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(57) ABSTRACT 

Methods and devices are disclosed for implementing quan­
tum information processing based on electron spins in 
semiconductor and transition metal compositions. The tran­
sition metal electron orbitals split under semiconductor 
crystal field. The electron ground states are used as qubits. 
The transitions between the ground states involve electron 
spin flip. The semiconductor and transition metal composi­
tions may be further included in optical cavities to facilitate 
quantum information processing. Quantum logic operations 
may be performed using single color or two color coherent 
resonant optical excitations via an excited electron state. 
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SEMICONDUCTOR SYSTEM WITH 
TRANSITIONAL METAL IMPURITY FOR 
QUANTUM INFORMATION PROCESSING 

REFERENCE TO RELATED APPLICATION 

2 
FIG. 12 shows the PL spectrum of a GaN:Cr composition 

highlighting its radiative efficiency. 
FIGS. 13A-13C shows fine PLE spectral scans of the 

corresponding peaks in FIGS. 10-12. 
FIG. 14 illustrates the magnetic field dependence of the 

PLE peak for a SiC:Crc composition. 
FIG. 15 illustrates another example of the magnetic field 

dependent PLE peak of FIG. 15. 
This application claims the benefit of U.S. Provisional 

Patent Application No. 62/307,990, filed on Mar. 14, 2016, 
which is hereby incorporated by reference herein in its 
entirety. 

FIG. 16 illustrates a temperature dependent PLE of a 
10 SiC:Crc composition. 

BACKGROUND 

Quantum information processing may be based on local-
15 

ized electron spins. In particular, quantum information 
devices may be based on electron spins to perform quantum 
logic operations or store quantum information. 

FIG. 17 illustrates temperature dependence of the spin­
lattice relaxation time for a SiC:Crc composition. 

FIG. 18 illustrates the optical delay time for a SiC:Crc 
composition. 

FIG. 19 is a two-color PLE spectrum for a SiC:Crc 
composition. 

FIG. 20 illustrates a magnetic field dependence of a 
two-color PLE spectrum for a SiC:Crc composition. 

BRIEF DESCRIPTION OF THE DRAWINGS 
FIG. 21 illustrates Zeeman splitting of the electron spin 

20 ground states of a SiC:Crc composition. 

The system and method may be better understood with 
reference to the following drawings and description. Non­
limiting and non-exhaustive embodiments are described 
with reference to the following drawings. The components 25 
in the drawings are not necessarily to scale, emphasis instead 
being placed upon illustrating the principles of the inven­
tion. 

FIG. 22 illustrates ensemble spin polarization in a SiC: 
Crc composition. 

FIGS. 23A-23B illustrates optically induced magnetic 
resonance of a SiC:Crc composition. 

DETAILED DESCRIPTION 

Embodiments of the invention and the various features 
and advantageous details thereof are explained more fully FIG. 1 illustrates d electron orbital wave function enve­

lopes of transition metal ions. 
FIG. 2A illustrates a composition having a transition 

metal ion and a tetrahedral crystal host. 
FIG. 2B illustrates the orbital splitting of a transition 

metal ion under a tetrahedral crystal field. 

30 with reference to the nonlimiting embodiments that are 
illustrated in the accompanying drawings and detailed in the 
following description. Descriptions of well-known starting 
materials, processing techniques, components and equip-

FIG. 3A illustrates a composition having a transition 35 

metal ion and an octahedral crystal host. 
FIG. 3B illustrates the orbital splitting of a transition 

metal ion under an octahedral crystal field. 
FIGS. 4A-4E illustrate the electron configurations of the 

two lower orbitals of a transition metal ion under a tetrahe- 40 

dral crystal field. 
FIG. 4F illustrates an energy level diagram of the lowest 

electron states of a transition metal ion under a tetrahedral 
crystal field. 

FIG. 5 illustrates one example of an optical quantum logic 45 

device comprising a transition metal ion and semiconductor 
host composition. 

ment are omitted, so as not to unnecessarily obscure the 
embodiments of the invention in detail. It should be under­
stood, however, that the detailed description and the specific 
examples, while indicating preferred embodiments of the 
invention, are given by way of illustration only and not by 
way oflimitation. Various substitutions, modifications, addi­
tions and/or rearrangements within the spirit and/or scope of 
the underlying inventive concept will become apparent to 
those skilled in the art from this disclosure. 

By way of introduction, quantum information processing 
takes advantages of quantum parallelism, quantum entangle­
ment, and quantum no-cloning principles, and may mark­
edly improve computation speed for certain practical appli-
cations and enhance communication security. In one 
implementation, quantum information processing is based 
on a set of fundamental operations on quantum states 

FIG. 6 illustrates another example of an optical quantum 
logic device comprising a transition metal and semiconduc­
tor host composition. 

FIGS. 7A-7B illustrate other examples of optical elements 
that may be used in an optical quantum logic device com­
prising transition metal and semiconductor host composi­
tion. 

50 forming a set of quantum bits ( qubits) analogous to conven­
tional classical bits except that each qubit may be prepared 
or manipulated in any coherent superposition of logic "0" 
and logic "1" as opposed to binary "0" or "1" in classical 

FIGS. 7C-7D illustrate other quantum logic device struc- 55 

tures based on optical techniques comprising transition 
metal and semiconductor host composition. 

FIG. 8 illustrates examples of a setup for single color 
resonant excitation and measurement (Photoluminescence 
Excitation (PLE)) of a transition metal and semiconductor 60 

composition. 

information processing. A quantum logic operation of any 
complexity may be decomposed into a sequence of opera­
tions each from a set of fundamental quantum gates, analo-
gous to a minimum set of classical logic operations used to 
implement any classical logic operation. One example of a 
fundamental quantum logic gate comprises a quantum con­
trolled-not gate, analogous to the exclusive-or gate in clas­
sical binary computation. 

FIG. 9 illustrates an example of excitation setup for two 
color PLE implementation. 

FIG. 10 shows the PL (upper graph) and PLE spectrum 
(lower graph) of a SiC:Cr composition. 

FIG. 11 shows the PL spectrum of a SiC:Cr composition 
highlighting its radiative efficiency. 

Various physical systems may provide quantum states 
used to implement quantum logic operations and provide a 
methodology for measuring the resulting quantum states. In 

65 one implementation, a quantum system is described by a 
quantum wave function comprising amplitudes representing 
a probability of finding the quantum system in a particular 
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ions are contemplated. For example, a transition metal ion 
such as a chromium ion has two outer shell electrons 
occupying d orbitals when it is in the +4 charge state. For 
free ions such as chromium, there are 5 degenerate orbital 

quantum state and quantum phases which represent relative 
coordination between quantum states. The quantum wave 
function, and in particular the quantum phases, are fragile in 
that it may easily be disturbed by the environment. Such 
environmental disturbance decoheres the quantum system, 
potentially beyond the extent of available quantum error 
correction schemes, thereby resulting in the quantum infor­
mation coded in quantum wave functions being irreversibly 
lost. 

