is an important factor in achieving low and the photon energy . A bandgap of about 10 millielec 
dissipation electronic and photonic quantum devices . tronvolt ( meV ) and a square root magnetic field ( VB ) depen 

The scattering time ty can be directly measured by taking 35 dence of the Landau level ( LL ) transition is observed at 
advantage of the nonlocal transport behavior of chiral par magnetic fields . Reemergence of intra - LL transitions at 
ticles . This nonlocal transport is a result of the chiral charge magnetic fields greater than about 17 Tesla reveals an energy 
diffusion through the crystal . Nonlocal voltage follows a cross between the two zeroth LLs , which reflects an inver 
diffusion formula sion between the bulk conduction and valence bands . 

At the heart of the chiral qubit according to one or more 
embodiments of the invention is a submicron - scaled Weyl or 

| x | Dirac semimetal ring structure , with 10 > and [ 1 > quantum V ( x ) < Voe L ' states corresponding to the symmetric and antisymmetric 
superpositions of quantum states describing chiral fermions 

where L , -VD Ty , D. is a diffusion constant related to mobil 45 circulating along the ring counter - clockwise and clockwise , 
respectively . FIG . 4 conceptually depicts two basis quantum ity u , by the Einstein relation states of an exemplary chiral qubit , according to an embodi 
ment of the invention . The chiral qubit in this embodiment 
is preferably formed as a submicron - scaled ring structure ed , 50 comprising chiral material ( e.g. , Dirac or Weyl semimetal ) , kBT ' although it is to be appreciated that the specific material , 
shape and / or dimensions of the chiral qubit are not limited 

Vo is source - drain voltage at a distance x = 0 from the by embodiments of the invention . 
source - drain , as shown in FIG . 2B . FIG . 4 illustrates the chiral qubit ring structure in two 

FIG . 2B is a schematic view depicting an illustrative 55 different quantum states ; namely , a first quantum state al0 > 
chiral particle diffusion process , leading to a nonlocal volt and a second quantum state B11 > . The alo > and Bi1 > 
age drop along a magnetic field direction at varying dis quantum states in this embodiment correspond to the sym 
tances from the source - drain ( x = 0 ) . Mobility can be metric and antisymmetric superpositions of quantum states 
obtained from conductivity and Hall coefficient measure describing chiral fermions circulating along the ring struc 
ments . With reference to FIG . 2B , multiple Hall - bar termi- 60 ture counter - clockwise 402 and clockwise 404 , respectively . 
nals can be used to measure the nonlocal voltages Vx? and The assignment of quantum states to a particular direction in 
Vx2 , at distances xl and x2 away from the source - drain , which the chiral fermions circulate in the ring structure is 
respectively , to determine L , that gives rise to ty . essentially arbitrary . These chiral magnetic currents , attrib 

It is to be appreciated that in addition to the transport utable to the circulation of chiral fermions , can be controlled 
measurements described above , chirality flipping rate can 65 by circularly polarized THz ( e.g. , far infrared ( IR ) ) incident 
also be determined by optical measurements . The chirality radiation 406. In one or more embodiments , the quantum 
flipping rate in different chiral materials is typically in the states corresponding to the non - dissipative CME current 
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circulating counter - clockwise and clockwise form the basis 
of the chiral qubit . The incident circularly polarized light d ( NR - NL ) dxEi Sara , 406 creates quantum superpositions of these states . 

As previously explained , FIG . 4 shows the basis quantum 
states of the chiral qubit corresponding to the persistent can be seen as resulting from the change in time of the loop current circulating clockwise 404 and counter - clockwise 
402 in the ring structure comprising a Weyl semimetal integral $ A , dx that , by Stokes theorem , is equal to mag 
( WSM ) or Dirac semimetal ( DSM ) , in accordance with one netic flux threading the ring . Using a Coulomb gauge and 
or more embodiments of the invention . These states reflect polar coordinates , the magnetic flux 0 through the ring can 
the chirality of gapless fermion quasi - particles in WSM 10 be related to the gauge potential by choosing Ap = 0 / ( 26R ) . 

The Dirac Hamiltonian corresponding to equation [ 3 ] DSM . The logic operation on the chiral qubit is performed above then takes the form by shining a circularly polarized radiation on the ring 
structure . The circularly polarized radiation will switch the 
chirality of the fermions circulating in the WSM / DSM ring [ 5 ] 
structure . More particularly , the circularly polarized light Î = twl ida + 
irradiation induces transitions between the basis states of the 
chiral qubit and creates the quantum superpositions of these 
states , in one or more embodiments ; this mechanism is used where w = vp / R and Do = hle is the flux quantum , and the 

