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Proposed silicon-based quantum-computer architectures have attracted attention because of their promise for
scalability and their potential for synergetically utilizing the available resources associated with the existing
infrastructure of the powerful Si technology. Quantitative understanding of and precise physical control over
donor (e.g., phosphorgsexchange are crucial elements in the physics underlying the proposed Si-based
guantum-computer hardware. An important potential problem in this context is that intervalley interference
originating from the degeneracy in the Si conduction-band edge causes fast oscillations in donor exchange
coupling, which imposes significant constraints on the Si quantum-computer architecture. In this paper we
consider the effect of external strain on Si donor exchange in the context of quantum-computer hardware. We
study donor-electron exchange in uniaxially strained Si, since strain partially lifts the valley degeneracy in the
bulk. In particular, we focus on the effects of donor displacements among lattice sites on the exchange
coupling, investigating whether intervalley interference poses less of a problem to exchange coupling of donors
in strained Si. We show, using the Kohn-Luttinger envelope-function approach, that fast oscillations in ex-
change coupling indeed disappear for donor pairs that satisfy certain conditions for their relative positions,
while in other situations the donor exchange coupling remains oscillatory, with periods close to interatomic
spacing. We also comment on the possible role of controlled external strain in the design and fabrication of Si
guantum-computer architecture.
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[. INTRODUCTION in device fabrication, coherent control, system integration,
and single spin measurement, among other important issues,
Advances in quantum computing software researsiich  before a Si-based QC architecture could become an experi-
as the invention of factorization algorithm and quantum erromental reality even on a laboratory scale.
correction codes, have prompted an active and extensive Recently, there has been significant progress in the fabri-
search for an appropriate physical system for implementatiogation of donor arrays in a silicon single crystal, using both a
of quantum computatiohFor example, there has been con- “top-down” approach with ion implantation, and a “bottom-
siderable recent interest in the study of donor impurities inup” approach with molecular-beam epitaxilBE) growth
silicon, particularly the SP*P system, because of the poten- and a scanning-tunneling microscof§TM) technique®!
tial of the monovalenfP impurities to act as fundamental Theoretically, we have recently sholfrthat electron ex-
units of a solid-state quantum comput€C). The first Si- change in bulk silicon has fast atomic-scale spatial oscilla-
based QC architecture, proposed by Kargs drawn im- tions due to the valley interference arising from the special
mense interest from the experimental community. In Kane'sixfold degeneracy of the bulk Si conduction band. These
proposal the nuclear spins of phosphord¥} donors are oscillations place heavy burdens on the device fabrication
the quantum bitgqubity, while the donor electrons act as and coherent control because of the extremely high-precision
shuttles between neighboring nuclear spins. The isotopicallyequirement for placing each donor inside the Si unit cell
purified 22Si host provides a quiet environment with very and/or for controlling the external gate voltages.
long coherence times for both donor electronic and nuclear Several authofs have pointed out that Si-based
spiné”® since it has been known for a long tifnthat the quantum-computing  architectures involving  epitaxial
electron-spin coherence time in Si is extremely long. Two-Si/Si;_,Geg, heterostructures possess some practical advan-
qubit operations, which are required for a universal quantuntages over the original scheme based on relaxed bufk Si.
computer, involve precise control over electron-electronOne of the motivations is the need for a barrier material
exchangé and electron-nucleus hyperfine interactions. Aseparating the Si host containirigP donors from the con-
closely related alternative design was proposed faterplv-  ducting gategsee Fig. 1 The Si/barrier-material interface
ing 3P donors in Si/Ge heterostructures, with the spins oimust be free of structural defects. Although high quality Si/
the donor electrongather than the nuclear spjnserving as  oxide barriers can be fabricated, Si¥SiGe, and Si/Sj_,C,
qubits. The basic ingredients underlying the Si QC proposalare strong candidates for QC architectures because of the
are schematically presented and described in Fig. 1. Themgood interface quality associated with their epitaxial nature.
are also other recent QC proposals based on Si or Si/Ge hoEhese alloys have advantages over the oxide barfets,
materials$>® Although these are interesting and promisingSiQ,) in terms of chemical compatibility among the
proposals, particularly due to the extensive infrastructuragroup-IV elements, which share the diamond lattice struc-
base available in the existing Si microelectronics technologyture, while still providing sufficiently high barriers for the
there are formidable experimental challenges to be overcom#onor electrons to prevent leak into/from the gates. In spite
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FIG. 1. (Colon (a) Basic ingredients of the silicon Q@Ref. 3. An array of substitutionaf*P atoms in Si is schematically represented
in the figure by only two atoms. The active elements in the QC are the electronic and nuclear spiné'indbeors. The nuclear spins
(I=1/2) are the qubits. The electrons mediate an effective exchange interaction between nuclear spins and also participate in qubit
initialization and readout operations. All operations are controlled byAtlgates, placed above each donor, and byXlgates, placed
between neighboring donor pairs. A barrier layer separates the host Si crystal from the metallic gatdgatdes biased to bring the
corresponding nuclear spin in and out of resonance with an external rf magnetic field, allowing one-qubit logic operations to be performed.
Donor electrons mediate the nuclear-spin interactions through their exchange coupling. Electron exchange and consequently nuclear-spin
interactions are turned on or off by tlegate. A uniform magnetic field-1—2 T is applied along the direction.(b) Basic ingredients of
the Si/Ge QQRef. 4. An array of substitutionaf*P atoms in an alloy layer of a Si/Ge composition-modulated heterostructure is schemati-
cally represented in the figure by only two atoms. The qubits are the donor-electron spins. Given the difference in the gléattoniin
Ge (@=1.5) and in Si §=2.0), electron-spin resonance may be controlled by the top gate, which drives the corresponding donor electron
into regions of different alloy compositions. Two-qubit exchange interactions are turned on through the top gates by drawing neighboring
donor electrons into a layer of small effective-mass and larger wave-function overlap.

of sharing the same lattice structure, C, Si, and Ge preseuftable experimental problems in controlling both the fabrica-
very large lattice mismatchéattice parameters 3.57 A, 5.43 tion (in terms of donor positioning within the crystaind the

A, and 5.66 A, respectively leading to the presence of actual operatiofiin terms of surface gate bipsf the QC. We
strained layers in heterostructures containing commenswdemonstrate below that these problems are partially solved
rately grown materials. The highly strained nature of thesdor impurity pairs in strained Si grown over Si/Ge alloys due
epitaxial systemsarising from their large lattice mismatch to altered lattice and band structure. Unfortunately, however,
in fact is crucial in producing a high quality defect-free in- we find that some parts of the exchange oscillation problem
terface since dislocations are avoided due to the straipersist even in these strained systems as we discuss in this
buildup. paper.