5 states that the two electrons may occupy. The 5 orbital wave 
function envelopes are illustrated in FIG. 1, labeled as 102, 
104, 106, 108 and 110. The states are degenerate in energy, 
meaning that a single electron would be at the same energy 
when occupying any of these 5 orbitals. 

In a specific embodiment as shown in FIG. 2A, chromium 
ions may be doped into a tetrahedral semiconductor host 
such as SiC or GaN, forming a composition 200. SiC will be 
referred to hereinafter as a representative example. Other 
semiconductors hosts, including those with coordination 

Quantum information processing may be implemented, 10 

for example, in a device that contains controllable electron 
spins. Electron spin states are typically more robust than 
other types of quantum states because the spin degree of 
freedom of electrons is coupled less to the environment. In 
this regard, coherence among spin states may be maintained 
for a period of time long enough for a sequence of quantum 
operations to be conducted. In one implementation, the term 
environment refers to the surroundings of an electron, and 
may include the ions and other electrons that may interact 
with the electron spin. Single electron spin has two quantum 20 

states denoted by It> and 11>, or spin-up and spin-down 
states. As a qubit, the spin-up state and spin-down state may 

15 geometries, such as octahedral semiconductor hosts, are 
contemplated. The nearest neighbors of a chromium ion 212 
are the 4 silicon or carbon ions 214, 216, 218, and 220. 
These ions will strongly interact with the electron localized 
around the chromium ion via the Coulomb force. The 

be the logic "O" and logic "1" states, respectively. Alterna­
tively, the spin-up and spin-down state may be the logic "1" 
and logic "O" states, respectively. Alternatively, quantum 25 

information processing may use multi-electron spin states. 
For example, a two electron complex may provide spin 
singlet states and spin triplet states, a total of four states. 
Specifically, the spin singlet states in two-electron basis can 
be 1/Y2(1lt>-lt l>). The spin triplet states may be ltt>, 1/ 30 

Y2(1lt>+ltl>), and Ill>. A two electron system may be 
used as a single qubit, where two of the four states, or two 
superposition states of the four base states may be used to 
represent logic "O" and logic "1". Other multi-electron spin 
states are contemplated. Spin degree of freedom may be 35 

coupled to the electron orbital states. The orbital states 
describe the orbitals of electron motion around its ion core. 

Coulomb force field exerted on the localized chromium 
electrons may be referred to as crystal field. The strength of 
the Coulomb interaction depends on the spatial orientation 
and shape of the electron orbitals. Because each of the 5 
Chromium d orbitals are orientated and shaped in the ways 
illustrated in FIG. 1, they will generally split in energy into 
two groups under the crystal field, as illustrated in FIG. 2B. 
The first group, including the orbitals labeled as 102 and 104 
in FIG. 1, will have lower energy. The second group, 
including the orbitals labeled as 106, 108, and 110, will have 
higher energy due to the greater interactions they experience 
from the Coulomb force field of the surrounding ions. 

Such splitting of the orbital energy levels as a result of 
strong crystal field may be advantageous for quantum infor­
mation manipulation based on these systems. In the particu­
lar example illustrated in FIGS. 1 and 2A-B, such splitting 
may shift three orbital levels far away from the two lower 
orbital states. In this way, quantum information operation 
based on the spin of electrons occupying these two lower 
orbitals may not be contaminated by the higher orbital states, 

For scalable quantum information processing devices, the 
electron spins may be placed in a solid state host in one 
implementation. Semiconductors, such as silicon, silicon 
carbide (SiC), gallium nitride (GaN), and gallium arsenide 
(GaAs), as a foundation for today's electronics and opto­
electronics, are feasible hosts for electron spin systems 
because of their strong industrial manufacturing basis. 
Localized electrons may be introduced into semiconductor 
hosts by substituting host lattice sites with impurity ions via 
doping. The localized electrons around the impurity ions 
may provide the necessary electronic property that enables 
quantum information processing based on electron spins. 
The doping of semiconductor may be accomplished via 
various means. For example, doping may be achieved via an 
introduction of impurity ions during semiconductor growth 
process such as chemical vapor deposition and molecular 
beam epitaxy. Doping may alternatively be achieved via 
impurity ion implantation after the growth of the semicon­
ductor material, with the implanted impurity ions naturally 
falling into semiconductor crystal sites following techniques 
such as annealing. 

40 particularly when coherent optical excitation is used as a 
means for quantum information operation, as discussed in 
more detail below. The energy splitting between these two 
groups of orbitals is illustrated by 222 of FIG. 2B. 

FIG. 3A illustrates another specific embodiment where 
45 transition metal ions such as nickel ions are doped into an 

octahedral crystal host. In FIG. 3A, the nickel ion 312 is 
surrounded by 6 nearest neighboring semiconductor ions 
314, 316, 318, 320, 322, and 324. Again, because of the 
specific spatial relationship between the semiconductor host 

50 and the chromium orbitals, the 5 orbital will split under the 
crystal field, again into two groups, except the lower energy 
orbitals are 306 and 308 and 310 (corresponding to 106, 108, 
and 110 of FIG. 1), and the higher energy orbitals are 302 
and 304 (corresponding to 102 and 104 of FIG. 1). The 

55 energy splitting of these two groups of orbitals is shown by 
326. 

In one embodiment, a semiconductor host may be doped 
with a transition metal ion so that the transition metal ions 60 

substitute at a plurality of crystal sites of the semiconductor 
host. The transition metal ion may have a d2 electron 
configuration. It may have a d8 electron configuration. 
Transition metal ions with other d-N (where N is an integer 
number) electron configuration are contemplated as well. 65 

The metal ion may comprise one, or any combination of 
chromium, vanadium, niobium, and tantalum. Other metal 

The tetrahedral and octahedral semiconductor crystal 
hosts are mere examples of a general family of multi-hedral 
crystals based on various cubic crystal configurations having 
multi-hedral coordination geometry determined by the posi­
tions of crystal sites on the cubit vertices and faces. The 
crystal field in multi-hedral semiconductor crystals other 
than tetrahedral and octahedral crystals may provide orbital 
splitting for transition metal ions different from FIG. 2B and 
FIG. 3B. However, the principles discussed herein applies. 

Because the materials depicted in FIGS. 2A and 3A 
provide a large orbital splitting 222 and 326 (shown in FIGS. 
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2B and 3B), in one implementation, the higher energy 
orbitals may be ignored for quantum information processing 
based on the spin states of electrons occupying the lower 
energy orbitals. The discussion below will thus focus on the 
lower energy orbitals. In particular, without losing general­
ity, embodiments below will be based on tetrahedral semi­
conductor host of FIG. 2A, where two orbitals are of lower 
energy under the crystal field splitting. However, using other 
energy orbitals for quantum information processing is con­
templated. 