Planck constant h has been restored . to implement a reversible quantum logic gate , according to 20 
aspects of the invention . The weights of the basis states in The two eigenstates of Oz in equation [ 5 ] above corre 
this quantum superposition will be a function of the intensity spond to the right- and left - handed chiral fermions . In the 
and duration of the radiation alse 406. The action of the ring setup , they are the clockwise and counter - clockwise 
optical irradiation in the chiral qubit is similar to the rotating fermions , shown in FIG . 5. The corresponding 
microwave irradiation capacitively coupled to a supercon stationary eigenstates of the Hamiltonian [ 5 ] are determined 
ducting qubit made of Josephson junctions for qubit opera by periodicity in the angle o : 
tion . In the case of chiral qubits , far IR waveguides may be YR2 ( 0,1 ) = exp ( -iER.Lt + in0 ) ¥ R.L , [ 6 ] 
used . where yr , are the eigenstates of o : FIG . 5 conceptually depicts an exemplary ring - shaped 
chiral qubit 502 with flux lines through the ring attributable O_URL = + VRL [ 7 ] 
to quantum currents flowing in the qubit , according to an with + ( - ) corresponding to right ( left ) -handed fermions . 
embodiment of the invention . In one or more embodiments , Equation [ 7 ] above does not imply that the right- and 
the chiral qubit ring 502 is made of a Dirac or Weyl left - handed fermions have their spins polarized in a direction 
semimetal , as previously described . The clockwise and orthogonal to the plane of the ring . Indeed , there is no spin 
counter - clockwise quantum currents form the IL ) and in one spatial dimension , and since in this case Ys = 02 , the 

eigenstates of o , simply correspond to clockwise ( R ) and | R ) quantum states , respectively , controlled by an external counter - clockwise ( L ) rotating fermions . 
magnetic field . A fractional flux 504 through the ring creates Substituting equation [ 6 ] into equation [ 5 ] yields the 
a quantum superposition of the ' L ) and ( R ) quantum 40 following eigenvalues 
states . 

By way of example only and without limitation , consider 
[ 8 ] a thin ring 502 of radius R - 1 um and thickness d << R made Ekot = tho?n + min . nez , 

of a Dirac or Weyl semimetal , as shown in FIG . 5. Let this 
ring 502 interact with an external electromagnetic field of 45 
THz frequency . Since 1 THz corresponds to a wavelength of corresponding to the positive energy particles and negative 
0.3 mm , the wavelength of electromagnetic field à is much energy “ antiparticles ; ” the sign of the energy is fixed by 
larger than the thickness of the ring d << , and the system chirality . 
can be modelled by the Dirac Lagrangian Some defining features of the chirality anomaly are pres 

50 ent in equation [ 8 ] and include the following : 
There is an infinite tower of eigenstates with energies 

[ 3 ] L = \ x { iyºDo + ivpy'D ; } extending down to E - 00 — this is the “ Dirac sea " of -E2 , and relativistic quantum field theory ; 
L = wi ( D . + UpDWR + Viki ( D. - UpDWL The energies of all states in this infinite tower respond to 

an external magnetic flux , so it is impossible to describe 
the Dirac sea response by introducing an ultraviolet 

describing the interaction of ( 1 + 1 ) dimensional fermions cutoff ; 
with the ( 3 + 1 ) dimensional gauge field , where the covariant Right- and left - handed fermions respond differently to an 
derivatives Du = 2 + ieAj , is the Dirac spinor that has 4 external magnetic flux — the energies of the right 
components in ( 3 + 1 ) dimensions , and 2 components in ( 1 + 1 ) 60 handed fermions increase with magnetic flux 0 , 
dimensions , Yu is the set of Dirac matrices satisfying the whereas the energies of the left - handed fermions 
anticommutation relations { YMYv } = 294x U = w * yº ; the decrease . As a result , an external magnetic flux gener 
Minkowski metric is defined as giv = diag ( + 1 , -1 , -1 , -1 ) and ates a collective current in the Dirac sea . 
gbv = diag ( +1 , -1 ) in ( 3 + 1 ) and ( 1 + 1 ) dimensions , respec The external flux Ø in general breaks the degeneracy 
tively . 65 between the energies of the right- and left - handed fermions . 

In this setup , the electric field entering the anomaly However , if 0/0 , is an integer or a half - integer , due to the 
equation symmetry under time reversal , the energy spectra of the 
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right- and left - handed fermions are the same , and so each consequence of the chiral anomaly that relates the chirality 
energy level is doubly degenerate due to the presence of both of fermion modes to the topology of the gauge field . This 
right- and left - handed fermions , in accord with Kramers means that the CME is robust with respect to all perturba 
theorem . tions that do not flip the chirality of fermions . 