Given our earlier finding of band-degeneracy-induced In the following, we first discuss how to describe theoreti-
strong oscillations in the donor exchange enedi@y a func- cally the effects of strain in silicon. We then discuss the
tion of individual donor positioning within the Si unit cetbf ~ calculation of the donor exchange energy via an effective
bulk Si, it is natural to ask how donor exchange behaves imHeitler-London approximation. Finally we present our re-
strained Si heterostructure or quantum well systems, whersults and discuss their implications and validity. The details
one must now incorporate strain effects in the exchange cabf our Heitler-London calculation are given in the Appendix.
culation. In this paper we carry out such a calculation of
strain effects on exchange energy, and emphasize an addi-
tional feature of 3'P-doped strained Si quantum wells Il. THEORETICAL APPROACH
(QW'’s) favoring such architectures over architectures based
on relaxed bulk Si for QC implementation. Recall that two-
qubit operations of a Si QC rely on the exchange coupling Epitaxial growth techniques such as MBE allow the fab-
between the wave functions of neighboring donor atoms. Theication of lattice-mismatched heterostructures free of misfit
sixfold degeneracy in the conduction-band edge of Si leaddefect generation when the layers are sufficiently laind
to oscillations in the exchange couplitfigwhich pose formi-  the lattice mismatch is not extremely layd The mismatch

A. Strain in Si layers
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is completely accommodated by uniform lattice strain and 6
the interatomic dl_stances parallgl to the mterfama! plane, i.e., P(r)= E_ a,F,(r)é,(r), (D)
the “effective” lattice constants in the plane remain equal to p=1

the equilibrium value of the substrate material. The lattice, . ,(r)=u,(r)e*«" are the pertinent Bloch wave

constants perpendicular to the interface adjust approprlatel]é(mctions andzi:l|aﬂ|2=1. The corresponding states are

in order to minimize the total elastic energy in the strained beled by th : | rtsat which th I
layer. This so-called commensurate growth lowers the energg eled by the reciprocal-space poikisat which the valley

of the interfacial atoms at the expense of increasing the elas- inima. occur. For definiteness, we follow the sequence:
tic (strain energy stored in the chemical bonds in the coher-_ 12 - - - ,6—>Z,—Z,y,—y,X,—X,20WIth the envelope func-
ently strained layer& We refer to these layers as uniaxially 1ONS given by(e.g., foru==+2)
strained. Depending on whether the interatomic distances
parallel to the interface are larger or smaller than the relaxed
equilibrium value, the strain is called tensile or compressive.
The structural variations involved in this process modify the
electronic properties of the layered materials and consefhe effective Bohr radii for Si from a variational calculation
quently the substitutional impurities in the strained layers. area=25.09 A andb=14.43 A2 Each a, coefficient in

Here let us consider the important example of Si growngq, (1) is in general referred to as the-valley population
over a relaxed $i ,Ge, substrate on €001 interface? Suc-  while a set of six coefficients defines the so-calledley
cessful commensurate growth of such heterostructures hagmpositionof a donor-electron state.
been previously reported:*® The average alloy lattice pa- A substitutional impurity breaks the translational symme-
rameter, which follows Vegard's law very closéfydefines  try of the host crystal, leading to intervalley scattering effects
the Si layer lattice parameter parallel to the interfage: known as the valley-orbit interactioR$?? which split the
=(1-x) asitX age. The lattice parameter perpendicular unperturbed sixfold-degenerate conduction-electron ground
to the(00Y) interface is also modified in the strained Si layer state into a singletA;), a triplet (T;), and a doublet ),
with respect to its equilibrium value. According to macro- with the ground state being a nondegenerate statg sym-
scopic elasticity theorya, = agi+2(C12/c11) (agi— ). Here  metry. Here we use the notation of Ref. 20 for the irreducible
c1,=16.577 dyn/crh and c,,=6.393 dyn/cr are elastic  representations of the tetrahedral group.
constants with values given for relaxed bulk'&iThe elas- To determine the donor-electron wave function, we in-
ticity theory predictions for the crystal lattice structures include as perturbations two types of intervalley coupling, for
Si/Ge heterostructures were confirmed dty initio calcula-  valleys on perpendicular symmetry directiciesg.,x, z) and
tions by Van de Walle and Martiff. For an alloy withx for those on opposite symmetry directiofesg.,z, —z). We
=0.2, the above relations yieldy=5.474 A anda, represent these couplings byA¢ and—A¢(1+ ), respec-
=5.396 A, i.e., distortions of less than 1% 0.8% and tively. The experimental valu&sfor the relative splittings
—0.6%) with respect to the equilibrium value @s;  among theA;, T;, andE levels for 3P donors in Si are
=5.43 A obtained forAc.=2.16 meV andd= —0.3. Taking valley-

Uniaxially strained Si has lower symmetry than relaxedorbit scattering into consideration through these parameters
Si, and thus a different reciprocal lattieody-centered te- |eads to a binding energy of 40 meV for thg ground state,
tragonal instead of body-centered cybénd Brillouin zone  in quite a good agreement with the experimental value of
(BZ). Herring and Vogt® have shown that the small tetrago- 45.5 me\?3 More accurate estimates of the binding energy
nal distortions cause changes in the conduction-band minimgere  obtained through nonperturbative  variational
of Si that can be quantitatively described by shifts in thetreatment£€22*which, however, rely on a spherical-band ap-
energies of the local minima of the six valleys, while the proximation and adoplike hydrogenic trial envelope func-
reciprocal-space positions and shapes of the constant-energigns. Since our goal here is to obtain a realistic description
surfaces remain unchanged to first order in strain. The energyf the ground-state wave function for the donor electron
shifts are given in terms of the amount of distortion and ofrather than the precise values of the binding energy, we em-
the uniaxial anddilation deformation potentialss, and=4,  ploy the perturbative approach with anisotropic envelope
respectively. For Si grown over a relaxed, SiGe, (001)  functions. For our considerations of Si QC hardware archi-
substrate,Z4 leads to uniform shifts of the six valley tecture, which focus on electron exchange due to wave-
minima. Therefore, as discussed below, oBly is relevant  function overlap, the perturbative envelope-function approxi-
for our study of 3P donor wave functions. mation that we employ is quite adequate.

