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Effect of electron-nuclear spin interactions for electron-spin qubits
localized in InGaAs self-assembled quantum dots

Seungwon Lee,® Paul von Allmen, Fabiano Oyafuso, and Gerhard Klimeck
Jet Propulsion Laboratory, California Institute of Technology, Pasadena, California 91109

K. Birgitta Whaley
Department of Chemistry, University of California, Berkeley, California 94720

(Received 16 August 2004; accepted 22 November 2004; published online 25 January 2005

The effect of electron-nuclear spin interactions on qubit operations is investigated for a qubit
represented by the spin of an electron localized in an InGaAs self-assembled quantum dot. The
localized electron wave function is evaluated within the atomistic tight-binding model. The electron
Zeeman splitting induced by the electron-nuclear spin interaction is estimated in the presence of an
inhomogeneous environment characterized by a random nuclear spin configuration, by the dot-size
distribution, alloy disorder, and interface disorder. Due to these inhomogeneities, the electron
Zeeman splitting varies from one qubit to another by the order of, 10°°, 1077, and 10° eV,
respectively. Such fluctuations cause errors in exchange operations due to the inequality of the
Zeeman splitting between two qubits. However, the error can be made lower than the quantum error
threshold if an exchange energy larger thar*¥V is used for the operation. This result shows that

the electron-nuclear spin interaction does not hinder quantum-dot based quantum computer
architectures from being scalable even in the presence of inhomogeneous environm2@gs ©
American Institute of Physic§DOI: 10.1063/1.1850605

I. INTRODUCTION recent study has shown that a “swap” operation with a
Zeeman energy fluctuatiohE; yields an error of AE,/J)?.
Quantum computeréQC) hold the promise of solving |t is thus crucial to examine whether the proposed solid-state
problems that would otherwise be beyond the practical ranggpin-based QC implementations are scalable within the quan-
of conventional computersNatural candidates for the fun- tum error limit, in presence of a realistic inhomogeneous
damental building block of quantum computérgibit) are  environment. As a prototype of this examination, the present
the electronic and the nuclear spins, since they have a weflaper focuses on the scalability of architectures where the
defined Hilbert space and a relatively long decoherence timgubit is represented by an excess electron spin localized in an
compared to the orbital degrees of freedom. Several QGnGaAs self-assembled quantum dot. An array of InGaAs
implementations have been proposed based on the use of thelf-assembled quantum dots is an excellent candidate for a
spin degree of freedom, such as using the nuclear spins ingralable QC architecture because recent advances in the fab-
moleculé and in crystal latticed the nuclear spins of donors rication technology have substantially improved the control
in Si* and in endohedral fullerensnd the spin of electrons of size and location of the nanostructuté&?
confined in quantum dots or donors’ While small-scale The electron Zeeman energies of InGaAs self-assembled
quantum computing has been demonstrated with a few qubitguantum dots can fluctuate due to inhomogeneous hyperfine
using the nuclear spin' or trapped ions? large-scale quan- energies induced by the electron-nuclear spin interaction.
tum computing with many qubits used in parallel is yet to beThis fluctuation of the hyperfine energies can be quite large
demonstrated. since all the nuclei in an InGaAs quantum dot and its envi-
Solid-state spin-based QC architectures are in principleonment GaAs buffer have nonzero magnetic moment and
scalable to many qubits. However, they are intrinsically in-the resulting numbeX of nuclei interacting with the electron
homogeneous due to defects, impurities, alloys, interfacespin is in the range 0-1C. The hyperfine energy generated
strain, etc. Although the inhomogeneous environment willpy such a large number of nuclear spins varies from dot to
cause inaccuracy in the qubit operations, fault-tolerant errordot, due to the various sources of the inhomogeneous envi-
correction schemes have been shown to compensate for @snment. A recent study showed that when the nuclei are
rors up to a certain threshofd.*® For spin-based QC archi- unpolarized, the fluctuation of the hyperfine energies due to
tectures, the single-qubit operation typically uses the Zeemaghe random nuclear spin distribution is proportional to/l/
coupling to an external magnetic fie(dusS-B), while the  and is as large as 16-10° eV for N=10*—1¢F.2° The fluc-
two-qubit operation relies on the exchange interaction beyation can be suppressed by polarizing the nuclear spins
tween two spingJS; -Sy). In these operations, if the inhomo- ysing dynamic polarization schenf@s® However, the fluc-
geneous environment causes fluctuations in the Zeeman efifation of the hyperfine energies is persistent even in polar-
ergy Ez, it will lead to operational errors. For example, a jzed nuclei because of other sources of inhomogeneity in the
environment. For example, the dot-size distribution, alloy
dElectronic mail: seungwon.lee@jpl.nasa.gov disorder, and interface disorder are inherent to self-
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assembled quantum dots. We find here that the electror8ection IV discusses the effect of the fluctuation of the hy-
nuclear spin interaction in an inhomogeneous environmenperfine energies on qubit operations. Finally, Sec. V summa-
can lead to a fluctuation of the hyperfine energies as large dizes the results of this work.