Nevertheless , looking not at the entire spectrum but at a In one or more alternative embodiments , asymmetric 
specific energy level , its energy does change when 0/0 , Weyl semimetals ( in which the dispersions of left- and 
changes , even if this is a change by an integer number . As right - handed fermions are different ) are used to form the 
a result , as follows from equation [ 4 ] , a time - dependent chiral qubit . In this embodiment , unpolarized radiation 
magnetic flux through the ring O = A , dx = R % A do results induces transitions between the basis states of the chiral 
in the change in the difference between the occupation qubit and creates the quantum superpositions of these states . 
numbers of right- and left - handed fermions . FIGS . 6A - 6C conceptually illustrate multiple kinds of asym 

Each of the states within the spectrum given by equation metric Weyl semimetals using 3D cones . FIG . 6A depicts 
[ 8 ] corresponds to a circulating charged fermion , and thus left- and right - handed Weyl fermions , 602 and 604 , respec 
supports a corresponding quantum “ persistent ” current tively , having Weyl nodes at different energy levels . FIG . 6B 
given by depicts different Fermi velocities for the left- and right 

handed Weyl fermions , 606 and 608 , respectively . FIG . 6C 
depicts left - handed symmetric and right - handed tilted Weyl 

ho [ 9 ] cones , 610 and 612 , respectively . The qubit setup based on 
20 an asymmetric Weyl semimetal can also utilize the “ chiral 

magnetic superconductivity , ” when fermions of one chirality 
where the upper ( lower ) sign corresponds to the right- ( left ) are gapped while fermions of the other chirality are not . 
handed fermion . Since the current [ 9 ] is the same or all The energy difference between discrete states in the chiral 
quantum states n , the total current must be evaluated as the qubit of approximately 100 nm in size is about 10 meV . This 
sum over all occupied quantum states . 25 allows the use of THz ( far IR ) frequency laser radiation and 

To compute the resulting spatial component J of the quantum computation with a frequency of up to 1 THz , 
electric ( vector ) current Ju = JR " + J_ " , the sum over all occu which is about two orders of magnitude higher than the 
pied states of left- and right - handed fermions is performed current conventional processor clock frequency . 
as follows : Chiral vortical effect ( CVE ) is the appearance of an axial 

30 current in a system of rotating relativistic fermions . CVE can 
also exist in Dirac / Weyl semimetals , in which quasiparticles 

[ 10 ] near Dirac / Weyl notes behave like relativistic fermions with 
J = JR + IL = e . definitive chirality . In condensed matters , CVE may be 

realized in a closed loop made of Weyl semimetals with 
35 tilting Weyl cones , such as TaAs , under incident circular 

where N ( NR ) is the maximal value of the quantum number polarized light ( CPL ) via a circular photogalvanic effect 
n for the occupied left ( right ) -handed fermions , and 1 is the ( CPGE ) . The CPGE induces a rotating chiral current Icc in 
occupation number for the n - th fermion mode . The indi Weyl semimetals , giving rise to a measurable voltage per 
vidual terms in equation [ 10 ] diverge ; however , their dif pendicular to the current plane that can be directly measured 
ference is finite . The Fermi energies of left and right - handed 40 by conventional methods with an electrical conductive layer 
fermions are given by EFL = E ,, ( n = N , ) and E , R = E , ( n = NR ) ; and a grounding plate , among other means . As such , a novel 
introducing the chiral chemical potential ?g = CE - - E - 2 ) / 2 , chiral qubit can be constructed based on the CPGE and CVE 
equation [ 10 ] can be rewritten as in Weyl semimetals . 

In TaAs , the chirality of the Weyl fermions can be directly 
45 detected by measuring the photocurrent Icc in response to 

[ 11 ] circularly polarized mid - infrared light . The resulting photo j = -e current is determined by both the chirality of Weyl fermions 
and that of the photons . As will be described in conjunction 

This is the formula for the chiral magnetic current in ( 1 + 1 ) with FIGS . 7A and 7B , the principle of the CPGE is given 
dimensions . 50 below for optical transitions of Weyl fermions . 

In ( 3 + 1 ) dimensions , the chiral magnetic effect requires an FIGS . 7A and 7B conceptually depict the chirality - depen 
dent optical transition of Weyl fermions with symmetric and external magnetic field B ; in this case the current [ 11 ] flows titled cones , respectively . With reference to FIG . 7A , the 

in the direction of B. To obtain the current density in ( 3 + 1 ) chirality selection rule dictates that for a right circularly 
dimensions , [ 11 ] must be multiplied by the density of 55 polarized ( RCP ) light propagating along +2 and a right 
fermion states in a plane transverse to B given by eB / ( 26 ) ; handed Weyl fermion X = + 1 ) , the optical transition is 
this yields allowed on the + k , side , but forbidden on the -k , side due to 

the conservation of angular momentum . As shown in FIG . 
7B , a Pauli blockade is present when the chemical potential 

from the Weyl node , and becomes asymmetric about [ 12 ] away 
B. the nodal point in the presence of a finite tilt Weyl cone . For 272 semimetals with symmetric Weyl notes , the total photocur 

rent is zero because contributions from different Weyl fer 
At finite temperature , to evaluate the current one needs to mions will cancel each other , although there is nonzero 

differentiate not the energy but the thermodynamic potential ; 65 current associated with a single Weyl cone . In an inversion 
however the results for the current in equations [ 11 ] and [ 12 ] breaking Weyl semimetal , like TaAs , with mirror symme 
do not change and are independent of temperature ; this is a tries , the total current becomes non - vanishing . 
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As previously stated , when chiral fermions are set into current . The voltage VcVE is measured across the first and 
rotational motion , a CVE current is generated . The net second conducting layers 904 , 908. This voltage is produced 
current JCVE depends on the chiral chemical potential us , and due to CPL . Care should be taken to substrate the contri 
is given by bution of possible thermal voltage due to the heating effect 