Uniaxial strain alond001] induces different valley shifts
for the two local minima along theaxis (w=1,2) compared
to the other four along theandy axes = 3,4,5,6). Within

The conduction-band edge of relaxed bulk Si consists othe subspace spanned by the electron wave functions at the
six degenerate minima located along 00 directions,  six conduction-band minimgF ,(r) ¢,(r)},-16, the donor
about 85% away from the BZ center, towards the zoneround and lower excited states may be conveniently ob-
boundary aX points. Within the effective-mass thed{the  tained as the eigenvectors of the effective perturbation
ground state for a donor electron in Si can be expanded oHamiltonian which, for3P donors in a Si QW uniaxially
the basis of the six valleys as strained along the axis, is written a®

1 (21 v2V /a2 1 ,2n2112
Fiz(r): > e [(x“+y“)lac+2z5/b4] i (2)

ma

B. Effective Hamiltonian for a donor electron in strained Si
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H=H,o+ Hspaint H;

0 1+46 1 1
1+6 O 1 1
1 1 1+ 1 1
=—Ac| 1 1 1+8 O 1 1
1 1 0 1+6
1 1 1 1+6 0
2y 0 0 O 0 O
0 2y 0 0
0 0 -y 0 0
el g 0 0 -y 0 o0
0 0 0 0 -y O
0O 0 0 0 0 -y
-A Q 0
Q* —-A 0
+ 0 0 0 . (3)

Note that the order of the rows and columngofollows the
sequence i given above Eq(2). Furthermore, any shift in
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A). When we replaceg, by ac in Eq. (4), the estimated
valley strain parameter for Si grown over relaxed SC,
would be y~800x. This is actually a lower bound foy,
since this alloy’s average lattice parameter is somewhat
smaller than predicted by Vegard’s l&v.

A symmetry argument based on the differentidiedf the
six envelope functions to the Si host geometry and boundary
conditions may be used to include the effect of the confine-
ment potentials due to the alloy regions in
Si; _,Ge/Si/Si;, _,Ge, heterostructures, or due to an interface
with any potential barriete.g., Si/SiQ) within a few effec-
tive Bohr radii from the impurity. Assuming that all Si/
barrier interfaces are perpendicular to the growth directjon
the components with-.., envelopes are favored energeti-
cally, regardless of the value or sign gf since the smaller
effective Bohr radiud alongz guarantees a less significant
penetration of the wave function into the barrier regions as
compared to the other envelopes with the larger Bohr radius
a alongz. This effect is phenomenologically included in the
third term H, of the donor-electron HamiltoniaH through
an energy shifA. The parameteA is always positive, and
its value depends on the barrier height and on the impurity
position with respect to the interfaé®We estimate it here to
be up to~10 meV.

In addition to valley energy shifts, the presence of an
interface perpendicular tleads to surface-induced interval-
ley scattering® which we introduce phenomenologically in
H, through the coupling parametél. This coupling is in
general complex, and causes energy shifts smaller than 1
meV in realistic situationd’3!

H proportional to the identity has been neglected, so that the

eigenvalues oH give the correct relative splittings among

C. Single donor-electron states and energy spectrum

the eigenstates, but not the binding energies. The first term of |, the absence of strain and other perturbations, the single

the perturbation Hamiltoniand,,, gives the valley-orbit
scattering due to the presence®P donors in unstrained Si
discussed abové. The second termH i, introduces the
relative energy shifts due to uniaxial strain alof@1] in
terms of a dimensionless scalealley strain parametery

donor-electron Hamiltonian consists only of the valley-orbit
coupling, i.e.,H=H,,. A single donor electron has the state
sequence of a singlet, a triplet, and a doublet, which have
energies— (5+ 8)Ac, (1+6)Ac, and (1-6)A, respec-
tively. For Si, whered~—0.3 andA-~2.16 meV, the sin-

defined in terms of strain parameters and the valley-orbiglet is at—4.7A¢, the triplet at 0.A, and the doublet at

scattering matrix elemene:

By 8siT8ge
X 3Ac  ag

2c
24 1)x. (4)
C11

Here the uniaxial strain parametgr, (Ref. 19 is approxi-
mately 8.6 eV for the Si conduction-band ed§é®SinceZ=,
is three orders of magnitude larger than. (with =,
~10 eV andA-~2 meV), relatively small changes ix

1.3A. The first excited state here is a triplet that is/&:4
~11.7 meV above the ground singlet state. The valley com-
positions of these states show that the ground singlefhas
symmetry, corresponding to a symmetric superposition of all
six valleys: 14/6(1,1,1,1,1,1), while the triplet and doublet
haveT; andE symmetries as expectéd.

When the Si lattice is uniaxially strained along thaxis,
H=H,,+ Hgyain- NOw the degeneracy in the triplet and dou-
blet states is also lifted. The ground-state energyAis

X[ —(2+ 8) + x/2— (312)\/x*+ 4x/3+ 4]: It is an admixture

may lead to important shifts in the energies of the valleysof the A; state with one of the components Bf For y<0,

For example, for Si grown over a relaxed; SiGe, alloy
with x=0.2 on a(001) interface, lattice distortionésmaller
than 1% lead to a valley strain parametgr~ —20. For
Si; _,Ge, alloys of arbitrary composition, we estimaig€x)
= —95x. Negative values ofy indicate tensile straing(

the ground-state valley composition is
(aq,a1,a3,a3,03,a3) and as=a;/[x2+4x3+4—(x
+2/3)], which approaches (1,1,0,0,0,Q¢ asy— —. In
this limit, the first excited state is one of the original triplet
states (in the absence of strgin with energy Ac(1+ 6

>ag), favoring thez valleys energetically. Commensurate +2y) and valley composition (% 1,0,0,0,0)42. The en-
growth of Si over Si_,C, or SiC would lead to compressive ergy splitting between these lowest states approaches 2(1
strain @ <ag), thusy>0. The lattice mismatch between C + §)Ac~1.4A-~3.02 meV. Hydrostatic(dilation) strain

(diamond and Si is 34%(3.57 A versus 5.43 A as com-
pared to 4.2% for Ge with respect to &i.66 A versus 5.43

causes a rigid energy shift in the six valleys, keeping the
splittings and valley compositions of all eigenstates un-
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j ' " ' ' A(*)/Ag=2/3. The curve in Fig. @) clearly approaches
these two limits. When thedirection confinement is added,
it introduces very small energy shifts and additional off-
diagonal coupling between theand —z directions. In the
presence oH,, and/orHgy.,, the effects ofH, are negli-
gible for all relevant properties discussed here. Thus we do
not include this term in our calculation below.
s - We emphasize the following general properties of the
. , , , , , . , spectrum oH in Eq. (3) whenA>0: (i) the ground state is
(b) always nondegenerate, afig the ground-state valley popu-
10} * . lations m_opposge symgnetry directions, e,g=1,v=2, al-
Zf ++++ ways satisfyla,,|°=|a,|?.

