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Single-spin measurement using single-electron transistors to probe two-electron systems
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We present a method for measuring single spins embedded in a solid by probing two-electron systems with
a single-electron transist¢SET). Restrictions imposed by the Pauli principle on allowed two-electron states
mean that the spin state of such systems has a profound impact on the orbitapstsitesns of the electrons,
a parameter which SET’s are extremely well suited to measure. We focus on a particular system capable of
being fabricated with current technology: a Te double donor in Si adjacent to a Siif8&face and lying
directly beneath the SET island electrode, and we outline a measurement strategy capable of resolving single-
electron and nuclear spins in this system. We discuss the limitations of the measurement imposed by spin
scattering arising from fluctuations emanating from the SET and from lattice phonons. We conclude that
measurement of single spins, a necessary requirement for several proposed quantum computer architectures, is
feasible in Si using this strategy.

I. INTRODUCTION Josephson junction-based quantum compURET’s, oper-
ating at temperaturé=100 mK, have the recently demon-

The detection of a single electron or nuclear spin is perstrated capacity to measure charge to better thatetqQHz
haps the ultimate goal in the development and refinement adt frequencies over 200 MH?2.
sensitive measurement techniques in solid-state nanostruc- Several material parameters make Si a good choice in
ture devices. While of interest in their own right, single-spinwhich to fabricate single-spin measuring devices: spin-orbit
measurements are particularly important in the context otoupling is small in Si, so the phonon-induced spin-lattice
recently proposed solid-state quantum computers, whenelaxation rate is almost seven orders of magnitude smaller
electrort—® and nucledtspins are qubits that must be initial- in Si (Ref. 1) than it is in GaAs-? Also, nuclear isotopes
ized and measured in order to perform computation. Methodwith nonzero spin can, in principle, be eliminated in Si by
proposed for measuring single-electron spins include using sotope purification. The bound states on Si donors have
sensitive magnetic-resonance atomic force microstbped  been thoroughly characterized and studied. A complication
detecting charge transfer across magnetic tunnel bafriersof Si arises from its sixfold degenerate band structure. We
Sensitive optical techniques may also be promiiiiyen if  will focus on Si devices in this paper, but the ideas presented
these techniques cannot readily be integrated into a quantuhere can be readily generalized to other material systems.
computer architecture, single-spin measurements will be in- The configuration we will study is extremely simgleig.
valuable for measuring the electromagnetic environment ol): a SET lies directly above two electrons bound to a single
the spin, which will determine the decoherence mechanismdonor impurity in an otherwise undoped layer of a Si crystal.
ultimately limiting a quantum computer’s capability. Such a two-electron system, which can be thought of as a

Here we discuss a method for probing the spin quantunsolid-state analog of a He atom, can be created in Si by
numbers of a two-electron system using a single-electrondoping with S, Se, Te, or M&* A SiO,barrier layer iso-
transistor(SET). Because of the Pauli exclusion principle, lates the SET from the Si, and the substrate is heavily doped,
spin quantum numbers of such systems profoundly affect thand hence conducting, beginning a few hundred A below the
orbital stateqpositions of the two electron®f the system. donor. As drawn in Fig. 1, the device requires careful align-
Recently developed SET devices are extraordinarily sensiment of the SET to the donor; however, the ideas in this
tive to charge configuration in the vicinity of the SET island paper could be verified using a scanned probe SHRd the
electrode, and they can consequently be used to measure the donor could be deposited by ion implantation, so no
spin state of two-electron systems in appropriate circumnanofabrication on the Si would be required.
stances. In the scheme previously propdsetctron trans- The ground state of the electrons on the donor is a spin
fer into and out of bound states on donors in Si are measuresinglet. The experiment proceeds by applying a voltage be-
to determine whether the electrons are in a relative singlet aween the SET and the substrate just sufficient to ionize the
triplet configuration, and—under appropriate circumstanceslonor and draw one electron towards the interface. In this
—this information can be used to infer the spin state of asituation small changes in the applied voltage cause the elec-
single electron or nucleus. SET’s have already been pratron to move between the donor and the interface, and this
posed for performing quantum measurement on qubits in alectron motion will change the SET conductance. If the
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FIG. 1. Schematic diagram of the proposed measurement con- 15(A,) K
figuration. Conductance measurements are made on a single- 1 400 meV
electron transistofSET), a device in which a small metallic island = 1s(Aq)

electrode(usually made of Alis coupled to a source and drain by
tunnel junctions. The SET island lies directly above a Te double
donor in Si, with a SiGbarrier layer between the SET and the

donor. A bias applied between thedoped Si substrate and the SET . B.
island can pull one electron away from the donor into a state on the
Si/SiG; interface, a motion of charge that is detectable by the SET.
In demonstration experiments the SET could be at the tip of a _B.

scanned probe, obviating the need to register the Te donor with the
SET island.