For chromium ion in a tetrahedral crystal with a 4+ charge 
state, the two chromium d electrons will occupy the two 
lower orbitals under the Pauli exclusion principle, with each 
orbital being occupied by at most two electrons with oppo­
site spins. When the two electrons do occupy the same one 
of the two lower orbitals, they are in spin singlet state and 
occupy the same orbital ( either one of the two orbitals), or 
some superposition of these doubly-occupied orbitals. How­
ever, when the two electrons each occupy a separate orbital 
state, they may have the same spin and thus may be in one 
of or a superposition of the spin triplet states. 

Because of electron-electron interaction, when the two 
electrons are in the same orbital this leads to an increase in 
electron orbital energy. This is due to the closer spatial 
proximity of the two electrons when they are in the same 
orbital, the electron-electron repulsive Coulomb interaction, 
and modifications to the quantum-mechanical exchange 
interaction. When the two electrons occupy separate orbit­
als, they are not as close spatially and thus the Coulomb 
interaction between them is weaker, resulting in the two 
electrons being lower in energy. Additionally, the quantum­
mechanical exchange interaction will lower the energy when 
the two spins are parallel. FIGS. 4A-4B illustrate the energy 
levels under the two electron basis, and in particular, illus­
trate the configuration where the two electrons both occupy 
a single orbit but with opposite spins. These two configu­
rations have higher energy levels due to stronger electron­
electron interaction and quantum mechanical exchange 
interaction effects. The electrons may occupy either one of 
the orbitals 202 and 204. These energy levels under the 
two-electron basis are shown as 402 and 404 in FIG. 4F. 
Each of 402 and 404 in FIG. 4F thus represents energy level 
of one of the two possible two-electron configurations for 
the two electrons to occupy a single one of the two orbitals. 
Because of the Pauli exclusion principle, the two electrons 
simultaneously occupying either of the 210 or 212 are in 
spin singlet state. Level 402 and 404 of FIG. 4F thus 
represents energy levels of two states that are orbit doublet 
and spin singlet. 

FIGS. 4C, 4D, and 4E illustrate electron configurations 
where each electron occupies separate one of the two 
orbitals 202 and 204. The energy levels of these configura­
tions are represented by 406, 408, and 410 of FIG. 4F. There 

6 
level diagram as shown in FIG. 4F. The energy splitting 
between the orbital doublet/spin singlet (402 and 404) and 
the orbital singlet/spin triplet ( 406-410) is herein referred to 
as spin pairing energy, which is Coulombic in nature. As 

5 explained above, the spin pairing energy is related to spin in 
that orbital occupancy of the two electrons (which deter­
mines the amount of electron-electron Coulomb interaction 
and the quantum-mechanical exchange interaction energy) is 

10 

limited by the spin state of the two electrons. 
In one implementation, the spin pairing energy may be in 

the optical range, e.g. in the near-IR spectral range That is, 
transition between the orbital singlet/spin triplet states (here­
inafter referred to as "ground states") and the orbital dou­
blet/spin singlet states (hereinafter referred to as "excited 

15 states") may be induced by electromagnetic wave in the 
spectrum range of light. Thus, coherent lasers may be used 
to induce transitions between the ground states and excited 
states for carrying out quantum logic operations. The spin 
system discussed above may be an emitter ( e.g., in the 

20 near-IR spectral range) which possesses exceptionally weak 
phonon sidebands and may ensure that most of the overall 
optical emission is contained with the defect's zero-phonon 
line (ZPL). 

The embodiment of FIG. 2A thus provides a system with 
25 an energy level diagram of a lambda system, as shown in 

FIG. 4F. The ground states (406-410) can be used as the 
qubit and the manipulation between these states, e.g., coher­
ently pumping from one ground state to another and creating 
coherent superposition of the ground states, can be conve-

30 niently achieved by using laser pulses tuned to the spin 
pairing energy. In that way, the excited states ( 402-404) may 
be used as intermediate levels to achieve transition among 
the ground states which would otherwise only be done in the 
microwave spectral range. Using laser pulses to perform 

35 quantum logic operations is advantageous due to the matu­
rity in laser pulse generation and control technologies. In 
addition, the spin pairing energy may correspond to an 
optical frequency that is within the optical fiber transmission 
range and that optical fiber may be conveniently used to 

40 carry the laser to a spin based quantum logic device for 
performing quantum logic operations, or to optically trans­
mit quantum information between two spin based logic 
devices. 

For example, a laser field may be tuned to be resonant 
45 with the transition between 410 and 402/404, as shown by 

412 of FIG. 4F. Such a transition involves going from the 
two-electron configuration of 410 to 402/404 of FIG. 4A-D 
and thus involve an excitation of one electron from one 
orbital to another orbital without a spin flip, but with a 

50 change in overall spin, li.S=-1. Another laser field may be 
tuned to drive from the excited state 402/404 to the other 

is only a single possible orbital configuration but the spin of 
the two electrons may be in triplet states without violating 55 

the Pauli exclusion principle. Thus, levels 406, 408 and 410 
represent the three spin sublevel energy levels of the spin 
triplet within the orbital singlet. The three levels 406, 408 
and 410, respectively, correspond to quantum states of two 
electrons possessing a spin quantum number of ms=+ 1, -1, 60 

and 0. The ms=O, and ms=±l levels may further split under 
spin-spin and spin-orbital coupling interaction, as shown in 
FIG. 4F. In addition, the ms =±1 levels may be further split 
under a static magnetic field by Zeeman splitting. 

ground states 406/408 of FIG. 4F. This transition involves 
going from the two-electron configuration of 402/404 to 
406/408 of FIG. 4A-D and thus involves taking one electron 
from the orbital shared with the other electron to the other 
orbital while flipping the spin, again with a non-zero change 
in overall spin of li.=1. Thus, by using laser pulses, the 
transition between the ground states involving only a single 
or two spin flips without any orbital change is achieved. 
Coherence of the system is maintained by using coherent 
laser pulses. The ground states are stable and have no other 
states to relax to. Thus, the embodiment of FIG. 2A and the 
corresponding level diagram of FIG. 4F in the two electron 
basis may be used for quantum logic operation. 