that due to the random nuclear distribution in the case of

unpolarized nuclei. Il. ELECTRON-NUCLEAR SPIN INTERACTION

In addition to the inhomogeneous hyperfine energies, g electron-nuclear spin interaction originates from the
fluctuation in the electron Zeeman energies can arise frO'EoupIing of the nuclear magnetic moment to the magnetic
the fluctuation of the electron Landé factgrand the fluc-  fig|g generated by the electron magnetic monenequiva-
tuation of the local magnetic field due to, e.g., magnetic im1ently from the coupling of the electron magnetic moment to
puritieS. In particular, considerable fluctuations of the eIeC‘the magnetic field generated by the nuclear magnetic mo-
trong factor are expected due to the inhomogeneous dot sizgmeny. Both the spin and orbital angular momentum of the
strain, and alloy disordéf"**Moreover, the electrog factor  electron contribute to its magnetic moment. Therefore, the
can be artificially fluctuatedi.e., engineeredoy an external  electron-nuclear spin interactions for an electron in an
electric and magnetic fie®f® The estimation of the ssymmetry orbital and in a nosssymmetry orbital are ex-
g-factor fluctuation due to these sources is reserved for futurpressed as follows:
work. 167

The electron-nuclear spin interaction in 1ll-V material Hue= — vipueundr)[S-1], 1=0 (1)
quantum dots has been intensively studied over the last few 3
years>>3"~*The focus of these studies has been to under-

. . . . 2 Sr)(l-r
stand the effect of the interaction on electron spin relaxation, Hyg= M (L= -1+ 3# , 1#0.
ensemble spin dephasing, and spin decoherence. These in- r r
vestigations have shown that the electron-nuclear spin inter- 2

action is one of the dominant mechanisms for electron SPRyere, v, ug, and uy are the gyro-magnetic factor of the

relaxation an_d dec_oheren_ce, prevailing qver_the mechanismycjear spin, the Bohr magneton, and the nuclear magneton,
related to spin-orbit coupling under certain cwcgms_taﬁ?:es. respectively.S and| are the spin operators for the electron
In clear distinction from these previous investigations, thegn the nucleus, arld is the angular momentum operator for
focus of the present work is to estimate the fluctuations Othe electron. When hydrogen-like atomic orbitals are consid-
the electron hyperfine energies in the presence of an inhomesed, the first-order energy shifts due to the electron-nuclear
geneous environment and to investigate its consequence fgpin interaction for boths-symmetry and noms-symmetry
gquantum gate operations. Furthermore, most of the previouslectron orbitals are comparab'fe.

work has concentrated on gate-controlled GaAs quantum The conduction electron wave function in an InGaAs
dots in GaAs—AlGaAs heterostructufsé’’where the lateral ~ self-assembled dot is mostly composed ®Eymmetry
confinement is much weaker than the vertical confinementatomic orbitals, as shown in Table I. For the lowest electron
In contrast, a self-assembled quantum dot, the subject of theave function in InAs quantum dots, the tight-binding cal-
present work, is strongly confined in both lateral and verticalculation shows that the contribution efands” orbitals is
directions. Due to the stronger lateral confinement, the selfabout 94%, while the contributions @f andd orbitals are
assembled quantum dot has a larger energy spacing betwe@Bout 5% and 1%, respectively. This small admixture can be
confined levels, which is typically about 10—100 meV in understood from the wave function symmetry in bulk. While

contrast to about 1 meV for gate-controlled GaAs quanturﬁhere is no admixture dig;, Table | shows that the contribu-
dots. tions fromp andd orbitals increase for wave vectors away