electrons are in a spin-triplet state, however, no bound state . fe

of appropriate energy exists on the donor, and no charge ~100 A 150 A ~500 A
motion will be observed. All the donors listed above have

stable isotopes with both zero and nonzero nuclear spin. If FIG. 2. (a) Energy levels of the neutral (feand singly ionized
the donor is a nucleus with nonzero spin, strong hyperfinéTe") states of a Te donor in Si. The ground state of fea spin
interactions couple the nuclear spin to the electrons, and th@nglet, 200 meV below the Si conduction band. Data is taken from
nuclear spin can be inferred from measurements of the mdRefs. 14 and 17(b) Energy-band diagram of the device. An electric
tion of the electrons. The measurement of both electron anfi€!d F is applied between the Si substrate and the SET electrode
nuclear spin will require that the electron Zeeman enerm?ufficiently strong to draw one electron away from the Te donor

exceedk T so that the electron-spin states are well resolved %no a state on the Si/SiQinterface. The second electron remains

. . . . . . ' bound to the donor. The value Bfand the layer thicknesses speci-
condition which is reaQIIy_ met in Si at a temperature fied ensure that electron tunneling across the,Siterface and
~100 mK and magnetic fiel@~1 T.

across the Si band gap is negligible. The substrate mupttiee,
however, so that the substrate carriers are not drawn towards the

Il. EXPERIMENTAL CONFIGURATION SET by the action of-.

Of the several possible two-electron donors in Si, we will _ _ _
focus on Te for two reasons: first, its energy levels are the In the proposed measurement configuration, an electric
shallowest of the group-VI donot$enabling it to be ionized field F is applied so that an electron on the Te donor is
by a relatively modest applied electric field. Second, it is aweakly coupled to a state at[a00] oriented Si/Si@ inter-
reasonably slow diffuser in §Ref. 16, and thus should be face[Fig. 2b)]. The condition that the donor and interface
compatible with most Si processing techniques. The boundstates be weakly coupled requires that the distance between
state energies of Te donor states are shown in Fa). Z&©  the donor and the Sikinterface must be 100-200 A . Pulling
and Te ground states are, respective|y, 200 and 400 me\yhe electron to the interface will thus requH_‘e= 1-2 mV/A
below the conduction band. =0.1-0.2 mV/cn= 106 V/cm. F in the SiQIayer will be

Electron orbital states in the Si conduction band have @pproximately three times larger owing to the smaller dielec-
sixfold valley degeneracy, with valley minima located alongtfic constant in SiQ. (es=1Z2;esi0,=4.) At these fields
the[100] directions 85% of the distance to the Brillouin-zone Fowler-Nordheim tunneling across a 100-A SiBarrier or
boundary. This degeneracy is broken in states at a donor dyetween the Si valence and conduction band is negligtble,
the central-cell potential into a singly degenerAtestate, a so charge will not leak into or out of the donor or interface
triply degeneratel, state, and a doubly degenerd&iestate.  states. The substrate must pe&loped, however, so that the
The A, state, which is a linear combination of each of the sixcarriers in the substrate will be repelled from the interface by
valleys, is the only state that has a finite probability densityF.
at the donor site and, consequently, has the lowest energy, When F=0, both electrons are bound to the Te donor
owing to the central-cell attractive potential. In°Téwo  [Fig. 3@)]; however, one electron will occupy an interface
electrons lie in theA; state in a nondegenerate spin-singletstate wherF is sufficiently largeglFig. 3(b)]. In Si, the elec-
configuration. This state is over 150 meV below the excitedron mass in each valley is anisotropic withy=0.92 m,
states, including the lowest-lying triplet configuration of theandm, =0.19 m;,'° masses corresponding to motion paral-
two-electron spiné**’ lel and perpendicular to the valley axis, respectively. At a
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approximation wave function, plotted in Fig(c3, is only
FIG. 3. (a)—(b) Potential(dashed lingand electron wave func- large in the region where the potential is well approximated
tions (solid lines depicted without and with an applied bias for a by a parabola, indicating that the parabolic approximation is
donor at deptlzy=125 A. WhenF =0, both electrons are bound justified. An appliedB|z will modify these energies signifi-
to the donor. At sufficiently largg, one electron moves to a state at cantly if the cyclotron energyi o, becomes comparable to
the interface and has a wave function characteristic of a triangulathe state energy differencésHowever, atB=1 T in Si,
potential well.(c) Potential and electron probability in tixey plane how.~0.6 meV, so magnetic modification of the orbital
at the interface. When one electron is at the interface, the donor hagates should be minimal.
a net positive charge, so the interface electron experiences an at- These results show that the lowest-lying interface state is
tractive potential in thex-y plane. For the proposed devices the 5oyt 65 meV above the conduction band, separated from
parabolic approximation to the potential is reasonably valid. the first excited state by=3 meV. These states are in the
valleys along the axis. Energies of the states in the valleys