5 by the incident light . The heating produces a temperature 
gradient leading to a thermal voltage between the first and 

u us [ 13 ] second conducting layers that can be discerned by the fact jcvene ?uf hve that the thermal voltage does not depend on the polarization . 
FIG . 9B illustrates at least a portion of an exemplary 

10 apparatus 950 which comprises a plurality of semimetal after restoring dimensionful parameters , where u , lts are the rings 952 arranged in an array , according to an alternative ordinary and chiral chemical potentials , respectively , 2 is embodiment of the invention . The apparatus 950 , in one or the angular velocity , Vp is the Fermi velocity and e , h more embodiments , comprises a 10x10 array of a microm usual constants . Angular velocity 2 can be expressed as eter sized TaAs ring , which appears to be practical as its 
15 overall size is preferably within the CPL spot size generated 

by a typical CO2 laser . It is to be understood , however , that 
embodiments of the invention are not limited to any par 
ticular dimensions or number of semimetal rings in the array . 
CVE can be explored using this arrangement 950 , which 

where v is the drift velocity due to the primary current 20 essentially works in a manner consistent with the apparatus 
and R is the radius of curvature of the corner . 900 shown in FIG . 9A . Using an array of semimetal rings By way of illustration only , FIG . 8 depicts at least a 952 increases the voltage VcVE formed across the first and portion of an exemplary device 800 adapted to measure the second conducting layers 904 , 908 . 
CVE in Weyl semimetals , such as TaAs , according to an FIGS . 10A - 10D are top level views depicting exemplary 
embodiment of the invention . In this exemplary geometry , 25 modifications of Weyl semimetal ring structures , according 
injecting chiral current from terminal pairs ( e.g. , terminals C to embodiments of the invention . It is to be appreciated that 
and D in FIG . 8 ) leads to a voltage between terminals E and embodiments of the invention are not restricted to any 
F. Using u , lz ~ 10 meV , VF - 10 % m / s and R - 1 mm , yields specific shape or dimensions of the ring structure . Rather , in SI units . Ordinary metals have a drift velocity the ring can be any shaped loop . A symmetric ring produces 
V drift - 10 * m / s , while graphene has been found to have a drift 30 no net chiral current . Thus , for the circular ring 1002 shown velocity v drift as large as Vp . Weyl semimetals are similar to in FIG . 10A , one way to effectively produce an asymmetric graphene , so using ve instead of v drift gives jcve ~ 10 % A / m² . structure is to cover a portion of the ring ( e.g. , half ) with a To convert this current into a voltage , the reported conduc material or coating 1004 that is opaque to IR ; region 1 is tivity of TaAs is used , 0-10 % / 9m , which gives the electric opaque to IR and region 2 is uncovered . FIG . 10B shows a 
field between terminals E and F in the exemplary device 35 rectangular ring 1010 with asymmetric exposed areas , 
shown in FIG . 8 as region 1 being larger in area compared to region 2. FIG . 10C 

depicts a triangular ring 1020 having one side ( 1 ) parallel to 
the b - axis . FIG . 10D depicts a rectangular ring 1030 having jCVE 

EEF one exposed surface ( side 1 ) perpendicular to incident light , 
40 while the another exposed surface ( side 2 ) is angled ( e.g. , 45 

degrees ) relative to the incident light ; a cross - sectional view 
Assuming the device has a thickness of 1 mm , then VEF ~ 104 of the ring 1030 taken along line 1-1 ' is shown below the top 
volt ( V ) . level view . 
FIGS . 9A and 9B conceptually depict at least a portion of By way of example only and without limitation , one or 

apparatus configured for CVE voltage detection , according 45 more embodiments of the invention provide a chiral qubit 
to embodiments of the invention . With reference to FIG.9A , apparatus and quantum computing method capable of oper 
a CVE voltage detection apparatus 900 includes a semimetal ating at room temperature . The apparatus and method 
ring 902 , which may comprise a Weyl or Dirac semimetal , according to one or more embodiments of the invention 
formed on an upper surface of a first conducting layer 904 , utilize the CME discovered experimentally in a Dirac semi 
which in one or more embodiments may be a ground plate . 50 metal ZrTes . The novel chiral qubit is based on the ability of 
A first thin ( e.g. , about 1 um in thickness ) insulating layer direct optical control of Weyl fermion chirality , and the 
906 may optionally be disposed between the ground plate non - dissipative transport of chiral fermions in the case of 
904 and the semimetal ring 902 for electrically isolating the conserved chirality . The apparatus and method according to 
ring from the ground plate . A second conducting layer 906 one or more embodiments of the invention utilize a microm 
is preferably disposed on an upper surface of the semimetal 55 eter - sized loop structure comprising a Dirac or Weyl semi 
ring 902. Optionally , a second thin ( e.g. , about 1 um in metal ( DSM or WSM , respectively ) . At micrometer scales , 
thickness ) insulating layer 908 is disposed between the the electric current of chiral fermions ( that is responsible for 
semimetal ring 902 and the second conducting layer 906 for the CME ) may dissipate slowly . Under the limit of fast 
electrically isolating the ring from the second conducting switching in the range of THz , the loop supports a persistent 
layer . 60 current , and operates similarly to the superconducting flux 