In this paper, we first estimate the fluctuations in thefrom the center of the Brillouin zone. The same trend is

hyperfine energies resulting from the electron-nuclear spifcPorted in psudopotential studies and another tight-binding

- 48-50 .
interaction in the presence of inhomogeneities in thecalculatlon. The effective wave vector of the electron

environments,—in particular dot-size distribution, alloy dis- Vave function ~in the quantum dot is roughly

order, and interface disorder. We calculate the electron den(-W/ Ly, /Ly, 7/ L;) wherel,,Ly, andL, are the dot dimen-

. . _ x . sions. The wave vector is not Rtalthough it is close td".

S.'w using the atom!st|_csp3d5s tlght-bmdmg mode_l. _The Therefore, the smallp and d orbital admixture in the

tight-binding model is ideally suited for the description of quantum-dot wave function originates from the bulk wave

alloy and interface disorder with atomistic resolution, WhiChfunction symmetry at a wave vector that is notiat

enables us to study the microscopic effect of the inhomoge-  the effective electron magnetic field generated by each

neous environment on the electron denS|t_|es. In the _Seco_rgectron orbital is roughly proportional to its weight in the

the electron hyperfine energies on qubit operations.  orhitals to the effective magnetic field is about 6%. Since we
The paper is organized as follows. Section Il describegre interested in the order of magnitude of the hyperfine en-

the treatment of the electron-nuclear spin interaction withirergy (and its fluctuatioh we therefore choose to ignore the

the tight-binding model. Section Il describes the fluctuationelectron-nuclear spin interaction due to a rssymmetry

of the hyperfine energies of the electron spin from one quanerbital. As a result, the remaining electron-nuclear spin inter-

tum dot to another due to the inhomogeneous environmenaction is described by the hyperfine Fermi contact term:

Downloaded 04 Feb 2005 to 128.46.214.50. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



043706-3 Lee et al. J. Appl. Phys. 97, 043706 (2005)

TABLE I. Projection of the lowest electron wave function onto the atomic orbitals of different symmetry for
lens-shaped InGaAs quantum d6@D) with diameter 15 nm and height 6 nm. The wave function is calculated
with an sp’d®s’ tight-binding model. Three different alloy materials are considered for quantum dots. For
comparison, the wave functions of the lowest conduction bard and X in bulk InAs and GaAs are also
projected onto the atomic orbitals.

S symmetry p symmetry d symmetry
Material s s p d
InAs QD 0.738 0.195 0.051 0.015
1N §Gay AS QD 0.762 0.184 0.042 0.012
1Ny Ga.As QD 0.783 0.174 0.023 0.010
InAs Bulk at T, 0.827 0.173 0.000 0.000
GaAs Bulk atT', 0.844 0.156 0.000 0.000
InAs Bulk at Xg, 0.204 0.001 0.337 0.457
GaAs Bulk atXe, 0.055 0.019 0.434 0.492
167 ded in a GaAs matrix, INnAs—GaAs self-assembled dots are
Hie= 3 MBMNE Y(S-1)&r —Ry), ©) strongly strained due to the large lattice mismatch of 7%
J

between InAs and GaAs. The equilibrium atomic positions
where y; and|; are the gyro-magnetic factor and the spinunder strain are calculated with an atomistic valence force
operator of thgth nucleusr andR; are the position vectors field model>® Following the strain calculation, the electron
for the electron and thgh nucleus. Since the energy of the wave function in the strained nanostructure is obtained with
hyperfine interactio{<0.1 me\j is much smaller than the the empiricalsp’d®s" tight-binding model including the spin-
energy spacing between the quantized electron leadisut  orbit coupling® The strain effect on the electronic structure
10-100 meV, the hyperfine Hamiltonian for a given elec- is captured by adjusting the atomic energies of the tight-
tron level can be approximated with first-order perturbationbinding model with a linear correction that is obtained within
theory as: the Léwdin orthogonalization procedute>®we also modify
1647 the nearest-neighbor coupling parameters for the strained
Hur= —mein % (RS 1)=2 A(S-1)), (4  structures according to the generalized version of Harrison’s
J ]