. o ) along thex andy axes are~40 meV higher in energy. Be-
[100] oriented Si/SiQ interface, the sixfold valley degen- 5se there are two valleys along thexis, the electron

eracy of electron states is broken, and onvest-energy stateSierface states are still twofold degenerate. Sham and
correspond to the two valleys along the axis perpendicular t‘P\Iakayamél have shown that this degeneracy is lifted by the

the interface. __sharp Si/SiQ interface potential in the presence of an ap-
When it is not located at the Te donor, the electron is stillj.aq electric field. They estimattE,~eFx0.5 A, corre-

attractf—:-d to the donor by its. net pos!tive_charge. Whi_le thi ponding to a splitting of 1 meV for the proposed measure-
attraction is counteracted Byin thezdwectlon, perpendicu- _ment configuration. Although small, this spliting is
lar to the interface, the electron is drawn toward the donor i ficient to insure that the interface electron occupies a

the x-y plane, resulting in the potential drawn in Fig.cB single valley state at<1 K.
Thus, the electron at the interface is still weakly bound to the

donor.
The energies of the electron interface states will be the IIl. SIMPLIFIED MODEL HAMILTONIAN

sum of the binding energ_ies in tzend in thex-y di_rections. We model the system using a simple Hamiltonian for the
We assume that theconfinement can be approximated by ayyq electrons: they can be in only two spatial states, either

triangular potential. The energies of the states®re located at the dondr—) or at the interfacé« ). Addition-

ally, the two electrons can be in one of two spin stafesor
972 52c2 1]2) 13 [1). Of the 16 possi.ble configuration gtate; of two electrons
E,(i )z{— —e?Fi— _} } (1)  inthe model, only six are antisymmetric with respect to par-

8 m, ticle interchange and are appropriate for electrons.

Measurements will be made in the regime where the en-
for i=1. Form,=m; and F=2 mV/A, E,(1)=59 meV ergy of the state in which both electrons lie on the donor,
andE,(2)=104 meV. The ground-state electron probability | =), is nearly degenerate with the states in which one elec-
density function is peaked at a distandg,@1)/3eF~ 20 A tron is at the donor and one is at the interfdeg) and|<=).
from the interface and falls off rapidly at large distances. TheThe removal of both electrons from the donor requires an
effect of the donor a distanag=100-200 A from the in- additional 400 meV of energfthe binding energy of the Te
terface is minimal on the interface energy levels, but wealground state Consequently, we neglect the stdte:) in
tunneling between the donor and the interface is still poswhich both electrons are at the interface, since it is of much
sible. For modeling of the system, we will assumag  higher energy than the others. The five remaining antisym-
=125 A. metric basis states, eigenstates of both the particle and spin-

The potential in thex-y plane is exchange operator, are
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this system the only possible spin-triplet levels are associated

with the spatially antisymmetric staté= —=)). The en-
=) I ergy of these three states, although split by the magnetic
field, are unaffected by the applied electric field. Conse-

|@-5)(1 1)) s . -

- quently, the spin-singlet states are polarizable by an applied
[@+5)(1 4—4 1)) electric field, while the spin-triplet states are not. This fact
illustrates how an electrical measurement can, in principle,

2514+ 1 o — \ ,
:E_, *-;EH» ) /T(‘:-')(”‘”» determine a spin quantum number.

l ’_ o IV. MEASUREMENT PROCEDURE

++

Energy
(=]

[2):

4+

The difference in electric polarizability of singlet- and
triplet-spin states discussed above can be detected by a SET.
SET's are typically fabricated from Al, with a small island
A electrode weakly coupled to two leatbe source and drain

FIG. 4. Energy levels of the two electrons as a functiomef  through thin AbO; tunnel barrier layersFig. 1). For suffi-
the energy difference between the two possible spatial configurgei€ntly small islands and at low temperatures, the Coulomb
tions of the electrons, using the simple Hamilton[&wy. (5)] dis- blockade prevents electron transport across the island unless
cussed in the text. Dotted line is the energy of the spin-singlet stat@ discrete energy level of the island is resonant with the
in which both electrons are at the donor in the absence of couplinr€rmi level in the source and drain. A SET can function as a
between donor and interface states. When coupling is turned on, tfgensitive electrometer because this resonance condition is
two spin-singlet states hybridize, leading to anticrossing behaviogensitive to any potentials coupling to the island—for ex-
seen in the graph. The spin-triplet states do not couple to the sirample, coming from the substrate in Fig. 1. The SET shown
glets, and are not affected Hy, but are separated from each other will exhibit periodic conductance peaks with magnitude of
by an external magnetic fiel. ordere?/h as a function of substrate bias, each correspond-
ing to the addition of one electron to the island. Charge mo-
tion in the vicinity of the SET changes the island potential

() 4-1 1))

1
0

11)=[(=)(11=11)), and results in shifts in the substrate bias voltage at which the
N (sS4 = _ peaks occur.