AE (meV)
N e o o] o

<\(° 0.8

D. Heitler-London approximation

Alx)
=
[

0.6 | A .
++++ In this paper we use the Heitler-Lond@HL) approxima-
=|-|—|—|—H+H+|‘H‘H+ tion to calculate the interdonor exchange coupling as the
68 . . . ) . energy difference between the two-electron singlet and triplet
' —20 10 0 10 20 states’? Considering a pair of donors &,=0 andRg=R
x (valley strain) and assumin®=|R|>a,b (the effective Bohr radjj the HL
expression for the exchange splitting in Si is

0.4

FIG. 2. (a) Energy splitting between the ground and first excited
states of a single electron bound to a singflé donor in a strained

Si host as a function of the valley strain For Si commensurately JR)=> | > |CE|Z|C;,|Zei(K7K,)'R

grown on S} §Gey 5, with y~ — 20, this energy splitting is about 3.3 v | KK

meV, down from~12 meV in relaxed bulk Si. Foy>0, the first

excited state is a doublet. At large this energy splitting is about X|a,|?la,|?T,.(R)cogk,—k,) R, (6)

7.5 meV. (b) Hyperfine coupling of the ground single donor- L . . . o
electron state, normalized to the unstrained host value, as a functiofhich is derived in the Appendix, where the explicit expres-

of the valley strainy. At y=— 20, the ground-state hyperfine cou- Sion for 7,,(R) is also given. The second summatitthe
pling is about 38% of the ground state in relaxed bulk Si. part within the square brackein Eq. (6) refers to the
reciprocal-lattice expansion of the periodic part of the Bloch

changed. Since our focus here is to understand wavdunction,u,(r)=ZXcke'* ", and is identically unity wheR

function overlaps, we do not consider effects of hydrostatids an fcc crystal lattice vector.

strain. A prominent feature of the above expression for the ex-
In Fig. 2(a), we plot the energy splitting between the first change coupling(R) is the presence of the fast oscillatory

excited state and the ground state of a single donor electrderms cos,—k,)-R, which are periodic with wavelengths

as a function of the valley straig. This quantity is relevant of the order of the atomic spacing-6 A in Si). The coef-

in estimating time scales which determine the adiabatic corficients7,,(R) are slowly varying functions dr as they are

dition in time-dependent processes driven by the gate poteridtegrals containing the envelope functiofg(R), whose

tial variation. The energy splitting becomes smaller when theeharacteristic decay length is the effective Bohr radius of the

bulk ground and excited states mix to form strained groundrder of 20 A.

and excited states. The variation of these energies can be

seerR® in Fig. 1 of Ref. 25. It is also clear from that figure Il RESULTS
why the curve we plot here has a cuspat0: A level
crossing occurs ay=0 for the first excited state. We have performed HL calculations of the donor-electron

The strength of the hyperfine coupling between the donorexchange for different configurations of a pair of donors.
electron and nuclear spins is also important for the Si QCResults(Figs. 3—6 presented here are obtained by taking the
since it is invoked in both single-qubit and two-qubit Summation over reciprocal-lattice vectors to be unity:
operations. In terms of the donor-electron state composition, s, . |cf|?|cy,|2€/€ %) 'R=1, je. the term within the

it can be expressed as square bracket in Ed6) is taken to be unity. This gives the

) exact value fold(R) for those values oR which correspond
> a,
M

<1 ®) precisely toR being an fcc lattice vector. For other values of

R, the continuous lines shown in the figures correspond to
the free-electron limitci~ dy o, which is a first-order ap-
whereAo=A(x=0). This is a differentiable function of,  proximation to the lowest conduction band in homopolar
so its peak aty=0 is smooth, as is shown in Fig(l8.  semiconductord® We investigate the exchange coupling in
Furthermore, fory— —c0, the ground-state composition ap- uniaxially strained Si as we vary the interdonor distance, the
proaches /2(1,1,0,0,0,0), so thah(—x)/A,=1/3; while  interdonor direction relative to the strain axiefined to be
for y—o, the ground state approaches 1/2(0,0,1,1,1,1), anthe z axis), and the sign and the magnitude of strain itself.

1
ACOIAo=
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FIG. 3. Calculated donor-electron exchange in Si as a function F!G- 5. Calculated exchange coupling as a function of displace-
of interdonor distance and valley strajn with the two donors ~Ments of one of the donors relative to the reference configuration in
located along th¢100] axis (with the samey and z coordinate} the Si lattice uniaxially strained along texis with y=—20. The
The symbols represent exchange values when both donors are 8H9IN represents the situation when the two donors are in the ref-
substitutional lattice sites, while the curves give results for continu-£rence configuration defined in Fig. 3. The three curves in the figure
ously varied interdonor distance. The filled symbol in particular"efer to the cases when one of the donors is displaced from its
refers to the configuration in which one donor is at the origin while"eference site along the10], [011], and[101] axes, respectively.
the second donor is 20 lattice spacings away algraxis. This 1€ Symbols represent the substitutional lattice sites along the three
configuration will be used as a starting reference point for the nex@xes- The curve for th@11] axis is symmetric around the reference
two figures. Notice that for systems with different valuesypthe ~ Site because the corresponding displacement alongotd axis
symbols representing lattice sites are slightly displaced horizontallfaUses symmetric variations in the interdonor distdfe
relative to each other. The reason is self-evident, as the strain is
produced by growing Si commensurately on substrates ranging
from Si/Ge (y<0) to Si/C (y>0) alloys, with varying alloy com-
positions that lead to different lattice spacings.
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0 1'0 2'0 3'0 4'0 5'0 FIG. 6. Calculated exchange coupling for in-plane displace-
Distancement from the reference site (Angstrom) ments of the donors in they plane for relaxed Si¥=0, diamond