Thus, the embodiment of FIG. 2A provides a strong 65 

splitting of the chromium d orbitals. The two lower d 
orbitals, when filled with two electrons, provide an energy 

Additionally, the embodiment of FIG. 2A may exhibit 
narrow ensemble optical linewidth for the optical transition 
412 and 414 in FIG. 4F. The optical transition linewidth may 
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be on the order of 10 GHz or lower. Such narrow linewidth 
may allow for separately addressing the magnetic sublevels 
(ground states 410, and 406/408 of FIG. 4F). The resonance 
energy of 410 and 406/408 to the excited state may be split 
using a magnetic field, thereby allowing for little cross talk 
when a laser is used to optically excite any of these three 
states. In other words, because the optical transition lin­
ewidth is narrow and the magnetic sublevels can be split by 
magnetic field, one ground state can be optically addressed 
individually without inference from other ground states. 

The splitting between the three other orbitals (206-210 of 
FIG. 2B) and the two orbitals discussed above (202 and 204 
of FIG. 2B) is preferably larger than the spin pairing energy 
(e.g., the splitting between the ground states and excited 
states discussed above). A large splitting ensures that the 
laser pulses used to perform quantum logic operations 
between the ground states via the excited states will not be 
in near resonance with these other 3 orbital states and the 
electrons will not be excited into those orbitals. The tetra­
hedral host of FIG. 2A provides a crystal configuration and 
a large crystal field acting on the chromium electrons to 
achieve such a large splitting. 

As discussed above, SiC or GaN may be used. Alterna­
tively, other materials are contemplated. In this regard, the 
principle discussed above may be applicable to other mate­
rials. In particular, materials may be used as long as the 
splitting as a result of the crystal field in a respective 
material is sufficiently large such that the orbital splitting is 
sufficiently greater than the spin pairing energy. In this way, 
the crystal may have different coordination geometries, such 
as, for example, octahedral. As examples, material compo­
sition of200 or 300 of FIG. 2Aand FIG. 3Amay be any one 
or any combination of chromium, vanadium, tantalum, 
niobium, molybdenum, tungsten, Zirconium, and Hafnium 
in SiC, GaN, aluminum nitride, gallium arsenide, zinc oxide, 
zinc sulfide, zinc selenide, or silicon crystal host. 

In another embodiment, as shown in FIG. 5, the compo­
sition of metal ions and semiconductor host described 

8 
The electrodes 606-612 may be used to tune the cavity 

mode by applying an external electric field to induce refrac­
tive index change in the composition 600. The tuning of the 
cavity mode may facilitate quantum information processing 

5 by coupling the electronic orbital and spin states of the outer 
shell electrons of the metal ions in composition 600 to cavity 
photons, tuning the cavity mode, and coupling the cavity 
photons to some other metal ion electrons with different 
excitation energy (as such, the composition 600 may contain 

10 different species of metal ions). Thus, the semiconductor 
host of the composition 600 may be chosen or may be 
further doped to provide tunability of optical index of 
refraction. FIG. 6 illustrates one example of the power 
supply 614 and 616. Alternatively, the power supply may 

15 include involved electronics for controlling the timing, 
amplitude, and duration of the applied electric field. In 
addition, the application of the voltage may be coordinated 
or synchronized with the laser pulses used for exciting the 
electrons of the metal ions in the composition 600 to 

20 facilitate quantum information processing. 
The Bragg reflectors 602 and 604 are merely one example 

of structures that may be used for forming the optical cavity. 
Bragg reflectors are a one-dimensional version of a general 
group of photonic crystal structures well known in the art. 

25 Other structures within the photonic crystal family of struc­
tures are contemplated, including the structures shown in 
FIGS. 7Aand 7B. FIGS. 7Aand 7B, respectively, show a 2D 
and a 3D photonic crystal that may be used to replace the 
Bragg reflectors 602 and 604 of FIG. 6. By 2D or 3D 

30 photonic crystal, it is meant that the reflector structure has 
periodicity (in optical index of refraction) in two or three 
spatial dimensions. These photonic crystal structures may be 
designed to reflect light of certain frequencies, similar to the 
Bragg reflectors discussed in FIG. 6. In addition, the semi-

35 conductor transition metal composition may be embedded 
into micro-resonators or other type of microcavity such as a 
ring resonator 706 and a microdisk resonator 710 of FIGS. 
7C and 7D for implementation of quantum logic device. 

above, shown as 500, may be placed in optical elements or 40 

other additional electric elements such as 504 and 506 for 

Waveguides 708 and 712 of FIGS. 7C and 7D are for 
coupling light in and out of the micro-resonators. The 
micro-resonator similarly support cavity modes as described 

facilitating quantum logic operations. A particular example above. In addition, the cavity mode may be tuned by electric 
field similar to the device of FIG. 6. In all the above is shown in FIG. 6. In FIG. 6, optical elements 602 and 604 

are a pair of Bragg reflectors that forms an optical cavity 
enclosing the composition 600. Additional pairs of elec­
trodes, (606, 608) and (610, 612), may be placed on the 
Bragg reflector or alternatively embedded into the Bragg 
reflectors and directly on top and bottom of composition 
600. These pairs of electrodes may be connected to power 
supplies 614 and 616. 

implementations, the ground sate to excited state transition 
45 rather than the cavity mode may be turned by electric field 

based on Stark effect. 
Incorporating the semiconductor and transition metal 

composition within high quality factor optical cavities may 
enable chip-scale, semiconductor-based implementations of 

50 optical quantum memories which include fully integrated 
optical, electronic, or magnetic control circuitry within the 
device. Potential optical quantum memory schemes include 
storage of light by Electromagnetically-Induced Transpar-

The optical cavity formed by the Bragg reflectors 602 and 
604 may confine light in the cavity, with the cavity having 
defined cavity modes. The optical cavity modes may be 
periodically spaced in optical frequency. The Bragg reflec­
tors 602 and 604 may each comprise multiple layers of 55 

periodic dielectric materials with alternating optical refrac­
tive index near the optical frequency corresponding to the 
spin pairing energy of the outer shell electrons of the metal 
ions in the composition 600. The cavity mode is determined 
at least by the distance between the pair of Bragg reflectors 60 

and the optical index of fraction of composition 600. Those 
of ordinary skill in the art understand that the periodicity of 
the Bragg reflector 602 and 604 may be designed such that 
they reflect light near the ground-excited states resonance 
with high reflection coefficient. The optical cavity may be 65 

fabricated to have a high quality factor and thus capable of 
confining light for a long period of time. 

ency (EIT), the DLCZ protocol, Atomic Frequency Combs 
(AFC), Controlled Reversible Inhomogeneous Broadening 
(CRIB), and the off-resonant Faraday interaction. 

Cavity-coupled ions may also enable spin-based storage 
of quantum information, spin-photon entanglement, and 
on-demand narrow-linewidth single photon sources. Spin­
based storage of quantum information may take place within 
the ground state electronic spin or the spin of the ion 
nucleus. Spin-photon entanglement serves as the basis for 
entanglement swapping between remote quantum devices 
connected via an optical fiber, such as quantum repeaters in 
a distributed quantum network. 