12)=1( (A=), Figure 5 depicts both the energy levels of the two-electron
13)=|(=—=)(L1)), system as a function df and the conductance of the SET as
[4)=|(5—=)(T1L+11)), a function of substrate bias. For simplicity, we assume that

the SET conductance peaks are spaced symmetrically away
S)=l(s-=)(1), ) from the point where the electron levels croas<0). (The
where we have neglected normalization factors. In the simconductance peaks can be moved to any position relative to
plest approximation, there are three terms in the Hamilthe level crossing by applying a voltage to an additional
tonian: A, the energy difference between the:) and the remote electrode, weakly coupled capacitively to the $ET.
|(= = =2)) states, can be varied by the bias applied betweedhe measurement proceeds by measuring the SET conduc-
the substrate and the SET island electrode. The energy ditance on both sides of the level crossiiag voltagesv; and
ference between]) and||) states is the Zeeman energy V2) by applying a voltage wave form to the substrate similar
gusB, wherepg is the Bohr magneton arglis the Landeg o that shown in the inset of Fig.(&. The measurement
factor. t is the amplitude for the electron to tunnel from the must distinguish whether the electrons are in the lowest-

donor state to the interface state. The Hamiltonian matrix ofnergy spin-singlet or the lowest-energy spin-triplet state. At
the system is V, one electron is on the donor and one electron is at the

interface for both singlet and triplet states, so the SET island
potential—and hence the SET conductance—is the same for

At 0 0 0 both triplet and singlet states. Af;, however, the singlet
t 0 0 0 0 state is in a configuration where both electrons are on the
donor, while in the triplet state the electron positions are the
Ho=| O O —gugB 0O 0 |. (5) same as they were at,. This difference in the electron
0 0 0 0 0 positions results in a difference in the potential at the island,
and hence a difference in the voltage at which the SET con-
0 O 0 0 gugB

ductance maximum occurs. This conductance change can
thus be used to infer the spin state of the two electrons.

The energy levels of this system, plotted as a function pf The size of the offset between triplet and singlet conduc-
are shown in Fig. 4. Because of the overall antisymmetry ofance peak positions is determined by how well the electrons
the electron wave function, the=) state must be a spin are coupled to the SET island and how far the electron
singlet,|(T|—[1)). A spin-singlet state is also possible with moves. If the electron moved all the way from the conduct-
a symmetric spatial state of one electron on the donor anthg substrate to the island, the conductance peaks would be
one at the interfac§(=+=2)). Hybridization of these two offset by one electron. The approximate peak position
levels results in the anticrossing behavior seen in Fig. 4. Irthange for smaller electron movement is given by the ratio
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In principle, a single conductance measurementVat

a v, . . .
j—\_/—\ would be sufficient to determine the spin state of the elec-
v, trons, and the need to measure repeatedly,adnd atV,
Time would be unnecessary. However, motion of remote charges

will also couple to the SETRef. 22 leading to drifting of

the conductance peak positionsf(hbise. ac modulation of

.- the substrate bias can be used to measure the separation be-
tween adjacent conductance peaks, rather than their absolute
position, and so can eliminate this drift from the measure-

. ment.

Energy
AN

V. EFFECT OF FLUCTUATIONS

—_

If the terms in Eq.(5) fluctuate, the energy levels shown
in Fig. 4 will not necessarily be eigenstates of the system,
and transitions between states will be possible. Fluctuations
will arise due to lattice vibrations and also will inevitably
emanate from the SET, since tunneling of electrons on and
off of the SET island is a random process. A rigorous ap-
\II proach to the effect of SET fluctuations must treat the SET

2 and the electrons being probed as a coupled quantum system.

FIG. 5. To distinguish between the singlet- and triplet-spin Master-equation techniques can be applied to this problem
states, measurements are made at two voltage biases, desigmatedf"md have be'en used to analyze the system of a Josephson-
andV,, well away from the crossing points of the energy levels ~ Junction 3QUb't coupled to a SETRef. 9 and tunneling
Charge position differs betweew; and V, for the singlet state devices®® We will proceed by assuming that scattering of the
(designated by &) but not the triplet statédesignated by ®). electrons is driven by external classical fluctuating fields, the
(b) SET conductance as a function of bias, showing characteristinagnitudes of which we estimate from experimental condi-
peaks. Positions of the peaks are sensitive to the potential at tHéons. The scattering times so derived will then be compared
SET island. The difference in charge position of the singlet andto the measurement time, derived above.
triplet states results in a difference in SET conductance at the mea- Fluctuations in the occupancy of the SET island will
surement points. This conductance difference can be measured resuple into the electron system vig, the potential differ-
peatedly, using the bias waveform shown in the top inset, to imence between the donor and interface states. Phonon-induced
prove the signal-to-noise ratio of the measurement. Arrow&jin  fluctuations are, however, the dominant mechanism of
designate scattering mechanisms between states. Type-3 scatteriggectron-spin relaxation in lightly doped Si, measured in
between the states being distinguished, must not occur before thgectron-spin-resonancéESR experiment$? The degen-
_measurement process is completed. Types 1 and 2 do not necessgfacy of the six conduction-band valleys is broken by
ily degrade the measurement, however. uniaxial stress directed along ti00] directions, with com-

pression lowering the energy of the two valleys along the
strain axis with respect to the other four valleys. To first
)‘1 order, strain does not affect the energy of the donor ground

o

SET Conductance (e’/h)

(6) state, which is composed of equal amounts of each of the six
valleys, but the interface state energy level will shift with
respect to the donor state level with the application of strain.

where WSi02 and Wg; are the thicknesses of the S|@nd Thus, phOﬂOﬂS will also lead to fluctuationsAn Addition-

undoped Si layers, respectively, anglis the distance that ally, bOth. bia§ and phonon fl_uctuations cogple tot.ttmrm in .

the electron moves. For the layer thicknesses shown in Fig. € Hamlltonlan, a mechanism of relaxation which we will

andzy=125 A, r=0.12. Thus, the conductance peaks of theConSIder separately below.