symbolg and strained S{uniaxial strain along the direction. y
FIG. 4. Calculated exchange coupling as a function of displace= — 20, square symbolsThe inset, in which the filled dots repre-

ments of one of the donors relative to the reference configuration isent the donors, describes schematically the positions considered
the Si lattice uniaxially strained along texis with y=—20. The  for the displaced donor, which consist of all possible lattice sites
origin represents the situation when the two donors are in the refoetween two concentric circles of radii 90 A and 180 A with the
erence configuration defined in Fig. 3. The two curves in the figureother donor positioned at the center of the circles. The data points
refer to the cases in which one of the donors is displaced from itgorrespond to the exchange calculated at all relative positions con-
reference site along thg and z axes, respectively. The symbols sidered. The solid line id(R) for R along the[100] direction for
represent the substitutional lattice sites along the two axes. x=—20.
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Results presented in Figs. 3—6 give a comprehensive accoudisplacement involve a nonzeRy component in the relative
of the general trends and effects to be expected, providingosition R, leading to fast oscillations in the exchange
new qualitative and quantitative insight into the problem ofenergy.

donor-electron exchange coupling in multivalley semicon- The overall effect of uniaxial strain in the exchange cou-
ductors. pling of a donor pair in the-y plane is summarized in Fig.

In Fig. 3 we plot the exchange couplidgs a function of 6. There we consider all possible in-plane substitutional do-
the interdonor distanc® and valley strainy for a pair of  nor pairs with interdonor distances in the range of 90 A
donors along th¢100] axis. Notice that ag increases from <R<180 A. For impurity pairs in uniaxially strained Si
negative to positive values, the exchange coupling becomgg = —20), the exchange is a single-valued functionRyf
increasingly oscillatory. Such behavior can be easily underdecaying smoothly with distance, while for unstrained Si
stood from the expression d{R) in Eq. (6) and from the (y=0) the exchange is significantly reduced with respect to
donor ground-state valley composition. Be<0 with strain  the strained results, and is sensitively dependent on the rela-
along thez axis, the dominant components of the groundtive positionR.
state are Notice that in all the results presented here the oscillatory
behavior ofJ is almost always accompanied by partial can-
cellations, meaning that in the oscillatory regime, the values
of J are always smaller than in the corresponding nonoscil-
latory situations. This is clearly evident in Fig. 3, comparing
where a;= a,~1/\/2, so that the largest oscillatory contri- curves with increasing values gf or in Figs. 4 and 5, com-
bution to J(R) comes from terms with factors cés( paring curves with zero and nonzeRy components for the
+k_,)R, with k_,= —k,. The only effect of varying the  same interdonor distan¢®|. This result can be mathemati-
component ofR is to vary the coefficients7,,, which are  cally confirmed from expressiori), where the co
slowly decaying functions ofR|. As y increases toward —k,)-R factors are responsible both for oscillations and for
zero, the contribution from the four components, . ..,as  partial cancellation7,,,(R)>0 for arbitraryu andv]. Itis
grows, and fast oscillations are superimposed on the overalomewhat differenfand perhaps counterintuitivérom an
decaying envelope od(R,). For x>0, these four compo- ordinary two-wave interference. One aspect of our results
nents dominate the ground-state valley composition, and thpresented in Figs. 3—6 that needs to be emphasized is that
oscillations are enhanced with respect to relaxed bulk Si. our exact HL calculations are done only for discrete values

From the perspective of predicting and controlling the do-of the relative displacement or interdonor distance, and the
nor pair exchange coupling, results in Fig. 3 indicate that thesmooth curves are guides to the eye. As mentioned in the
optimal degree of strain is in the ranges —5, since this beginning of this section, the smooth continuous curves in
leads to a simple hydrogenic-type behavior for the particulapur results correspond to an effective free-electron approxi-
type of relative positiongalong the[100] axis) of a pair of  mation.
donors, as was presumed in the original Si and Si/Ge QC
proposals:* Moreover, the value ofl is considerably en- IV. SUMMARY AND DISCUSSIONS
hancedby about 100%) with respect to values in the relaxed
bulk Si, a feature with considerable practical advantages in
terms of increasing the speed of gate operations in the QC. We now briefly review the main approximations involved

To study cases when the two donors are not positioneth the theoretical approach adopted in this paper, and discuss
along the[100] axis, we first choose a reference configura-various possible improvements. In our perturbation-theory
tion, with a donor pair along thgL0Q] direction. We choose calculation, the only effect of strain is to change the valley
to work with uniaxially strained Si withy=—20 from now  populations of the donor-electron states through the diagonal
on as it corresponds to the realistic situation of Si grown oveelements of the six-valley Hamiltoniad. We do not con-
relaxed SjGey,. We arbitrarily pick the relative position sider strain-dependent changes in the effective masses, the
R~110 A marked by the solid triangle in Fig. 3, with re- intervalley scattering matrix elements, and &, or the BZ
spect to which various displacements are considered for orlecations for the conduction-band minima. Since the lattice-
of the two donors. In Fig. 4 we plot the exchange coupling parameter changes are quite small—less than 1% as we men-
as one of the donors is displaced from the reference sitdoned in the beginning of Sec. Il, we believe that our ap-
along either they ([010]) or the z ([001]) axis. The upper proach is well suited for the modestly strained systems
curve, corresponding to displacements alongythaxis, re-  considered here. For highly strained systeasch as Si
flects essentially the same qualitative behavior as in Fig. §rown on Sj_,C, with a high concentration of carbirthe
for x=—20. However, when the relative displacemdht separation oH into H,, and Hg,j, may not be justifiable,
acquiresany nonzeroR, component, exchange becomes rap-and all matrix elements should be consistently assessed to
idly oscillatory, as indicated by the triangles in the lower determine how they depend on strain.
curve. The same trends are seen in Fig. 5, where displace- Atomistic ab initio studies based on density-functional
ments along th¢110], [011], and[101] directions are con- schemes can overcome the limitations of the envelope-
sidered. Among those, only displacements along[tti]  function/effective-mass theory and have been employed in
diagonal direction lead to a monotonous variationJafith  the literature to study effects of strafrand alloy disordet’
distance without any oscillations. The other two types ofThe difficulty in describing a single shallow impurity origi-

P(r)~a F ek +a,F_e kT (7)