3 d?> scaling law and the Slater—Koster direction-cosine
. . 57,58
where(R)) is the electron wave function at nuclear sRg rule.

and A, is the effective hyperfine coupling constant between  In the empirical tight-binding modek)s(0) and ¢ (0)

the electron and thgh nuclear spin. are unknown because the model determines the Hamiltonian
The coupling constar; is proportional to the square of matrix elements without introducing the real-space descrip-
the electron wave function at the nuclear $te tion of the basis orbitals. For this work, the densities of the
basis orbitals at a nuclear site are determined empirically
A= @MB#WJWROF- (5) using measurements of the Overhauser shift of the electron
3 spin resonance The details of determining the densities are

Within the tight-binding model, the electron wave function is 91\Ven in the Appendix. _

expressed as a linear combination of atomic basis orbitals  With the resultinga;, B;, 1(0), and¢«:(0), A; is calcu-
#(r-R;). The present tight-binding model includegd®s lated according to Eq$5) and (6). The_spatlal d|str|but|on_s
basis orbitalS! Therefore, the total electron density at Of Aj along the directions of the dot diameter and dot height
nuclear siteR; is given bys-symmetry orbital densities: are plotted in Fig. 2. The maximum value &f(7 neV) is

5 ) found at the As nucleus located at the center of the quantum
[W(R)|*=[a;¢(0) + B s (), ®  got. TheA, value associated with an As nucleus is about 1.7

whereq; andg; are the tight-binding coefficients ferands’ times larger than that associated with the In and Ga nuclei.

orbitals centered at sitR;, respectively. In terms of the ef-

fective mass approximation, the tight-binding coefficients 2

loosely speaking correspond to the envelope functions while GaAs

the tight-binding orbitals correspond to the Bloch wave func-

tions. InAs 6 nm x

The tight-binding coefficientsy; and 5; depend on dot < >

geometry, material, strain profile, alloy disorder, etc. The ge- 15 nm

ometry of a quantum dot grown by molecular beam epitaxy

varies widely with the growth conditiotf.>* Based on the

experimentally achievable geometries, we model a lenst!G: 1. Geometry of Fhe modeleql self-assembled quantum QOt. The quantum
. . ot is lens shaped with a base diameter of 15 nm and a height of 6 nm. The

shaped self-assembled InAs dot with diameter 15 NM anfhes x andz are the transverse and vertical axes along which the spatial

height 6 nm, as shown in Fig. 1. Since the dots are embedfistributions ofA; are plotted in Fig. 2.
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electron wave function is assumed to be unchanged. Other-
wise, the electron wave function is recalculated for several
configurations of the dot environment.

We first consider the hyperfine splitting fluctuation due
to the nuclear spin orientation. When the nuclear spins are
unpolarized, the nuclear spins in the magnetic field at ther-

mal equilibrium are distributed among the eigenstatef;jzof
T with a probability proportional to the Boltzmann factor

®) I
6 oo As expl(unl’B/kgT). Since the thermal enerdyT is typically
g L *—*In/Ga ] much larger than the nuclear Zeeman eneygyy| (B, it is
< . safe to assume that the nuclear spins are randomly distrib-
r ‘ oy ] uted among the eigenstatesf@fvvith a uniform probability
0, 0 i —— | distribution. It is also reasonable to assume that the random

Atomic position along z axis (nm) nuclear spin orientation does not change the electron wave
function and th h lin n h
FIG. 2. Spatial distributions of the hyperfine coupling coefficigh for a ul ction a dl thus t e. coup . 9 FO Staﬁ’ beclfluseht eh
lens-shaped InAs quantum dot embedded in a GaAs b(ffealong thex ~ l€Ctron-nuclear spin interaction is much smaller than the
axis and(b) along thez axis of Fig. 1. The coupling coefficiert; is given  electron-nuclear charge interaction. Taking into account the
by Eq. (5) and is proportional to the electron density. The dashed linesahove reasoning, the fluctuation of the hyperfine splitting due
indicate the interface between the InAs dot and the GaAs buffer. to the random nuclear spin orientations is given by