SET can be offset approximately 10% by the motion of the

electrons between the donor and interface states. VI. SCATTERING BETWEEN SPIN-SINGLET STATES
A charge sensitivity of 04 is readily achievable with

SET's and has been demonstrated with the recently devej;

oped RF-SET’$? which are capable of fast{100 MHz)

measurements. These RF-SET’s have a demonstrated charge

Zo\ [ wgi Wsio,
€si/ \ €i €sio,

We treat the simplest case first, the effect of fluctuations
A on the two spin-singlet states of E®):

noise of<5x 10 °e/\Hz, implying that the SET can mea- At
sure 0.2 in 0.25 usec. High-speed operation of the SET's H=( ¢ O)' (7)

may be necessary for the measurement because the measure-
ment must occur on a time short compared to the time the
electron scatters between spin states. Spin scattering arffdhe Hamiltonian is exactly diagonalized by rotating the basis
fluctuations are not included in the simplified Hamiltonian of states though an anghe=tan (2t/A). For fluctuations in
Eq. (5) but will be present in real systems and will be dis- A, the relaxation rate between the eigenstates of(Eqis
cussed below. given by
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M?2 10
'=—5,, 8 y Shot Noise Y
4h? 10
whereM =sin y andS, is the spectral density of fluctuations 10° | .
of A evaluated at the transition frequency between eigen- -~ | Johnson Noise
states. The magnitude ™ determines the degree to which 8 1071
the fluctuations couple between the eigenstates, and scatter- i{:’ 10° |
ing is reduced wheM < 1. Larger values ofA/t|, far away S
from the anticrossing region, will lead to smaller scattering 10° Phonons
rates between the coupled singlet stateS,ifis constant. 10° 1 L I
To determine an explicit value fdr, we need to know 107 10° 10° 10" 10"

S, . For voltage noise emanating from the SES, can be
determined from the time dependence of the charge on the

SET island electrode. The high-frequency dynamics of [ 6. Scattering rates attributable to shot noise, Johnson noise,
SET's is still a topic of research and will depend sensitivelygnq phonons. The value &t in Eq. (8) is plotted assuming! =1,

on capacitances and inductances of the SET and in the exe., coupling between states is maximal. Scattering arising from
ternal circuit. To obtain crude estimates of relaxation timespoth shot noise and Johnson noise will roll off at high frequencies
we will simply assume that SET noise is frequency-as a result of circuit capacitance, which has been neglected.
independent shot noise determined entirely by the SET cur-

rent and the SET resistance:

Frequency (Hz)

have been neglected in E(L1), as has the presence of the
S,=S X R2=2elR?=2eVR (99  nearby surface, which will modify the phonon spectrum at
low frequencies. Thus, Eq11) only provides an approxi-
whereV, |, andR are the voltage, current, and small signal mate relaxation rate, Wh_'Ch IS pIoFted n Fig. 6 far
resistance of the SET. This leads to =100 mK andM=1. This expression includes vacuum
fluctuations and is thus only appropriate for transitions from
higher- to lower-energy states whien>kT. While the pho-
S,=2r2e®VR, (10 non contribution toA rises rapidly as a function of fre-
quency, it only exceeds the shot-noise contribution at fre-

wherer, defined in Eq.(6), determines the proportion of quencies approaching 100 GHz.

voltage that drops between the donor and interface states.  To obtain approximate transition rates between the singlet
A quiescent SET, in which/=0, will generate a much states using the shot-noise expression, we assiite

smaller amount of noise, especially if the island is biased se=100 GHz and #h=1 GHz, soM?=10"*. With these

thatR—oc. Again, for the purpose of generating crude esti-values, we obtain[ =10’ sec! or a decay time of

mates, we assume that quiescent SET noise is given hy.1 usec. This time is almost the same as the time estimated

Johnson noise§,=4kTR) when the SET is at a conduc- above for RF-SET’s to measure the spin state of the two-

tance peak. To determine the magnitudes of shot noise anglectron system. It is likely that our use of a frequency-

Johnson noise, we use parameters tabulated by Schoelkapependent shot noise is an overestimate and that the relax-

et al.for an optimized RF-SETRef. 10 biased to maximum ation time exceeds the measurement time. Also, the

sensitivity (V=1 mV, R=50 K2, T=100 mK) in a measurement time can possibly be reduced by a factor of

configuration in whichr=0.1. Using these numbers, maxi- 10—100 in optimized SET devicéS.