A. Approximations
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nates from the underlying supercell approach with periodic B. Valley degeneracy effects
boundary conditions, which leads to spurious effects due t0 oy results for Si uniaxially strained along thexis in-
interactions between the impurity anq its. periodic replicasgicate that, fory=<—5, inaccuracies in the positioning of
Extrapolation schemes towards an infinite supercell havgpstitutional3*P donor pairs within the-y plane produce
been proposed for the single impurity binding enefysl-  only small effects in the electron exchange coupling. Natu-
though periodic boundary conditions cause additional diffi-rally, the next question is whether it is possible to avoid the
culties for a reliable description of the asymptotic behavioroscillatory behavior due to lattice-parameter-scale inaccura-
of the wave functions. cies in theR, component of the relative position between a
The HL approximation adopted in this paper is the sim-pair of donors. As noted in Sec. Ill, these oscillationg(R)
plest approach to calculate exchange coupling in a variety adire due to the specific form of the ground-state wave func-
situations, such as atomic latticEstandom donor array¥,  tion (7), which dictates that the contribution from the two-
and double quantum dot§® Improvement can be made valley minima are equally important. This result is in turn a
through various ways. For instance, it is quite common toconsequence of the degeneracy of khend —k, valleys in
use the valence bond theofalso called the molecular- bulk Si, whose energies are lowered equally with respect to
orbital theory or the Configuration-interactio(—often com- the four perpendicular ValleyS by uniaxial tensile strain. The
bined with a self-consistent mean-field calculajiapproach ~Same effect occurs in the two-dimensional electron gas
to obtain more accurate spect@nd thus exchange interac- (2DEG) in (00) Si/SiG; inversion layer&' and Si/sj_,Ge,

tion when specifically pursug¢dor molecules or quantum _quantum well&" where, due to. the confining poltential at the
dots3237-%OFor donor arrays in Sirelaxed or strainegdsuch interface, the lowest electronic subbands originate from the

calculations will be complicated by the Si band structure,bh”|k Si kﬁﬁggg _dkz valleys al?gﬁl I; haﬁ. beelT st:jown
although there should be no significant theoretical difficultyt eoretica and experimenta that this valley de-

for a more complete molecular-orbital calculation for donors3&neracy may be liited in heterostructure-type configura-

in Si. In the current study, our focus is on the qualitativetlons’ leading to experimentaélley splittingsof the order of

behavi f th h ling bet wo d 0.1 meV. Such splittings refer to the unperturbed doubly de-
ehavior ot the exchange coupling between two OnorSgenerate ground states, and the resulting singlet ground state
therefore we have not attempted to improve upon the H

approximation. This can be done following earlier calcuIaL[S not one of thék, and — k, valleys, but an equally weighted

PP . . “admixture of these staté$.In the present case{,, alone
tions in GaAs quantum ddtif the experimental develo_p_— leads to a nondegenerate ground state, which is 12 meV be-
ment warrants such improvements of the theory. In addition

. . Tow the first excited state. Under th,,i, perturbation, the
Rq? dpr(f)piosze_? Si Qlicc;Nolmr? ot[:r)]era;? l(Jnde::ia u;_lflgrrp ma?rnetlﬁround state remains nondegenerate, with an energy separa-
eldor 1—2 1 applied aong theaxis(see . orapa tion to the first excited state reduced, but still larger than 3
of donors, a reduction id due to the shrinking of the enve-

i s, L9 meV. Further perturbations, e.gl, that produces the valle
lopes perpendicular to the magnetic-field direction and mag- litting obserF\)/ed in the 2DEGg,iT1ave Eegligible quantitat)i/ve

netic phase interference should be expected, but this Shouﬁgpact in any of the results obtained here. Moreover, pertur-

nOtAf ?/\(/jetﬂaa\‘/r:ayn?gr?tlilgirfgl; lge?éfﬁzr?:toifrfiil.cuIation we havebations of the formH, always lead to an equally weighted
' admixture of thek, and —k, valleys, thus donor-electron

approximated th_e BIOCh. fur_mpons by the corresponqu/a”ey composition always has contributions from these two
plane-wave functions, which is in essence a free-electron ap-

proximation for the conduction band of EiThe approxima- valleys with the same weight, i.da,| =|a,| in Eq. (7).
. . We note that for Ge, where four conduction-band minima
tion here amounts to keeping only tleg term (and letc,

TN . : : - occur at the inequivalerit points in the BZ,(111) tensile
=1) in the reciprocal-lattice expansion of the periodic part_, ~. N .

) T strain leads to a nondegenerate band minimum. Since the
of the BIQCh functions. The pIane-waye approxmatlon aCtu'Iattice parameter of Ge is larger than that of Si and C, this
ally obtains the exact results for lattice points on the Sam%ossibility within group-IVsemiconductors remains “re-
H i(K-K')-R_ X . R
fcc lattice, wheree'"*)"R=1 so that the sums over gyicted to Ge-rich strained alloys grown over relaxed‘Ge,
reciprocal-lattice vector& are normalized to 1. However, \ith the additional complication of bringing alloy disorder
for an arbitraryR, our calculation should mostly give an effects into the nondegenerate ground-state layer where the

upper boundto an exact HL calculation. If they coeffi-  gonors are placed. We do not consider donors in Ge here
cients have a broad distribution, the sums would tend to bgjnce there is no particular experimental effort directed to-

much smaller since they involve the fourth powercpfas is  \yard the design of a Ge-based QC.
shown in Eq.(6). Thus the continuous lines in Fig. 3—6
should be taken more as guides to the eye than as the actual
values of exchange, which can be much smaller. As men-
tioned before, we carry out our full HL exchange-coupling Static electric fields generated by the top gates can be
calculations only for discrete values of interdonor separatiorused to slightly modify the donor-electron wave function in
(triangles, squares, etc. in the figureghereas the continu- its shape and weight distributions, so that such fields can be
ous curves represent the free-electron HL approximationused to overcome lattice-parameter-scale inaccuracies in the
Further calculations are underway to go beyond the freeR, component of the relative position of a pair of substitu-
electron approximation, and results will be presented elsetional impurities. A crude estimate of the uniform static
where. electric-field effects in the donor bound states may be in-