In exemplary implementations of the embodiments above, 
a semiconductor-transition metal composition is imple-
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mented as a -0.5 cm2 piece of chromium-doped 4H-SiC 
grown epitaxially on an off-axis, n-type 4H-SiC substrate, 
or as a 1.0 cm2 freestanding bulk semi-insulating GaN 
substrate. 4H-SiC is a polytype, or unique crystal structure, 
of SiC in which the Si----C crystal planes are stacked in a 5 

pattern that repeats every four layers. 4H-SiC possesses a 
hexagonal crystal symmetry. The 4H-SiC:Cr4

+ epilayer 
was grown via high-temperature chemical vapor deposition 
(HTCVD) to a thickness of -60 µm with a chromium density 
of 1015-l016/cm3

. The GaN sample is 468 µm thick and was 10 

grown via hydride vapor phase epitaxy (HYPE). The GaN 
sample is doped with chromium and additionally compen­
sation-doped with Fe3+ to pin the Fermi level near mid-gap 
during the growth process. Although the composition above 

15 
was doped with a chromium density of 1015-l016/cm3

, in 
other implementations, the chromium doping density may 
be of other values. For example, the chromium doping 
density may be between 1012-1016/cm3 

Photoluminescence excitation (PLE) measurements may 20 

be taken to locate the energy levels of the chromium 
electrons by resonant excitation of ZPL. One implementa­
tion of PLE is illustrated in FIG. 8. For this implementation, 
a fiber-coupled external-cavity diode laser 802 with a tuning 
range of 1135-1175 nm and a linewidth ofless than 200 kHz 25 

(measured over 50 ms) may be used to resonantly excite the 
chromium electrons from the ground states to excited states, 
as shown in FIG. 8. The phonon sideband emission 804 of 
the chromium ions may be collected as the electrons relax 
from the first excited state. The optical decay time of this 30 

relaxation is on the order of 100 µs. In one exemplary 
measurement, the laser is mode-hop free across the full 
tuning range, and at any given coarse wavelength setting has 
a fine-tuning range of -60 GHz. The absolute value of the 
optical frequency of the laser may be monitored by a 35 

calibrated wavemeter. In PLE measurements, the amount of 
phonon side emission is recorded as a function the excitation 
laser frequency as it is tuned through the excited state 
resonances. 

10 
having an InGaAs photodiode. Alternatively, the multimode 
fiber 818 may be connected to an InGaAs femtowatt pho­
tometer 822 for detection. 

In one PLE implementation, data taken with the spec­
trometer may be post-processed in order to reject light not 
emitted within the spectral window of the phonon sideband. 
In some implementations, measurements taken with the 
femtowatt photodiode may be analyzed by a lockin amplifier 
824 for which the excitation laser may be modulated at, for 
example, 973 Hz, using the AOM 808. In some implemen­
tation, laser scattering signal may be removed using appro-
priate short-pass and long-pass optical filters 826 and 828 
placed in the excitation and collection beam-paths respec­
tively. The locations of excitation and collection optical 
elements in FIG. 8 are only illustrative. The optical elements 
may be arranged in other configurations to achieve the same 
implementation. 

In some PLE implementations, spin and optical dynamics 
of the chromium electrons may be time-resolved by employ­
ing a digital delay generator to handle the timing of the 
optical and microwave pulses. For the microwave pulses, a 
microwave switch 830 with a maximum switching time of 
20 ns may be used to modulate the microwave signal on and 
off. 

In another PLE implementation similar to the PLE imple­
mentation of FIG. 8, two-color rather than single-color 
excitation may be used. As illustrated in FIG. 9, for the 
two-color excitation measurement, the excitation laser beam 
may be further modulated by an electro-optic modulator 
(EOM) 806 capable of generating optical sidebands at 
f0 ±n·fEoM, where f0 is the input laser optical frequency, fEoM 

is the phase modulation frequency of the EOM, and n is an 
integer. In one implementation, the magnitude of each pair 
of sidebands is determined by the driving amplitude of the 
EOM and decreases with n according to a Bessel function. 
Other aspects of the implementation of the two-color PLE 
are similar to single-color PLE of FIG. 8. In the two-color 
PLE implementation, the split ground states of the SiC or 
GaN and chromium composition are excited by the two 

In some PLE implementations, the output of the fiber laser 
may be collimated and then passed through a free space 
acousto-optical modulator (AOM) 808 capable of digitally 
modulating the laser amplitude on or off. In some PLE 
implementation, a long-pass dichroic beam-splitter 810 with 

40 colored laser beam. 

its cut-on edge tuned to -1090 nm may be used to direct the 45 

laser through a 20 mm focal length lens and onto the 
SiC/Chromium or GaN/Chromium composition within focal 
spot diameter of -30 µm. In one implementation, the exci­
tation powers may be in the range of 5-10 mW. The 
SiC/Chromium or GaN/Chromium composition (herein 50 

referred to as the "composition") may be mounted in a liquid 
helium flow cryostat 812 with microwave and optical 
access. In some implementations, a motorized permanent 
magnet 814 may be mounted behind the cryostat and may be 
used to generate s2500 G magnetic fields along the c axis of 55 

the SiC or GaN crystal of the composition. 
In some PLE implementations, a microwave driving fields 

816 with an in-plane magnetic field component may be 
applied using an exemplary shorted coplanar waveguide 
placed behind the composition. This may advantageously 60 

allow electron spins oriented along the c axis of the SiC or 
GaN crystal to be driven efficiently. 

In these PLE implementations, some fraction of the light 
absorbed by the composition is re-emitted within the phonon 
sideband 804, and this emission may be directed to collec- 65 

tion optics and then focused into a multimode fiber 818. The 
multimode fiber may be connected to a spectrometer 820 

Photoluminescence (PL) measurements may be further 
implemented using a setup similar to FIG. 8 except that the 
entire emission spectrum (both the emission from excited 
states to the ground states and the phonon sideband 804) is 
recorded by spectrometer 820 as the ions relax from the first 
excited state and the optical excitation is accomplished using 
a Ti:sapphire laser 802 tuned to an energy far above the first 
excited state. Appropriate long-pass filters 828 are placed in 
the collection path to eliminate laser scatter. The SiC or GaN 
composition is mounted in the cryostat similar to that the 
PLE implementation of FIG. 8. Other aspects of the PL 
implementation of FIG. 9 are similar to those of FIG. 8. 

In some other implementation, optical absorption or emis­
sion by the spin triplet zero-phonon-lines (ZPLs) rather than 
the phonon sideband 804 is monitored. The absorption and 
emission of the spin-triplet ZPLs may be monitored as a 
function of time. 