mal scattering ratelsising Eq.(8) with M =1] are plotted in

Fig. 6. Realistic values of the capacitance of the SET, which

has been entirely neglected in the foregoing, will tend to roIIV”_ SCATTERING BETWEEN DIFFERENT SPIN STATES

off the spectra at frequencies10 GHz. Thus, the data con-

stitutes an upper bound on the scattering rates to be expected. At first glance, it would appear that the measurement time
The magnitude of fluctuations it induced by phonons is mustbe less than the singlet-singlet scattering time in order

determined byE, the deformation potential, which is the rate for spin detection to be viable. However, the point of the

the valley energy varies as strain is applied, and by the derfheasurement procedure is to distinguish between the lowest-

sity of states of phonons at a given frequency. A straightforlying singlet and triplet states. Scattering between these
ward calculation leads to stateqlabeled “3” in Fig. 5) must not occur. However, scat-

tering between the other states can occur so long as the av-
erage electron position difference between the singlet and
hy \87352( 1 triplet states is resolvable. Type-3 scattering must occur
[ phor= M2v3cot?( m_)h—[—s-l- —5] . (11)  through spin flips and in general will be much weaker than
Polvi vy scattering between the electric dipole coupled singlet states.
This is a crucial distinction between the measurement of spin
where p is the density of the Si crystal ang ,v; are the using SET’'s and the measurement of charge quantum states,
velocities of longitudinal- and transverse-acoustic phononssuch as those in Josephson-junction qubitdiere the states
respectively. Angular dependences of the phonon coupling® be distinguishedire electric dipole coupled.
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The Hamiltonian of Eq(5) is obviously oversimplified, whereo are the Pauli spin matrices ardis the angle oB
since no terms couple different spin states and no spin relaxwith respect to the valleyz) axis. If thez axis is redefined to
ation is possible. The dependence of the electractor on  be alongB, the spin Hamiltonian becomes
external conditions, and in particular on band-structure pa-
rameters, is the major source of spin relaxation in(FSef.

24) and consequently must be included in a more accurate H=3usB{g.0,+ B}, (13
model of a two-electron system in Si. The extremely long
relaxation times measured in Si at low temperatureVhere
(>1000 sec)(Ref. 11 are a consequence of the fact these
parameters are small in Si. Additionally, if the electrons can
exchange spin with other particles, in particular with nuclear
spins, then scattering between different electron spin stateg,q
will occur.

The g factor of an electron in a conduction-band valley in
Si is not exactly equal to the free-electron value and is B=(g.—g))siné cose. (15
slightly anisotropic, a consequence of spin-orbit coupling.

The g anisotropy leads to a modified one-electron spinTheg anisotropy will be the same for each of the two valleys
Hamiltonian: comprising the interface states; however, since the donor
state is an equal admixture of all six valleys,dtgactor will
be isotropic €gg). For two-electron systems, the spin-

g,=0j cos 6+g, sir’ ¢ (14)

Hzép,BB{gH cosfo,+g, sinfo,}, (12 dependent corrections to the Hamiltonian in Es). are
|
0 0 0 0 0
B B
0 0 -—= (90— 9y —
V2 P2
o -2 e £ 0
H'=1ugB V2 V2 . (16)
B B
0 (90—92) — 0 i
o V2 V2
B B
0 — 0 — (9ot 92)
\/E \/E 0 z

At the conduction band in Si,g=(1/3)g;+(2/3)g, regime whent/A<1, we first diagonalize the Hamiltonian
=1.99875%° gj—9g. , measured by applying strain to shal- matrix to second order in, which lowers the|(= +2)
low donors?* is 1.0< 10 3. Finally, g, for Te"=2.00237  x(7|—|1)) state energy with respect t{=—=)(1]
The off-diagonal terms, which will lead to scattering be- +17)) by t%A. The |[(S+22)(11—11)) and|(55—22)
tween spin states if fluctuations are present, are eab 3 X(11+11)) submatrix is then diagonalized exactly by ro-
and are small perturbations on the original Hamiltonian. Theating the basis states through an angjlevhere
B term will vanish, in principle, ifB is precisely aligned
along a[100] axis of the crystal, perpendicular to the inter-
face, and this orientation will presumably be the optimal ex-
perimental configuration. o 2

To obtain an estimate for scattering rates between spin tané=(do gZ)’“BBtZ' (17
states, an approximate solution to the full Hamiltoni&qs.
(5) and (16)] must be calculated. The solution is com-
plicated by the fact that thf=s+=)(7]—11)) and|(= Finally, corrections to the resultant wave functions are deter-
—2)(T1+171)) states(the states with energy approxi- mined to first order in the remaining terms of Eq.(16).
mately equal to O in Fig. ¥are nearly degenerate when  Once the perturbed wave functions are known, the matrix
t/A<1, a degeneracy also weakly broken by the differenceelements coupling states generated by fluctuating terms may
(go—9,) in g factors at the donor and interface states. Tobe easily determined. For a fluctuation of the fakr 6, the
obtain an approximate solution, valid in the measuremenperturbation Hamiltonian matri¥M , is given by
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Only lowest-order terms have been retained, and we have In experimental condition8 will be sufficient to effec-
simplified the expression by writinggg+g,) =4. These ma- tively polarize the electrons, i.egugB/kT=10. At T

trix elements may be inserted directly into E§) to deter- =100 mK, this requires thatB=0.7 T and ugB
mine scattering rates between states induced by fluctuations10 GHz. Fort/h=1 GHz andA/h=100 GHz, this im-
inA. plies that tag=1 and that scattering to state{=