C. Estimates for static electric-field effects
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ferred from results for the hydrogen atdfiilo the first order  tent, from over 1000 A fox=0.05 to 100 A forx=0.35.
in the field, the H ground-state wave function in the presenc&kecent advances in epitaxial growth of Si/Ge heterostruc-
of a uniform electric field€ alongz=r cos@ is given by tures have led to the fabrication of samples of 100-A-thick Si
layers over relaxed $i,Ge, alloys with x up to 0.3'° with
1 interfaces of extremely good quality and free of dislocations.
Yu(r)= \/Eﬁ Also, 150-A-thick layers ovex=0.2 alloys were recently
0 produced® In both cases, the layer thickness is beltut
whereay,=0.529 A is the Bohr radius, arglis the electron very close to the theoretical upper bound foi: .
charge. The expectation value of the electron position is thus Qur results refer to structures of strained Si commensu-
shifted by a uniform field€ from (r)=0 to (r)4=  rately grown over relaxed random alloys. The inevitable sub-
— %agéle, which corresponds to an average displacement oftrate alloy disorder can pose some potential difficulties. In-
4.63x10 % A for £=10 kv/cm. This negligible shift is deed, some randomness in the lattice spacing and thus in
greatly enhanced for donor bound states in Si. Assuming atrain is bound to occur at the alloy/Si interface. However,
spherically averaged envelope with an effective Bohr radiushis effect quickly decays inside the Si layer. Since we con-
a* =(a%b)¥® we get(r)g=e(a*/ap)3(r)y=7.4x10°%(r),, sider donors located as far as 100 AZ0 lattice spacings in
wheree=12.1 is the Si dielectric constant. An average posi-Si) away from the interface, any alloy disorder effect should
tion shift of one monolayer (1 MEag/2=2.7 A in S)  be negligible, leading to a uniformly strained Si host for all
thus corresponds t6=8 kV/cm. In the current context, itis practical purposes. On the other hand, if a device is based on
plausible to expect that a uniform electric field of tens ofan heterostructure predominantly formed by
kV/cm may compensate for atomic misplacements of a fewsi; - ,Ge/Si,_,Ge, strained layergalloy on alloy, as con-
monolayers along the field direction. sidered in Ref. 4, and the donors are located inside an alloy
It is interesting to note that, according to E§), an ap- layer[see Fig. )], random strain and local chemical dis-
plied field does not lead to first-order effects on the electronorder would presumably play a much more important role in
nucleus hyperfine coupling, which is proportional to the elec-determining the donor electronic properties, including ex-
tronic density at the nuclear sitd~|4(0)|2. Since theA  change and hyperfine couplings. The electronic behavior of a
gates in a Si QC are primarily meant to reduce this couplingsingle impurity is sensitive to local composition fluctuations,
by pulling the electron wave function away from the donorwhich will certainly influence the performance and reproduc-
towards the barrier, fields much stronger than those quoteibility in the fabrication of such devices.
above are required to perform such operations. In the strong- We have demonstrated that it is possible to achieve hy-
field limit, donor ionization starts to take place. The field drogenic behavior for substitutional donors positioned ex-

r2

apl + —
)

cosé

S P &)
e 1

dependence of the dissociation rate for atomic 8 is actly in the sameé001) lattice plane parallel to the interface
with the alloy substrate. For the recently propdSed
AN . 2e “bottom-up” approach for Si QC fabrication, in which MBE
—x&exp — e’ (9 growth is followed by positioning an individual P impurity
0

on the surface with the help of an STM tip, our result implies

which means that dissociation becomes appreciable for fielthat small displacements of the P atoms due to surface diffu-
values in the order of,=e/a2=5x10° kv/cm. Under the Sion or hops among the Si atoms forming dimers at the
spherically averaged envelope assumptions above, we esfi(001)2x<1 surface should be acceptable for the reliability
mate that donor ionization in Si would require fields of the of QC operations mediated by exchange coupling. The final
order of Eg=[(ay/a*)? €]€4=5.3x 10" 5,~300 kv/cm, Stage of the “bottom-up” approach involves Si overgrowth,
which is one order of magnitude larger than the fields re£ncapsulating the deposited P donors. This is a crucial step

quired to compensate for atomic displacements of a fevior either relaxed or strained Si, since any atomic-saale
monolayers. component added to the relative positiBrieads to oscilla-

tory behavior and possibly a strong reductionJoin MBE
growth, surface binding and elastic energy differences
among the various species lead to segregation effects, driv-
We have shown in this paper that strained Si grown coming P atoms from previously grown layers into newly depos-
mensurately over relaxed;Si,Ge, (001) alloys presents the- ited ones. Segregation may be reduced by lowering the
oretical advantages over relaxed Si as a host materiaffor growth temperature and by increasing the growth fateyt
donor impurities in Si-based QC architectures. Since thét may not be eliminated entirely. In a differett,“top-
same is not true for strained Si grown on SiC, substrates, down” approach, the P array in Si is formed by ion-
here we focus on growth of strained Si over relaxedimplantation techniques, which implies a low degree of con-
Si;—«Ge, alloys. One important limiting factor in the fabri- trol over R, on a lattice-parameter length scale. Residual
cation of strained Si layers is the so-callettical thickness  variations in the relative positions of the donors must be
hc, the thickness above which the strained layer relaxes bgorrected by individually calibrating th& andJ gates.
forming topological defects, typically misfit dislocations  We point out an additional advantage of strained over
which originate at the interface and propagate into the btlk. relaxed Si according to our numerical results. Following all
Theoretical estimates through an energy minimizatiorovergrowth stages, on®gate must be placed on top of each
criteriont® show a sharp decay &f- with the alloy Ge con- buried impurity and ond gate in between neighboring im-

D. Fabrication-related aspects
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purity pairs[see Fig. 18)]. We have shown that the exchange we used previously. We also thank Bruce Kane, Ravin Bhatt,
coupling is enhanced for donor pairs parallel to the interfaceand Michelle Simmons for useful conversations. This work
in negatively strained Si configurations. This allows foris supported by ARDA and NSA. B.K. acknowledges finan-
larger interdonor distances as compared to relaxed Si, whickial support from CNPdBrazil).

is particularly convenient in terms of fabricating and accu-

rately positioning the external gates. APPENDIX: HEITLER-LONDON APPROXIMATION FOR