This large difference is due to the larger electron density on  AE = v’(Eﬁ'F)ens— <EHF>§ns

anions than on cations. The global distributionfgfreflects

the localization of the electron density inside the dot. Al- :\/E [AX(19)) ens= AXID)20d

though the electron confinement inside the dot is quite effec- !

tive along thg lateral direction, along the vertical axis the — /E Ajzlj(lj +1)/3, ®)
electron density extends farther outside the dot. This causes i

the electron spin to interact with a large number of nuclei

outside the dot, in addition to the interaction with the nucleiwhere(- - -)osiS an average over the ensemble of dots. Note
inside the dot. The number of nuclei for whiey is larger  that the fluctuation is only due to the random nuclear spin
than 0.01*maxA) is about 60 000, whereas the number of orientation while other inhomogeneity sources are sup-

nuclei inside the dot is about 30 000. pressed; the dot geometry and atomic configuration in the
alloy and near the interface are identical for all the dots. Due
IIl. ELUCTUATION OF THE HYPERFINE SPLITTING to the random distribution of the nuclear spin within the

ensemble(lf)nsis zero and((ljz)2>ens is 1;(1+1)/3 for all j.
A typical quantum-computer architecture involves an ex-Furthermore, the nuclear spins are assumed to be uncorre-
ternal magnetic filedZ to define the qubit space. The spin |ated, i.e.(171Rens= (1 Dendlens for j # k.
up and spin down states of the electron in the external mag- The fluctuationAE,r due to the random distribution of
netic field Bz are split bygugB. The two levels are further nuclear spins can be suppressed by polarizing the nuclear
split by the electron-nuclear spin interaction. According tospins. The polarization can be achieved via the electron-
Eq. (4), the hyperfine splitting is given by nuclear spin interaction using spin-polarized current or opti-
L E -E =S Al o cal pumpingz.7‘3.°'6°'6lHowever, even when the nuclear spins
HE==T =L Rk are fully polarized,E.r can still be broadened by other
R sources of inhomogeneity in the dot array. For example, an
where IjZ is the expectation value of operatqzr over the ensemble of self-assembled quantum dots has typically about
nuclear spin states. The hyperfine splitting is determined by 10% size distribution, which is inherent to the nonequilib-
the spatial distributions of both; andIf. Hence, ifA; andI?  rium growth process of the molecular beam epitddas the
vary from dot to dot, the hyperfine splitting fluctuates asdot size changes, the effective number of nuclei interacting
well. The variations of andljZ arise from inhomogeneity in  with the confined electron and the spatial distributionApf
the environment, such as the nuclear spin orientation, thehange. This leads to different hyperfine splittings for dots
dot-size distribution, the alloy and interface disorder. with different sizes. The fluctuation iRye due to the size
To estimate the fluctuation of the hyperfine splitting, wedistribution will be estimated here by comparing calculated
take the following approach. First, the hyperfine splittingvalues ofEr for three different dot geometries with base
fluctuation is estimated for one inhomogeneity source at aiameter and height values dfi4 nm, 5.5 nmy (15 nm,
time while other inhomogeneity sources are assumed to b& nm), and(16 nm, 6.5 nny, respectively. From the smallest
eliminated. Second, the inhomogeneity source is treated asta the largest dot, the number of nuclei inside the dot in-
random source since the correlation among quantum dots fareases from 22 304 to 35 161.
each of the inhomogeneity sources is negligible. Third, the We further consider two additional sources for the
effect of the inhomogeneity source on the electron wavéroadening ofg, in self-assembled dots: Alloy and inter-
function (i.e., A)) is examined. If the effect is negligible, the face disorder. The alloy disorder stems from the fact that a
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large number of atomic configurations will yield the sameTABLE II. Hyperfine-splitting fluctuatior(AE,¢), ensemble-spin dephasing
compositional ratio in an InGaAs quantum dot. The inter-time (T,=h/AEy), and effective nuclear magnetic field fluctuatichBy