The matrix elements for scattering into and out| pf ) +2)(1L—11) and|(S—=2)(1]+11)) (labeled, respec-
(state[3)) contain aB/(44/2) term in addition to the/A  tively, “1" and “2" in Fig. 5 ) will be comparable. As men-
present in the terms scgttering between the singlet states diggned above, this type of scattering will not harm the mea-
cussed above. Neglecting entirely the angular dependence gfrement as long as the average positions of electrons in the
B and usingg—g, =107, (B/(4/2))>=3%107%, result-  states being distinguished differs.
ing in a total scattering rate out of thé¢ | ) state of about
0.3 sec?! for the same conditions used to calculate the scat-
tering rate between the singlet states above. This result sugy,; scATTERING INDUCED BY FLUCTUATIONS OF  t
gests that very long averaging times of the SET measurement
will be possible before spin relaxation occurs and that single- The calculation leading to Eq18) may be repeated to
spin measurement in Si will be possible in appropriately dedetermine the effect of fluctuationstton scattering between
signed devices. states. The result is

el () S R R
Al Ao A Eot] {23t
R I T I I e [ Pl

(19
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Donor wherez is the direction along the valley axis. We entirely
neglect effect of the orientation of the applied strain. Here

is the deformation potential introduced above equal to 9 eV
I in Si. From this equation, we obtain

0 Distance below Interface

P

dk,__m= o1
ds hko

Energy

Assumingt =tg sin(Xyzy), we obtain the maximum effect of
the strain as

( dt) - ( 2tyzom,
A ds max tho

FIG. 7. Energy levels of the two-electron system explicitly Forty/h=1 GHz, andz,=125 A, the term in brackets is
showing the broken valley degeneracy of the interface states. The 10~ 4. This is the magnitude of phonon-inducedluctua-

two valley electron states are in fact a doublet, with approximate[ions relative toA fluctuations. Fort/A=10"2. the condi-

energy separation of 1 mev. This Sp“mng. s still large compared Yions considered above, scattering rates attributable to fluc-
the Zeeman energy, which creates the triplet structure. Because ﬂ’gﬁations inA will be four orders of maanitude laraer than
valley phase of the donor states will differ from the interface states 9 9

in a fashion that varies rapidly with the separation of the donor fromthose fromt fluctuations. While the derivation leading to this

the interface(inse), the magnitude of the coupling between the r,eSUIt is highly approximate, it does suggest théuctua-

lowest-energy interface state and the donor state is oscillatory, anéeNS may be neglected, despite the amplifying effect of os-

will be a rapidly varying periodic function of the donor-interface Cillations induced by band structure. o
separation. Fluctuations in the voltage bias, or in the electric field in

the vicinity of the electrons, will also lead to fluctuationg.in

It would seem that the effect of an electric field, highly uni-

form on the scale of the lattice, would be small on intervalley

coupling. However, the applied bias does change the area on

the interface where the electron wave function is sizable, and
_the valley splitting induced by the interface will be highly
sensitive to the morphology of the interface, and hence is
very difficult to estimate. While we do not have a numerical
destimate for bias-inducedluctuations, it seems unlikely that

they will be an important source of scattering between states.

g. (22

Because of the absence of tiéd term present in most of the
matrix elements of Eq(18), fluctuations int will have a
greater effect on scattering than fluctuationinf the fluc-
tuations are of the same magnitude.

Band-structure effects in Si can further magnify the im
portance of fluctuations. In Si the valley minima are located
atko=0.85x27/a, wherea=5.43 A is the lattice constant.

to each other at two points in real spde¢ two donors or at
a donor and an interfagestanding waves with node spacing
ko appear in the coupling between the two sites. These IX. ADDITIONAL SOURCES OF NOISE IN THE
rapid oscillations have been previously analyzed in the con- ELECTROMAGNETIC ENVIRONMENT
text of the exchange interaction between donors in doped
Si2” For a donor located near an interface that breaks the The major source of both electric dipole and spin-flip
valley degeneracy, the coupling between the donor states arfgattering in the electromagnetic environment arises from the
the two valley states at the interface is a rapidly oscillatingfluctuating electric field generated by the SET. Because the
function of the separation between the donor and the interSET is a high impedance device, with resistance of order
face (Fig. 7). If tis a rapidly oscillating function of external h/e?, the ratio of the magnetic to the electric field generated
parameters, fluctuations in the external parameters will b8y the SET is~e?/#ic=1/137 in cgs unitsugB/(ezF), the
strongly amplified. ratio of magnetic to electric interaction energies of the SET
The magnitude of this effect may be most readily esti-With the electrons, is- 10 7. This leads to a spin-relaxation
mated when the fluctuations arise from strain. As mentionediate induced by thenagneticfield emanating from the SET
above, strain shifts the energies of the valleys along th@f ~10~2 sec'!, which can be neglected.
strain axis relative to the valleys on axes perpendicular to the A more relevant source of fluctuations arises because RF-
strain axis. Strairs will also change the value of,, the ~ SET's are ac devices, biased by a tuned circuit oscillating at
location of the valley minima, and hence the wavelength ofv~1 GHz. GHz frequencies are employed to minimize the
the standing waves. We are unaware of measurements 6@ntribution of noise from GaAs field effect transistors am-