E. Additional QC-related aspects DONORS IN SILICON

We show in this paper that uniaxial strain can to some In this paper the Heitler-London approximation is em-
extent help alleviate the problem of oscillating electron ex-ployed to calculate the exchange splittidgbetween the
change in QC architecture considerations. Furthermoreground singlet and triplet states for twoP donors embed-
uniaxially strained Si does not introduce any additional con-ded in strained Si. Assuming the ground donor-electron wave
straints on the geometry of a Si-based @&,long asthez  functions to bey(r), the energies of the singlet and triplet
axis in Fig. 1 coincides with the lattig®01] axis and linear states are
or two-dimensional arrays of substitutional donors are placed
on a single(001) plane. However, strain might have some ES— o 4 HotH;
adverse effects from other perspectives of quantum comput- tme=0" 142
ing. For example, results summarized in Fig. 2 indicate that ) ) ) ) .
donors in uniaxially strained Si will have “inferior” single- WhereE, is thl? single Impurity electronic energy, whitey,
electron properties compared to the relaxed material for th&l1, andS are integrals involving two electronic wave func-
purpose of QC operations, requiring longer times to perfornfions of the form(1) centered at the origin an@, and are
an adiabatic evolution of the electron state and providing £xtremely anisotropic and sensitive functionsRfin Si.*?
reduced hyperfine coupling. Also, strain is related to anisoThe terms appearing in E¢AL) are
tropy (albeit smal) in the g factor?® which is an extra com-
plexity in single-qubit operations. _ 3 43y | % 209 1% (v — B2

The long electronic spin coherence times in Si might also Ho fd Ndral Yt r) POl (RIS, (A2)
be adversely affected by strain due to enhanced electron-

(A1)

phonon coupling, as the spin-lattice relaxation rate is propor- B 3. 43
tional to the square of thg-factor anisotropy® However, Hy= | d°rad®roy™ (r) ¢* (ra—=R)OY(ra—R)i(ry),
transport measurements in high-mobility 2DEG in strained (A3)

Si® next to relaxed Si ,Ge, layers for samples with differ- .
ent values ok (up to 0.30, show a negligiblex dependence with

for the electron-scattering times and mean free paths. There o2 1 1 1
is also evidence from electron-spin-resonance measurements O= _(

that the averagg factors in Sj_,C, layers under high ten- €

sile strain are very close to the values obtained for conducR

tion electrons in St® These experimental results indicate thatfor ¥ in the expressions above leads to sums over integrals

ggcgt'r;?ﬁgohrozgﬁ'Cgu;?ilﬁgvreelxq;?ﬁsgﬁzle;s dsséilr;,p?noctgr?tte r\{vhich involve different envelope functions and phases com-
. . . . . . ing from the Bloch wave functions. For example, the overlap

ence times might also remain long in strained Si. Of coursg

these and other key properties of electrons in Si must be

further investigated both theoretically and experimentally in

order to establish the feasibility of the Si-based QC hard- S:f d®r ¢ (r)y(r—R)

ware, even if the fabrication difficulties discussed above are

—+——+=|. (Ad)
Iri—=R[ |ro] |ri—ry R

eplacing the ground-state wave functions of the fgdm

overcome. I
Finally, we point out the obvious fact that, although we = > ALk € f d°ry
have emphasized the relevance of our theory to Si QC archi- nrKK!
tectures throughout this paper, our work is of general validity XF(1)F (1 — R)el(ky—k,tK'=K)-rg

completely transcending QC considerations and context. In

particular, we have developed a theory for calculating the LR

donor exchange energy in strained Si systems incorporating :EK Auukk Sp€ T (A5)
the quantum interference effect arising from the multiple val- .

ley structure of the Si conduction band. Our results shouldyhere A,U,VKK’:a::aVClKL*C;I and Suze_R“(1+RM

apply to any problem involving Si donor exchange coupling-, 12 2/3y ‘\hich is exactly the hydrogenic expression for the

considerations. overlap® but evaluated at the rescaled internuclear distance

which, for u=2z, is R,=(R,/a,R,/a,R,/b). Following the
approximations suggested in Ref. 36, we neglect all integrals

We thank Rogerio de Sousa for calling our attention to thewhich contain rapidly oscillating phases the integrated
approximate Heitler-London form for the exchange couplingvariablesr; or r.
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Integrals appearing in Eq9A2) and (A3) contain a Expression(6) for the exchange is formally equivalent to

distance-dependent denominator which, at large internucleahe J(R) obtained by Andrest al® under the additional

separations, may be replaced by the value appropriate for thﬁaproximation¢ﬂ(r)~e“‘ﬂ", thus cf = 8 o, but with 7,,,

line joining the two donors? For these terms it is convenient repjaced by

to define

2

e 2
f(ﬁu)za

a . 1/2
Fcoszalfrsmze#

, (AB)

where 6

.. 1S the polar angle between the direction andR.

Taking all these considerations into account, we arrive at

the final expressioi6), where the kernel7 is

2 .
jp,vzﬁ[sp,sv(zcldl—CZ)_(SMUV+UMSV+JMV)]

(A7)
with
C1:§)\: ENENY (A8)
02:; |a)\|2|a7|zc;\'y’ (A9)
Y

=)~ UR +e Z(1+1/R))], ¢, =f(6)[1UR,
—e 2RA(1R, +11/8+ (B4R, + (1B)RD)],  v,=f(6,)
[~e "«(1+R,)], s, is given above, andj,,

=f(0,)in(R,), with j4(r) as given in Eq(B5) of Ref. 36.

Jun(R)= f d3r,d%r,F 3 (r)F3(r,—R)
o2

Furi=R)F,(ry).  (A10)

X—
€[ri—ry|

This result emerges from an approximation for the exchange
coupling commonly adopted in the literat¥&3¢in which

only the exchange integral of the Coulomb electron-electron
repulsion term is included. To our knowledge, no formal jus-
tification for this assignment is available for electrons bound
to donor impurities via Coulomb interaction. However, our
results show that this is actually an acceptable approximation
if the interdonor separation is between 100 and 200 A in Si,
where relative changefAJ(R)|/J(R) are at most 20%,
keeping the same qualitative features and trends reported
here for all strain andR values investigated. In fact, it is
possible that the approximate expression obtained using Eq.
(A10), which is positive definite, instead of E¢A7), be-
comes more reliable than HL in tHe— limit, given the

As in Ref. 12, we make the following additional assumptionartifact of the HL expression for the exchange splitting in the

regarding the off-diagonal elements af and j: j,,

— H H o ! !
=Vl upl vy @ndcy,=vcy, €.,

H, molecule that predicts an unphysical negativéor R
beyond 50 Bohr radit’48
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