.=AEr/geug) caused by various inhomogeneities for an InGaAs quantum
faces between an unalloyed InAs dot and the GaAs buffer Iﬁot embedded in a GaAs buffer. For unpolarized nuclei, each nuclear spin

affected by In—-Ga intermixing over a length scale of girection is chosen randomly. For dot-size fluctuations, the base diameter is
1.25 nm, which is the origin of interface disord@When  setto 15+1 nm and the height to 6+0.5 nm. For alloy disordgrGa, As
thermal annealing is applied after the growth of an InAs dotdots are examined and each cation atom is randomly chosen to be an In or
in order to tune its electronic structure, the In—Ga intermix-2 Ga atom. For interface disorder, each cation within a 1.25 nm thick inter-

ina lenath becomes even Iarg6érThe allov and interface face between the dot and the buffer is randomly chosen to be an In or a Ga
g g ) y atom, reflecting the experimental observation of In—Ga mixing near the

disorder lead to the broadening Bfi- in two ways. First, I interface(Ref. 63.
and Ga have different nuclear spin quantum numkgfs

=9/2,15,=3/2). Second, they have different ionic potentials Inhomogeneity AEHeV) Ty(s) AB\(G)
that will lead to a changg in the electron densitiesA). . Unpolarized nuclei 6 1010 100
. When the nucleqr spins are polarized and thg dot size is i cive fluctuation 16 10°10 100
uniform, the fluctuatiom\E, due to the alloy and interface Alloy disorder 107 10°° 10
disorder is given by Interface disorder 18 107 0.1
AEje= /2 AXAD), (9)

I
IV. EFFECT OF ELECTRON-NUCLEAR SPIN

whereAZ(AlY) is the variance oAyIT. The variance\(Allf)  |NTERACTION ON QUBIT OPERATIONS

is studied by examining three different atomic configurations

for an In,,GaAs dot. The three atomic configurations are  First, we examine the effect of the electron-nuclear spin
constructed by randomly choosing the cation atoms as In Qferaction on a two-qubit operation. As shown in Sec. I,
Ga with probability 1x and x, respectively. The overlap he electron-nuclear spin interaction in the presence of the
between the wave functions for two arbitrary configurationsinpomogeneous environment leads to the fluctuation of the
is about 0.997, indicating that the fluctuation of the e”ergyhyperfine splittingE, from qubit to qubit. Consequently, the

dens?ty(or A) is_ very smgll. .Furthermore, the average of thefluctuation ofEye causes the Zeeman energy to be different
density fluctuation per site is only about @ of the aver- in the two qubits. When a two-qubit operation such as a

age density. Therefore, we may justifiably choose to ignoreswap,, operation uses the exchange interactiGy-S,, the

the fluctuation ofA; and approximate\Eyr as Zeeman-energy differenceE; between two qubits causes an
AE, ~ /E AjzAzljz. (10) er-ror- probqbility ~(AEZ/J)2.17 It h.aS been shpyvn that in
i principle this swap error can be fixed by additional, subse-
quent exchange gate operationaE; is known and stabl&
However, the new pulse sequence adds complexities to swap
) _ . operation, and the fidelity of the complex swap operation is
is zero for all As atoms. For the case of the interface d'sordegensitive to the pulse rise—fall tim&Therefore, we concen-

in InAs dots,A%l? is 0.281j,—1g,)* for the In and Ga atoms t . ;
. : . : trate on the original swap operation and its swap error due to
in the interface region and is zero for all other atoms. Eacqhe Zeeman-energy difference

cation atom site in the interface is taken to have probability A quantum error up to a certain threshold can be fixed by