A circulating chiral current , either left - handed or right qubit , but advantageously without the need to cool the qubit 
handed , will be generated in the closed loop ring 902 down to about 10 mK . 
comprising Weyl semimetals with tilting Weyl cones as a In certain embodiments , multiple chiral qubits are 
result of incident circular polarized light ( CPL ) 912 via arranged to form a chiral quantum processor . FIG . 11 depicts 
CPGE . This apparatus 900 can be used , in one or more 65 at least a portion of an exemplary chiral quantum processor 
embodiments , to explore the CVE through measurement of 1102 suitable for use in a quantum computing system , 
voltage VcVE perpendicular to the plane of circulating chiral formed in accordance with an embodiment of the invention . 

= 0.1 V / m . 
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The chiral quantum processor 1102 includes a plurality of flow either clockwise or counter - clockwise . FIG . 13 is a 
chiral qubits 1104 arranged in an array . Readout devices and schematic diagram depicting at least a portion of an exem 
related circuitry are not shown for clarity purposes . Each of plary quantum computing system including the illustrative 
at least a subset of the chiral qubits 1104 is preferably chiral qubit 1200 shown in FIG . 12 , implemented with chiral 
implemented as a micrometer - sized loop structure compris- 5 materials in a high inductance loop , along with correspond 
ing a Dirac or Weyl semimetal , such as , for example , ZrTes . ing read / write control circuitry 1300 , according to an 
It is to be appreciated , however , that embodiments of the embodiment of the invention . The quantum state of the 
present invention are not limited to any specific number chiral qubit 1200 , in one or more embodiments , is measured 
and / or arrangement of chiral qubits 1104 in the quantum using inductively coupled readout and write ports 1302 and 

10 1304 , respectively , for sensing the light - induced current Icc processor 1102 , nor are the embodiments limited to any circulating in the chiral qubit 1200. Multiple chiral loops ( or specific type , shape and / or dimensions of the material form arrays of chiral loops ) can be connected together in parallel ing the qubits . In this embodiment , a source of circularly via read / write ports , or processed like an integrated circuit , polarized light 1106 shining on a subset of the chiral qubits to increase total current output . For simplicity , a single 1104 creates an entangled quantum state of these qubits that 15 read / write control circuit is shown in FIG . 13 , although it is is used for quantum information processing . to be understood that multiple read / write control circuits Further details and an operation of the chiral quantum may be similarly employed . processor 1102 will now be described , with reference to The read / write control circuitry 1300 , in this embodiment , FIG . 11. In one or more embodiments of the invention , an comprises a first coil 1306 that is inductively coupled with implementation of chiral quantum computation includes 20 the read port 1206 in the chiral qubit 1200 , and a second coil nanofabricated chiral electronics elements ( e.g. , chiral 1308 that is inductively coupled with the write port 1208 in qubits 1104 ) coupled with circularly polarized light ( e.g. , the chiral qubit . The chiral current indicative of the basis CPL source 1106 ) . In quantum computing , chiral loops quantum state in which the chiral qubit 1200 resides is ( which may be called persistent current loops at high fre sensed ( i.e. , read ) via the first coil 1306 and made externally quency w limit 25 accessible via the readout port 1302. Similarly , chiral current 
in the chiral qubit 1200 , and thus the basis state of the qubit , 
can be influenced by introducing a write current to the 
second coil 1308 via the externally accessible write port 
1304. As shown in FIG . 13 , the readout port 1302 in the 

30 read / write control circuitry 1300 is decoupled , and in certain 
where t , is the chirality flipping time ) are micrometer or embodiments completely decoupled , from the qubit in the 
sub - micrometer sized loops of chiral materials , such as a OFF phase . Isolation of the chiral qubit 1200 both from the 
Dirac or Weyl semimetal , with sections engineered into readout port 1302 and the control port 1304 is achieved 
inductive coils so that a persistent current will flow continu through impedance mismatch of transformers . 
ally , in the limit of conserved chirality . Computation operations are performed , in one or more 

At least a portion of an exemplary chiral loop device ( i.e. , embodiments of the invention , by pulsing the chiral qubit 
chiral qubit ) 1200 according to one or more embodiments of 1200 with THz ( e.g. , far IR ) radiation which has an energy 
the invention is shown in FIG . 12 , the inset to which shows comparable to that of a gap between the energy of the two 
a nano - fabricated chiral element 1202. This specific chiral basis states . Properly selected frequencies are configured to 
element 1202 was fabricated with a Dirac semimetal , ZrTes , 40 place the chiral qubit into quantum superposition of the two 
using , for example , focused ion beams . The nano - fabricated basis states . Subsequent light pulses can manipulate the 
chiral element 1202 shown in FIG . 12 demonstrates that probability weighting that the chiral qubit will be measured 
various shapes of loop with different arrangements of con in either of the two basis states , plus performing a compu 
tact leads can be made using modern nano - technology . tational operation . 