FIG. 10 shows exemplary PL (1001) and PLE (1003) 
measurements from the 4H-SiC chromium composition at 
T=30 Kand B=0 G (B represents the static magnetic field). 
Lines observed at 1042.1 nm and 1070.3 nm (1.1898 eVand 
1.1584 eV) in the 4H-SiC:Cr4+ PLE measurement, 1002 
and 1004, correspond to two different 4H-SiC crystal 
configurations as to the chromium ions (CrA, and Crc) and 
thus two separate sets of chromium ground sates and excited 
states with different resonance energies. The PL data 1001 is 
taken under non-resonant optical excitation. In another view 
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of the PL data in 1102 of FIG. 11 from 4H-SiC chromium 
composition, a majority of the light emitted by the impurities 
is shown to be emitted in the ZPL. As further shown in the 

12 
is first applied, a dip flanked symmetrically on either side 
before two small peaks begins to form. This dip is centered 
at the same frequency as the low-energy features in the 250 
G PLE scan, and grows in magnitude as the magnetic field 
is increased. Similarly, the two peaks on either side not only 
grows in magnitude with magnetic field, but also appear to 
move slowly outward away from the dip. This is the 
expected field-dependent behavior for an optical transition 
that links two degenerate m=±l spins sublevels to a common 

close up view of the same PL data in 1104, the PL emitted 
within the ZPLs only (1106), and all light emitted by the 5 

chromium impurities (1108) may be determined and their 
ratio may be used to represent the radiative efficiency, or 
fraction of defect luminescence emitted in the ZPL. The 
estimated radiative efficiency is 75% in this case. 

10 excited state. Under the application of a magnetic field, two 
degenerate optical transitions begin to split apart in energy 
according to the Zeeman effect. Note that no signal related 
to the S=0 sublevel is detected in the differential data since 

In another exemplary measurement, PL measurement for 
a bulk GaN:Cr4+ was performed and shown in FIG. 12, 
similar to FIG. 1. PL spectrum 1201 of FIG. 12 shows that 
the majority oflight emitted by GaN:Cr is emitted within the 
ZPL single peak PL 1202 at 1039.3 nm (1.193 eV) in bulk 

15 
GaN:Cr4+. A close up view of the PL in 1201 is shown in 
1203 of FIG. 12. Again, the ratio between the integrated 
light within the ZPL (1202) and all light emitted (1204) may 

its energy remains unchanged by the magnetic field. 
In another PLE implementation, the temperature may be 

lowered to below 30 K, as illustrated in FIG. 16. The 
magnetic field may be kept at 0. FIG. 16 illustrates that as 
the sample temperature is lowered below 30K, the overall 
magnitude of the PLE signal decreases substantially as a 
result of increasing spin lifetime of the ground state. In 
addition, the relative magnitude of the low-frequency and 

be used to represent the radiative efficiency,or fraction of 
defect luminescence emitted in the ZPL for the bulk GaN: 20 

Cr4+. Evaluation of GaN:Cr4+ luminescence and radiative 
efficiency is complicated by the fact that it is situated on top 
of the low-energy tail of Fe3

+ luminescence, which was 
compensated for by approximating this tail as a straight line 
(the dotted line 1206), and determining the slope of this line 
by assuming that the base of the Cr4

+ ZPL feature should 
normally lie flat. With this approximation, it was determined 
that the ZPL contains 73% of the overall impurity lumines­
cence, which is similar in magnitude to the result in 
4H-SiC. 

high-frequency features within each scan increases. The first 
observation suggests that as the spin lifetime of the ground 
state increases with decreased temperature, the ion electron 

25 spin may be polarizing. That is, if each ion is a lambda 
system (FIG. 4F) where a single excited state (S=0) is 
coupled optically to two non-degenerate ground states 
(m

5
=0 vs. m

5
=±l), then selective optical excitation of one 

ground state will tend to pump the system into the other. If 
30 the decay rate between the two ground states is low, then the 

ions will go dark since the latter state is not resonant with the 
laser. Thus, the resonant laser in this PLE implementation 
prepares an ensemble of Cr ions into a polarized spin 

In another PLE implementation, fine frequency scans of 
the PLE peak 1002 and 1004 of FIG. 10 and a PLE scan over 
the PL peak 1202 of FIG. 12 are measured, as shown in 
FIGS. 13A, B, and C, respectively. A single maximum in the 
PLE signal is observed for the Cr A impurity in SiC (see FIG. 35 

13A). Two maxima are clearly observed for both the Crc 
impurity in SiC and the impurity in GaN (FIGS. 13B and 
13C). In these two cases, each peak may be fit to a sum of 
two Lorentzians: 

ensemble. 
In another PLE implementation, the spin behavior can be 

characterized more precisely at lower temperatures using 
optical spin polarization. According to the level structure of 
FIG. 4F, selective optical excitation of one ground state spin 
sublevel with a narrow-linewidth laser will pump the system 

where f0 and f1 (A and B) are the central frequencies 
(amplitudes) of the two Lorentzians, r is the full-width half 
maximum (FWHM) linewidth of both Lorentzians, and C is 
a constant to account for non-zero offset in the signal. For 
the SiC:Crc defect, The curve fitting is shown in FIG. 13B 
and the linewidth of these features is r=7.42±0.07 GHz at 30 
Kand 0 G, with an energy splitting between the two maxima 
of (f0-f1)=6.46±0.03 GHz. For the GaN:Cr4+ ions, these 
values are r=S.28±0.14 and (f0-f1)=6.91±0.10. The energy 
splitting between the two peaks may correspond to the 
ground state zero-field spin splitting, e.g., the splitting 
between m=0 and m=±l ground state spins sublevels, as 
shown in FIG. 4F. 

40 into another sublevel via resonant excitation followed by 
spontaneous emission. A polarized ion will then remain dark 
and inaccessible to the laser until a spin-flip occurs. A 
measured spin-lattice relaxation time T 1 as a function of 
temperature is shown in FIG. 17. To measure Ti, the 

45 ensemble is first pumped into the m
5
=±l sublevels, using a 

500 µs long resonant laser pulse. After waiting for a prede­
termined time -i:, the degree of remaining spin polarization is 
measured optically using a second 500 µs long laser pulse. 
The spins are then allowed to relax fully for 25 ms before the 

50 pulse sequence is repeated. At each value of -i:, the pulse 
sequence is repeated for several seconds while PLE emis­
sion is collected. These measurements can be compared to 
the optical relaxation time T

0
p, of the ions measured at 

T=20K, and as shown in FIG. 18. Specifically, the optical 
55 relaxation time Top is measured by exciting the ensemble 

with a non-resonant laser pulse and then monitoring the PL 
that follows as a function of time. Again, this measurement 
is repeated for several seconds to build up sufficient signal. 
As shown in FIG. 17, at temperatures below -30 K, the 