0.5 to be occupied by either an In or a Ga atom. .
After calculating the fluctuation o, due to the inho- & fault-tolerant error correction code. The error threshold var-
HF \i/%s widely depending on the code and the assumption about

mogeneities in the environment as described above, we ha £ ‘ dth ‘ B%F i h
obtained the following results. When the nuclear spins ard"€ system and he error typel-or our anaysis, Wef 06338
conservative estimation of the error threshold*f&

unpolarized, a random nuclear spin configuration yieldsah_ hreshold i ) h on that th
AE,e on the order of 10 eV. When the nuclear spins are This threshold is obtained under the assumption that the con-

polarized, a 10% distribution of dot sizes also yiels, - of stant process of error correction takes place after every logi-
the order of 10° eV. When the nuclear spins are polarized cal gate_.. We note.that the error threshold here is for the
and the dot size is uniform, the alloy disorder results in fluc- Probability” of getting the output orthogonal to the correct
tuations on the order of I0eV, while the interface disorder Output, rather than for the “amplitude” of the output orthogo-
gives rise to fluctuations of the order of 2&V. These re- nal to the correct one.

sults indicate that an unpolarized nuclear spin configuration ~For the error correction codes to be able to repair errors
and quantum dot size fluctuation are the dominant sources & the swap operation, we require\E;/J)?<10™*. The

the inhomogeneous hyperfine splitting. Since the electron loZeeman-energy fluctuatiodE; due to the four different
calized in each quantum dot has a different hyperfine splitsources of inhomogeneity considered in this paper ranges
ting, this leads to an ensemble dephasing characterized byfeom 10°° to 10°° eV. Hence, the exchange energghould
dephasing timeT,=#/AE, The fluctuation ofE,- can be be larger than 10 eV. At the same time, to prevent the
also seen as the fluctuation of the effective nuclear magnetielectron from being excited to higher-lying orbitalsshould
field By=Epe/ dette. The values ofAE, T, andABy resulting  be smaller than the electron energy spading,) between
from the inhomogeneous environments studied here are surthie ground and the excited orbital. The excitation probability
marized in Table II. due to the exchange interaction is roughly on the order of