With continued reference to FIG . 12 , the chiral loop 45 As explained in conjunction with FIG . 5 , in one or more 
device 1200 includes a main body portion 1204 comprising embodiments , when a chiral qubit is irradiated with a 
a Dirac or Weyl semimetal , such as ZrTez , a first inductive circularly polarized light or other radiation source ( e.g. , far 
coil 1206 , which may form a read port in the device , and a infrared ) , a current will be excited in the qubit . This current 
second inductive coil 1208 , which may form a write port in will cause an electromagnetic field to be emitted by the 
the device . The main body portion 1204 , first inductance coil 50 qubit . In a quantum computing application , where multiple 
1206 and second inductive coil 1208 are electrically con chiral qubits are employed , the electromagnetic field emitted 
nected together in series to form a closed loop . The chiral by one qubit will be absorbed by , or otherwise influence , one 
loop device 1200 , in one or more embodiments , is made by or more adjacent qubits , and so these qubits will become 
nanofabrication on a single piece of Dirac or Weyl semi entangled . As is known by those skilled in the art , quantum 
metal crystal ( i.e. , the main body portion 1204 and first and 55 entanglement is a physical phenomenon that occurs when 
second inductive coils 1206 , 1208 can be fabricated mono pairs or groups of particles are generated , interact , or share 
lithically on the same substrate ) , so that a persistent chiral spatial proximity in ways such that the quantum state of each 
current , Icc , flows in the device indicated by the arrow ) particle cannot be described independently of the state of the 
produced by incident circularly polarized light . An ampli others , even when the particles are separated by a large 
tude of the chiral current Icc produced in the device will be 60 distance . In one or more embodiments , a THz cavity , such 
a function of one or more properties of the light source , as , for example , a split - ring resonator or the like , is coupled 
including , but not limited to , duration , intensity , beam width , with the plurality of chiral qubits to detect the quantum 
and / or frequency . Thus , by modulating one or more prop states of the qubits as part of an overall quantum computing 
erties of the light source , the amplitude of the chiral current apparatus or system . 
in the device can be modulated accordingly . Existing realizations of superconducting qubits require 
As previously explained , computational basis states of a low temperatures , typically below 100 mK . This makes it 

chiral qubit are defined by circulating currents which can necessary to undesirably employ sophisticated refrigeration 
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systems ; as a result , the current quantum computers are very provided herein , one of ordinary skill in the art will be able 
expensive ( e.g. , about $ 10M ) and large . Advantageously , a to contemplate other implementations and applications of 
chiral qubit system and method according to one or more embodiments of the invention . 
embodiments of the invention is capable of operation at The illustrations of embodiments of the invention 
room temperature . This is due , at least in part , to a reliance 5 described herein are intended to provide a general under 
of the system and method on exploiting approximate con standing of the various embodiments , and they are not 
servation of chirality in Weyl and Dirac semimetals at intended to serve as a complete description of all the 
sub - micron scales , which holds at room temperatures . A elements and features of apparatus and systems that might 
room temperature chiral qubit beneficially enables a revo make use of the circuits and techniques described herein . 
lution in quantum computer technology by dramatically 10 Many other embodiments will become apparent to those 
reducing the cost and size of the quantum processor , and skilled in the art given the teachings herein ; other embodi 
making it possible to commercially implement consumer ments are utilized and derived therefrom , such that structural 
quantum computer devices . and logical substitutions and changes can be made without 

Given the discussion thus far , it will be appreciated that an departing from the scope of this disclosure . The drawings 
exemplary apparatus for performing quantum computing 15 are also merely representational and are not drawn to scale . 
includes multiple qubits , each of at least a subset of the Accordingly , the specification and drawings are to be 
qubits comprising a loop formed of a Dirac or Weyl semi regarded in an illustrative rather than a restrictive sense . 
metal and having at least two stable quantum states . The Embodiments of the invention are referred to herein , 
apparatus further includes at least one terahertz cavity individually and / or collectively , by the term " embodiment ” 
coupled with the qubits , the terahertz cavity being config- 20 merely for convenience and without intending to limit the 
ured to detect the quantum states of the qubits . Each of at scope of this application to any single embodiment or 
least the subset of qubits is configured to receive a circularly inventive concept if more than one is , in fact , shown . Thus , 
polarized radiation source . The radiation source is adapted to although specific embodiments have been illustrated and 
excite a chiral current in each of at least the subset of qubits , described herein , it should be understood that an arrange 
the quantum states of the plurality of qubits being a function 25 ment achieving the same purpose can be substituted for the 
of the chiral current . specific embodiment ( s ) shown ; that is , this disclosure is 