60 spin-lattice relaxation time T 1 of the Crc ions becomes much 
longer than the optical relaxation time Tope This results in a 
substantially reduced PLE signal at these lower temperatures 
(FIG. 16), due to the long-lived optical spin polarization 

In another PLE implementation, a static magnetic field is 
applied along the c axis of the crystal at 30 K. PLE for peak 
SiC:Crc as a function of the magnetic field is illustrated in 
FIG. 14. The lineshape changes as the magnetic field is 
increased from 12-2500 G. The PLE data may be converted 
into a differential form in which the data at 8=250 G is 65 

within the subensemble of ions excited by the laser. 
In yet another PLE implementation, two-color excitation 

based on FIGS. 8 and 9 is used. By modulating the EOM 
with a microwave signal, optical sidebands on the laser 

subtracted from each of the other PLE scan, as illustrated by 
FIG. 15. FIG. 15 further illustrates that as the magnetic field 
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In another PLE implementation, SiC:Crc composition is 
excited by the laser at B=0 G and T=15 K with a single 
optical frequency tuned to the center of the m=0 optical 
transition. An additional continuous microwave excitation is 

5 tuned between 0-10 GHz while the PLE data is collected. As 

emission with a separation of 0-10 GHz from the funda­
mental laser tone are generated. The fundamental laser tone 
may be set to the higher energy PLE maximum associated 
with the m=0 optical transition. Because the defect spins are 
polarized through resonant optical excitation by the funda­
mental layer tone, the overall PLE signal increases when the 
sideband frequency fEoM,=D, the zero-field splitting of the 
ground state spin (around 6.71 GHz), as illustrated by peak 
1902 of FIG. 19. The peak 1904 in FIG. 19 at 3.37 GHz is 
caused by the second harmonic laser sidebands generated by 10 

the EOM and corresponds to the same excitation laser 
frequency as the peak 1902. The linewidth of the peak at 
6.71 GHz is much narrower (<1 GHz) than the overall 
linewidth of the PLE resonances characterized earlier at 30 

15 
K (-7 GHz). In the two-color PLE implementation above, 
only a subpopulation of the overall ensemble is excited and 
the linewidth of peak 1902 is determined by factors such as 
laser linewidth, laser jitter, and spectral diffusion within the 
defect ensemble. 

illustrated by 2302 in FIG. 23A, a resonance feature is 
observed, centered at f=6.707 GHz, representing a optically 
detected magnetic resonance between the ground spin states 
that split at zero magnetic field. The magnetic resonance has 
a linewidth of approximately 13 MHz, corresponding to an 
inhomogeneous spin relaxation time of 25 ns, as shown by 
the line fitting in FIG. 23B. FIG. 23A further illustrates the 
magnetic field dependence of the optically detected mag­
netic resonance. FIG. 23A show a Zeeman splitting consis­
tent with FIG. 21. 

Thus, as discussed above, there are many potentially 
advantageous characteristics of the transition metal ion 
systems implemented above. Optical excitation occurs at 
wavelengths compatible with optical fibers (in particular, at 

In a further implementation of two color PLE, magnetic 
field is applied. The peak 1902 of FIG. 19 split into two 
Zeeman split peaks with increasing magnetic field, as illus­
trated by FIG. 20. The position of these two peaks are shown 

20 near-infrared wavelengths near the transmission window of 
silica fiber). Optical linewidths are narrow with few radia­
tive loss mechanisms due to weak phonon coupling. The 
ions exist within common semiconductors for which estab­
lished growth and microfabrication techniques exist. The 

25 nuclear spin bath surrounding the ions may be tailored for 
specific applications through isotopic engineering and mate­
rial selection. The nuclear spin of the ion can be tailored 
depending on choice of ion species or isotope. Chromium 

in FIG. 21. The two peaks split with a g-factor of approxi­
mately 2. The resonance features in FIG. 20 represent a 
recovery of luminescence that occurs when the two laser 
colors/tones are resonant with the two optical transitions 
simultaneously. The features observed indicate that indi­
vidual defects within the ensemble have become spin polar- 30 

ized through resonant excitation, as shown in more detail 
below. 

In another PLE implementation and as shown in FIG. 22, 
the application of a static magnetic field where one fraction 

ions, for instance can have nuclear spin 0 or 3/2. 
Parameters that can be tuned or varied within these 

systems include the ion impurity concentration (in order to 
tune optical absorption characteristics and spin lifetime), 
Fermi energy (i.e., electron or hole doping density), and 
crystal strain. As mentioned previously, the nuclear profile 

35 of the host or ion species can be tuned through materials 
selection or isotopic engineering. Other transition metal ions 
with a d2 electron configuration in a strong tetrahedral 
crystal field environment may exhibit similar physical char­
acteristics. As mentioned above, ions with a d8 electron 

of the ions dominates over the others can generate an overall 
spin polarization of the ensemble via optical pumping. 
Exemplary PLE measurements collected from 4H-SiC:Crc 
ions at T=15K and 8=289 G via scanning a single laser line 
across the ZPL transitions of the ion ensemble show two 
peaks that correspond to the ms=0 (right peak of 2202 of 
FIG. 22) and ms=±l (left peak of 2202 of FIG. 22) spin 
sublevels of the Crc ions, where the three vertical lines 
drawn on top of the data in 2202 of FIG. 22 are from three 
different laser excitation frequencies. The vertical lines 2204 
and 2206 corresponding to frequencies where the majority 45 

of the ions resonant with the laser are excited via ms =0 and 
ms=+ 1 optical transitions, respectively. The vertical line 
2208 corresponds to an energy where some ions are excited 
via an ms =0 optical transition, some via ms=+ 1, and some 
via ms =-1. At each of the frequencies designated by the 
vertical lines 2204, 2206, and 2208 in FIG. 22, and under the 
same temperature and magnetic field conditions, a two-color 
excitation experiment was performed (2210, 2212, and 2214 

40 configuration in a strong octahedral crystal field environ­
ment may also behave similarly. Ions can be incorporated 
within a given semiconductor host through ion implantation 
or through direct doping during growth. An annealing step 
may be performed to activate implanted ions. 