For the case of the alloy disorder in IgGaAs dots,AzljZ is
calculated to be(1-x)(l,,~1g,)? for all In and Ga atoms and
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(J/AEg)?. Therefore, a ratid/AE,< 1072 would ensure that ence wy.—w, is approximatelygeug(ABy+(By/Bo)ABy),
the electron stays in the qubit space with leakage probabilitysing the fact thaBy> By for unpolarized nuclear spins,
below 104 where By is on the order of 0.01 T. The error due to the
The dual conditiofAE,<J<AE.) can be met with ver- detuning in the single-qubit operation is proportional to
tically stacked self-assembled d8fsA recent calculation (wac—we)?/ (GeusBag)®. To ensure that the error is smaller
with harmonic double-well confinement potentials suggest¢han the threshold valuél0#) given by error correction
that J can be varied from 16 to 104 eV as the inter-dot codes;>®” AB}, and ABy, should be smaller than 10and
distance increases from 5 to 20 ASelf-assembled dots 107 T, respectively. IfAB','\l and ABy; during the time inter-
with vertical inter-dot distance as small as 2 nm can be easilyal between calibration and the termination of a computation
fabricated?® With a given physical inter-dot distance, an ef- are bigger than these upper limits, the single-qubit gate cali-
fective inter-dot distance can be electronically tuned withbration becomes invalid, and thus QC architectures using
gate voltages, which turn on and off the exchange interaconly exchange interactions should be emplofed* The ex-
tion. The electron energy spacintE, of a self-assembled change interaction alone can provide universal quantum
dot is about 10°—10! eV, depending on the geometry and gates with a minimal cost of increasing the number of re-
size of the dof? Therefore, the value of that satisfies the quired physical qubits by three times and of increasing the
dual condition lies between 1P and 10%eV, which is number of gate operations by five to seven tirfies.
achievable with vertically stacked self-assembled dots. In
conclusion, with between 10* and 102 eV, the error due
to hyperfine-coupling induced inhomogeneities in Zeeman
energies is smaller than the threshold for error correctiony coNCLUSION
and the qubit leakage to higher orbitals can be effectively
prevented. The effect of electron-nuclear spin interactions on qubit
Second, we consider the effect of the electron-nucleapperations is investigated here for a qubit represented by the
spin interaction on a single-qubit operation. The single-qubiklectron spin localized in an InGaAs self-assembled quantum
operation using the Zeeman coupling to an electron spigiot. The localized electron wave function is evaluated within
resonanceESR field (B, Cosw,d) involves the tuning of  the atomistic tight-binding model. The hyperfine splitting in-
the ESR field frequency to the electron-spin precession freduced by the electron-nuclear spin interaction is estimated in
quency or vice versa. This tuning can be achieved by tuninghe presence of an inhomogeneous environment character-
the ESR field frequen&§7 or by tuning the electrog-factor  ized by random nuclear configurations, dot-size fluctuations,
via an applied voltagé&?*** The tuning process becomes and alloy and interface disorder. Due to the inhomogeneities,
complicated in the presence of the effective nuclear magnetithe hyperfine splitting fluctuates from dot to dot on the order
field By generated by the electron-nuclear spin interactionpf 1076, 106, 107, and 10° eV, respectively.
becauseBy affects the electron-spin precession frequency. The inhomogeneous hyperfine splitting causes an error
The effective nuclear magnetic fieBly fluctuates in space in a two-qubit operation due to the inequality of the Zeeman
from one qubit to another and evolves in time. The spatiakplitting of the two qubits. However, these errors can be
fluctuation ofBy can be compensated by calibrating the gatemade smaller than the quantum error threshold, as long as
voltage for each qubit separately. However, the temporajhe exchange energy for the two-qubit operation is larger
evolution of By is difficult to compensate since a gate cali- than 10* eV. Recent work indicates that an exchange energy
bration cannot be done immediately before each operatiorof 10 eV or larger is easily achievable with vertically
The temporal evolution is determined by many competingstacked quantum dof&.">"®At the same time, the large en-
interactions such as the Zeeman coupling of the nuclear spigrgy spacing between the ground and the excited orbital
to the external magnetic field, the nuclear spin interaction102—10! eV) of the quantum dots ensures that the electron
with the electron spin, the nuclear spin dipolar interaction,qubit stays in the ground orbital while the two-qubit opera-
and the nuclear spin-lattice interaction. Detailed studies ofion is conducted® This result shows that the electron-
the temporal evolution 0By that include these interactions nuclear spin interaction does not hinder quantum-dot based
are needed to determine how long a single-qubit gate caliquantum computer architectures from being scalable even in
bration is valid. the presence of inhomogeneous environments causing inho-
Here, we estimate the upper limit of the temporal changenogeneous hyperfine splittings.
of By for a single-qubit gate calibration to be valid. We as- We also estimated the upper limit of the temporal change
sume that a static magnetic fieR} of the order of 1 T is  of the nuclear magnetic field for a single-qubit gate calibra-
applied, and that an ESR field of the order of 1 is used  tion to be valid when an electron resonance field is used for
for the spin rotatior!:>® The precession frequency of the a single-qubit operation. The changes of the nuclear mag-
electron spin is given by)e:geMB\(Bo+Bk)2+(B,j)2, where  netic field parallel and perpendicular to the external static
BL andBy are theBy component parallel and perpendicular magnetic field should be smaller than %@nd 103 T, re-
to By, respectively. A single-qubit gate will be calibrated by spectively. When this condition is not met, QC architectures
tuning the frequency of the ESR field,. to w.. After some  using only exchange interactions should be empldﬁéﬁ.
time,” B',‘\I and B,j will change byAB',‘\I and AB§ due to the As shown above, the two-qubit operation using the exchange
nuclear spin dynamics, anal, will change accordingly. This interaction is reliable even in the presence of the inhomoge-
will lead to detuning of the ESR field. The frequency differ- neous environment of self-assembled quantum dots.
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TABLE lIl. Tight-binding coefficients of thes ands™ basis orbitals for the conduction-band-edge wave func-
tions of bulk InAs and GaAs, and deduced densities ahds" orbitals at nuclear sites. The densit|eg(0)|?
and(¢¢|0]?) are in units of 18Pcm 2.

Atom a B ‘455(0)‘2 |¢s*(0)‘2
In in InAs 0.974 0.228 7.9 2.2
As in InAs 0.872 -0.489 18.4 1.7
Ga in GaAs 0.988 0.157 5.2 1.0
As in GaAs 0.869 -0.576 20.2 1.8
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