Given the discussion thus far , it will also be appreciated intended to cover any and all adaptations or variations of 
that an exemplary method for performing quantum comput various embodiments . Combinations of the above embodi 
ing includes : providing a plurality of qubits , each of at least ments , and other embodiments not specifically described 
a subset of the qubits comprising a loop formed of a Dirac 30 herein , will become apparent to those of skill in the art given 
or Weyl semimetal and having at least two stable quantum the teachings herein . 
states , and at least one terahertz cavity coupled with the The terminology used herein is for the purpose of describ 
plurality of qubits , the terahertz cavity being configured to ing particular embodiments only and is not intended be 
detect the quantum states of the qubits ; and exposing at least limiting of the invention . As used herein , the singular forms 
the subset of qubits to a circularly polarized radiation source , 35 “ a , ” “ an ” and “ the ” are intended to include the plural forms 
whereby a chiral current is excited in each of at least the as well , unless the context clearly indicates otherwise . It will 
subset of qubits , the quantum states of the plurality of qubits be further understood that the terms " comprises ” and / or 
being a function of the chiral current . “ comprising , " when used in this specification , specify the 
At least a portion of the techniques of the present inven presence of stated features , steps , operations , elements , 

tion may be implemented in an integrated circuit . In forming 40 and / or components , but do not preclude the presence or 
integrated circuits , identical die are typically fabricated in a addition of one or more other features , steps , operations , 
repeated pattern on a surface of a semiconductor wafer . Each elements , components , and / or groups thereof . Terms such as 
die includes a device described herein , and may include " upper , ” “ lower ” and “ back ” are used to indicate relative 
other structures and / or circuits . The individual die are cut or positioning of elements or structures to each other when 
diced from the wafer , then packaged as an integrated circuit . 45 such elements are oriented in a particular manner , as 
One skilled in the art would know how to dice wafers and opposed to defining absolute positioning of the elements . 
package die to produce integrated circuits . Any of the The corresponding structures , materials , acts , and equiva 
exemplary circuits illustrated in the accompanying figures , lents of all means or step - plus - function elements in the 
or portions thereof , may be part of an integrated circuit . claims below are intended to include any structure , material , 
Integrated circuits so manufactured are considered part of 50 or act for performing the function in combination with other 
this invention . claimed elements as specifically claimed . The description of 

Those skilled in the art will appreciate that the exemplary the various embodiments has been presented for purposes of 
structures discussed above can be distributed in raw form illustration and description , but is not intended to be exhaus 
( i.e. , a single wafer having multiple unpackaged chips ) , as tive or limited to the forms disclosed . Many modifications 
bare dies , in packaged form , or incorporated as parts of 55 and variations will be apparent to those of ordinary skill in 
intermediate products or end products used in a quantum the art without departing from the scope and spirit of the 
computing application in accordance with one or more invention . The embodiments were chosen and described in 
embodiments of the invention . order to best explain the principles of the invention and the 

An integrated circuit in accordance with aspects of the practical application , and to enable others of ordinary skill 
present disclosure can be employed in essentially any appli- 60 in the art to understand the various embodiments with 
cation and / or electronic system where quantum computers various modifications as are suited to the particular use 
are employed . Suitable systems and devices for implement contemplated . 
ing embodiments of the invention may include , but are not The abstract is provided to comply with 37 C.F.R. S 
limited to , quantum computing systems , quantum memory , 1.72 ( b ) , which requires an abstract that will allow the reader 
quantum sensors , storage devices , etc. Systems incorporat- 65 to quickly ascertain the nature of the technical disclosure . It 
ing such integrated circuits are considered part of this is submitted with the understanding that it will not be used 
invention . Given the teachings of the present disclosure to interpret or limit the scope or meaning of the claims . In 
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addition , in the foregoing Detailed Description , it can be 8. The apparatus of claim 7 , further comprising a first 
seen that various features are grouped together in a single insulating layer disposed between the first conductive layer 
embodiment for the purpose of streamlining the disclosure . and the plurality of qubits , the first insulating layer electri 
This method of disclosure is not to be interpreted as reflect cally isolating the first conductive layer from the plurality of 
ing an intention that the claimed embodiments require more 5 qubits . 
features than are expressly recited in each claim . Rather , as 9. The apparatus of claim 7 , further comprising a second 
the appended claims reflect , inventive subject matter lies in insulating layer disposed between the upper surface of the 
less than all features of a single embodiment . Thus the plurality of qubits and the second conductive layer , the 
following claims are hereby incorporated into the Detailed second insulating layer electrically isolating the second 
Description , with each claim standing on its own as sepa- 10 conductive layer from the plurality of qubits . 
rately claimed subject matter . 10. The apparatus of claim 7 , wherein the voltage indica 
Given the teachings of embodiments of the invention tive of chiral vortical effect is perpendicular to a plane of 