While the particular invention has been described with 
reference to illustrative embodiments, this description is not 
meant to be limiting. Various modifications of the illustrative 
embodiments and additional embodiments of the invention, 
will be apparent to one of ordinary skill in the art from this 

50 description. Those skilled in the art will readily recognize 
that these and various other modifications can be made to the 

of 2209 of FIG. 22, respectively corresponding to 2204, 
2206, and 2208 of FIG. 22, with data offset vertically for 55 

clarity). Features seen in 2210 of FIG. 22 at w_ 10, and w+10 

demonstrate that optically polarized spins are being pumped 
primarily out of the ms=0 sublevel into ms=±l sublevels, 
generating a net spin polarization. A third feature at w_+1 _ 1 

in the 2214 of FIG. 22 indicates that spins within this 60 

sub-ensemble are being pumped out of the ms=±l sublevels 
as well. All three features are also seen in 2212 of FIG. 22, 
but the magnitude of the feature w+10 is larger than that at 
w_ 10 . This indicates that spins within this sub-ensemble are 
being pumped primarily out of the ms=+ 1 sub level into the 65 

ms=±l and ms=0 sublevels, again generating a net spin 
polarization. 

exemplary embodiments, illustrated and described herein, 
without departing from the spirit and scope of the present 
invention. It is therefore contemplated that the appended 
claims will cover any such modifications and alternate 
embodiments. Certain proportions within the illustrations 
may be exaggerated, while other proportions may be mini­
mized. Accordingly, the disclosure and the figures are to be 
regarded as illustrative rather than restrictive. 

The invention claimed is: 
1. A quantum information processing device comprising: 
at least one optical element; 
a semiconductor crystal composition comprising 

a multi-hedral semiconductor crystal host with a multi­
hedral coordination geometry; and 

non-rare earth transition metal ions having a d-N elec­
tron orbital configuration, 
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wherein the non-rare earth transition metal ions substitute 
at a corresponding plurality of crystal sites of the 
semiconductor crystal host; 

wherein a crystal field of the semiconductor crystal host 
splits the d-N electron orbitals of the non-rare earth 5 

transition metal ions into lower energy orbitals and 
hig~er energy orbitals with a crystal field splitting; 

wherem the lower energy orbitals are further split by 
electron spin pairing energy forming at least two 
ground states and at least one excited state· 10 

wher~i_n the crystal field splitting is larger th~ the spin 
pamng energy; and 

wherein the at least one optical element is configured to 
interact with the semiconductor crystal composition for 
quantum information processing using optical excita- 15 

tions resonant with an optical transition involving the 
ground states and the excited state. 

2. The device of claim 1, wherein the multi-hedral semi­
conductor crystal host comprises a tetrahedral semiconduc­
tor crystal host. 

3. The device of claim 2, wherein the tetrahedral crystal 
host is a silicon carbide crystal. 

4. The device of claim 2, wherein the tetrahedral crystal 
host is a gallium nitride crystal. 

20 

5. The device of claim 1, wherein the semiconductor 25 

crystal host is silicon and the transition metal ions comprise 
tungsten ions or molybdenum ions. 

6. The device of claim 1, wherein the non-rare earth 
transition metal ions comprises at least one of chromium 
vanadium, tantalum, niobium, molybdenum, tungsten, zir~ 30 

conium, and hafnium ions. 
7. !he device of claim 1, wherein the multi-hedral crystal 

host 1s an octahedral semiconductor crystal host. 
8. The device of claim 1, wherein the non-rare earth 

transition metal ions substitute the multi-hedral semicon- 35 

ductor crystal sites at a density of 1013 -1016 per cubic 
centimeter. 

9. The device of claim 1, wherein the at least one optical 
element comprises an optical microcavity configured to at 
l~ast partially enclose the semiconductor crystal composi- 40 

tJon. 
10. The device of claim 9, wherein the optical microcavity 

comprises a pair of Bragg reflectors. 
11. The device of claim 9, wherein the optical microcavity 

comprises photonic crystals. 
12. The device of claim 9, wherein the optical microcavity 

comprises an optical microresonator. 

45 

13. The device of claim 9, wherein the optical microcavity 
has at least one cavity mode that overlaps spectrally with a 
transition involving one of the at least two ground states of 50 

the non-rare earth transition metal ions. 
14. The device of claim 9, wherein the microcavity has at 

least one cavity mode tunable to be resonant with a transition 
involving one of the at least two ground states of the 
non-rare earth transition metal ions. 55 

15. _The device of claim 9, wherein the microcavity 
compnses at least two cavity modes, wherein one and the 
ot~er of the at least two cavity modes respectively overlap 
with one and the other of two transitions involving the at 
least two ground states and the at least one excited state of 60 

the non-rare earth transition metal ions. 
. 16. In a _quantum information processing device compris­
mg a mult1-hedral semiconductor crystal host with a multi­
hedral coordination geometry in which each of a plurality of 

16 
lattice sites of the semiconductor crystal host are substituted 
with a non-rare earth transition metal ion having d-N elec­
trons, a method for quantum information processing, com­
prising: 

exciting the non-rare earth transition metal ions with 
coherent optical fields resonant with at least one optical 
transition involving at least one electronic ground state 
and at least one excited state of the non-rare earth 
transition metal ions; 

wherein the non-rare earth transition metal ions substitute 
at a corresponding plurality of crystal sites of the 
semiconductor crystal host; 

wherein a crystal field in the semiconductor crystal host 
splits orbitals of the d-N electrons of the non-rare earth 
transition metal ions into lower energy orbitals and 
hig~er energy orbitals by a crystal field splitting; 

wherem the lower energy orbitals are further split by 
electron spin pairing energy forming the at least two 
ground states and the at least one excited state· and 

wher~i_n the crystal field splitting is larger than the spin 
pamng energy. 

17. The method for quantum information processing 
according to claim 16, 

wherein a quantum information processing device further 
includes ~ optical microcavity at least partly enclosing 
the multJ-hedral crystal host with the non-rare earth 
transition metal substitutes. 

18. The method for quantum information processing 
according to claim 17, wherein the optical microcavity 
comprises a pair of Bragg reflectors. 

19. The method for quantum information processing 
according to claim 17, wherein the optical microcavity 
comprises photonic crystals. 

20. _The met~od for quantum information processing 
accordmg to claim 17, wherein the optical microcavity has 
at least one cavity mode that overlaps spectrally with a 
transition involving one of the at least two ground states of 
the non-rare earth transition metal ions. 

21. The method for quantum information processing 
according to claim 20, 

wherein the cavity mode of the optical microcavity is 
configured to be tunable; and 

further comprising: 
tuning the cavity mode of the optical microcavity to be 

resonant with the transition involving one of the at least 
~o ground states of the non-rare earth transition metal 
10ns. 

22. _The met~od for quantum information processing 
accordmg to claim 20, wherein the transition involving the 
at least two ground states of the non-rare earth transition 
metal ions is tunable in energy using an electric field. 

23. The method for quantum information processing 
according to claim 16, 

wherein a quantum information processing device further 
includes an optical microresonator having at least one 
resonant frequency. 

24. The method for quantum information processing 
according to claim 23, 

wherein the at least one resonant frequency of the optical 
microresonator overlaps spectrally with a transition 
involving the at least two ground states of the non-rare 
earth transition metal ions. 

* * * * * 