provided herein , one of ordinary skill in the art will be able circulating chiral current in the plurality of qubits . 
to contemplate other implementations and applications of 11. The apparatus of claim 1 , wherein the plurality of 
the techniques of embodiments of the invention . Although 15 qubits are arranged in an array , with the qubits spaced in 
illustrative embodiments of the invention have been relative proximity to one another such that an electromag 
described herein with reference to the accompanying draw netic field emitted by one qubit will influence one or more 
ings , it is to be understood that embodiments of the inven adjacent qubits so that the qubits will become entangled . 
tion are not limited to those precise embodiments , and that 12. The apparatus of claim 1 , wherein each of at least a 
various other changes and modifications are made therein by 20 subset of the plurality of qubits comprises a main body 
one skilled in the art without departing from the scope of the portion comprising the Dirac or Weyl semimetal and first 
appended claims . and second inductance coils , the main body portion and first 

and second inductive coils being electrically connected 
What is claimed is : together in series to form a closed loop . 
1. An apparatus for performing quantum computing , the 25 13. The apparatus of claim 12 , wherein the first inductive 

apparatus comprising : coil forms a read port of the apparatus and the second 
a plurality of qubits , each of at least a subset of the inductive coil forms a write port of the apparatus . 

plurality of qubits comprising a loop formed of a Dirac 14. The apparatus of claim 12 , wherein the main body 
or Weyl semimetal and having at least two stable portion and the first and second inductive coils are fabricated 
quantum states ; and 30 monolithically on a same substrate . 

at least one terahertz cavity coupled with the plurality of 15. The apparatus of claim 1 , wherein a frequency of the 
qubits , the terahertz cavity being configured to detect circularly polarized radiation source is configured such that 
the quantum states of the qubits ; a ratio of coherence time to gate time of each of at least the 

wherein each of at least the subset of qubits is configured subset of qubits is at least about 10,000 . 
to receive a circularly polarized radiation source , the 35 16. A method for performing quantum computing , the 
radiation source being adapted to excite a chiral current method comprising : 
in each of at least the subset of qubits , the quantum providing a plurality of qubits , each of at least a subset of 
states of the plurality of qubits being a function of the the plurality of qubits comprising a loop formed of a 
chiral current . Dirac or Weyl semimetal and having at least two stable 

2. The apparatus of claim 1 , wherein each of at least the 40 quantum states , and at least one terahertz cavity 
subset of qubits comprises a ring of Dirac or Weyl semimetal coupled with the plurality of qubits , the terahertz cavity 
having a diameter of about one micron or less . being configured to detect the quantum states of the 

3. The apparatus of claim 1 , wherein the Dirac or Weyl qubits ; and 
semimetal comprises at least one of zirconium pentatelluride exposing at least the subset of qubits to a circularly 
( ZrTes ) , tantalum arsenide ( TaAs ) , cadmium arsenide 45 polarized radiation source whereby a chiral current is 
( Cd , As ) , trisodium bismuthide ( Na , Bi ) , niobium arsenide excited in each of at least the subset of qubits , the 
( NbAs ) , niobium phosphide ( NbP ) , and tantalum phosphide quantum states of the plurality of qubits being a func 
( TaP ) . tion of the chiral current . 

4. The apparatus of claim 1 , wherein an amplitude of the 17. The method of claim 16 , further comprising modu 
chiral current excited in each of at least the subset of qubits 50 lating the chiral current in each of at least the subset of qubits 
is a function of at least one of a frequency , intensity , duration by controlling at least one of a frequency , intensity , duration 
and beam width of the circularly polarized radiation source . and beam width of the circularly polarized radiation source . 

5. The apparatus of claim 4 , wherein the frequency of the 18. The method of claim 16 , wherein each of at least the 
circularly polarized radiation source is in a far infrared subset of the plurality of qubits comprises a main body 
spectrum . 55 portion and first and second inductive coils , the method 

6. The apparatus of claim 1 , wherein the terahertz cavity further comprising : 
coupled with the plurality of qubits comprises a split ring providing a readout port comprising a third inductive coil 
resonator . disposed proximate to the first inductive coil of a given 

7. The apparatus of claim 1 , further comprising : one of the plurality of qubits ; and 
a first conductive layer , the plurality of qubits being 60 reading the quantum state of the given one of the plurality 

disposed on at least a portion of an upper surface of the of qubits by measuring a current in the readout port 
first conductive layer ; and which is indicative of the chiral current in the given one 

a second conductive layer disposed on an upper surface of of the plurality of qubits . 
each of the plurality of qubits ; 19. The method of claim 18 , further comprising : 

wherein a voltage indicative of chiral vortical effect is 65 providing a write port comprising a fourth inductive coil 
developed across the first and second conductive lay disposed proximate to the second inductive coil of the 

given one of the plurality of qubits ; and ers . 
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21 
writing the quantum state of the given one of the plurality 
of qubits by introducing a current in the write port 
which influences the chiral current in the given one of 
the plurality of qubits . 

20. The method of claim 16 , further comprising arranging 5 
the plurality of qubits in an array , wherein the qubits are 
spaced in relative proximity to one another such that an 
electromagnetic field emitted by one qubit will influence one 
or more adjacent qubits so that the qubits will become 
entangled . 10 