dko/ds but estimate its order of magnitude by assuming thaPlifying the SET output. Because the tuned circuit must be
the effect of strain on electron energy levels is ||neakz|r|n near the SET, the device will be exposed to both electric and

the neighborhood of the Va”ey minimum on thexis: magnetic fields at the SET bias frequency. Consequently, the
electron energy state differences will need to be away from
2 K the SET bias frequency and its harmonics during measure-
E(k,) = =— (k,—ko)2+ —Es, (200 ment. Doing measurements at magnetic fields when
2m, Ko gugB/h=10-20 GHz should fulfill this requirement.
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X. SCATTERING BETWEEN STATES

AT LEVEL CROSSINGS
To perform repeated measurements on the system, it will

be necessary to traverse the region where the two spin levels —
cross one anothéFigs. 4 and % If there is a small coupling
between the two states, an anticrossing will occur, and scat-
tering will occur between the levels if the crossing region is
not traversed sufficiently rapidly. Ideally, however, the pas-
sage should be “adiabatic” with regard to the strongly T IES0Hoy
coupled singlet states, so that these states simply follow the
levels plotted in Figs. 4 and 5 a§ is varied. These two
requirements imply that there is an optimal value for the

traversal ratev, where undesired scattering is minimized. As
mentioned above, however, scattering between the states be-
ing distinguished is much more harmful than scattering be- A

tween the singlet states, implying thatbe as large as pos-  FiG. 8. Energy levels of a system of two electrons coupled by
sible. Additionally, even though the SET can be turned offthe hyperfine interaction to a Te nucleus with spin 1/2. Measure-
during traversal, some noise in the environment will bement of the nuclear spin proceeds in a manner analogous to that for
present during the passagéhe Johnson noise and the determining the electron spin, with the charge configuration of the
phonons, plotted in Fig.)6 and a rapid traversal rate will system measured by the SET at two points on opposite sides of the
minimize the contribution of this noise to scattering at thelevel crossing. Inset shows detail of the level crossing region.

level crossing.

A simple golden rule calculation determines the scatteringnteraction with lattice nuclei could be further reduced if
probability P between two crossing levels as a functionvof  necessary by using Si depleted ¥8i. These results imply
The result is that perhaps thousands of passes across the level crossing

can be made before a spin scattering event occurs.

Energy

N\ F=Tes)0 H)
s

2
V.
p=2m2—2 (23
v XI. EXTENSION TO NUCLEAR-SPIN MEASUREMENT

wherehv;, is the energy difference between the levels at the In the foregoing discussion we have implicitly assumed
anticrossing point. A likely upper limit to the traversal rate is that the nuclear spin on the Te donor is zero. While Te is
of order 100 GHz/nsee1(?® Hz2. We first estimate the composed of 92% stable=0 isotopes, 7% of natural Te is
scattering resulting from thg term in Eq.(16), again ne- '?5Te, with | =1/2. For the Té donor level, the electron
glecting its angular dependenchy;,=BugB=10 MHz.  spends approximately 10% of its time on the donor site, and
These values result iR=2x10"°. consequently,|¥(0)|? in Eq. (24) can be largé®?° For
Spin scattering can also occur near the crossing poingi:Te", the zeroB level splitting induced by hyperfine inter-
through the exchange of electron spin with nuclear spins iractions is 3.6 GHz, which is comparable to the electron Zee-
the lattice, since natural Si contains 588Si with [=1/2.  man splitting forB=0.1 T.
The small value of the nuclear Zeeman energy compared to The levels for a coupled two electron- and one nuclear-
the electron Zeeman energy means that such scattering cgpin system are plotted in Fig. 8, with the small nuclear
only occur near the level crossing point. The electron interZeeman energy splitting greatly exaggerated so that the lev-
action with 2°Si will be dominated by the contact hyperfine els may be distinguished. The electron Hamiltonian is that of
interaction?® Eq. (5), while the nucleus couples only to electrons at the
donor site by the contact hyperfine interaction. The Hamil-
tonian again does not contain any terms that change the total
z component of angular momentum of the system, and the
- - . state with all spins pointing in the same direct[alesignated
where [W(0)|° is the electron probability density at the |(11)(0)) in Fig. 8] does not hybridize with other states. The
nuclear site. Evaluation o for the hyperfine interaction clear-spin state in which the nuclear-spin points opposite
entails an appropriate average over a!l 'Iattlce sites, assuming he electrong(| |)(1)) does hybridize with the electron-
that the total polarization of the nuclei is zero: spin singlets that couple to the applied biasleading to the
5 separation of the nuclear-spin states shown in Fig. 8.
4 oPA Measurement of the nuclear-spin state proceeds in a man-
P=2m o (25 ner entirely analogous to the spin measurement of the elec-
tron discussed above. SET conductance peak positions are
The numerator in this expression is exactly the same averagaeasured at two fixed points on opposite sides of the level
as that used to determine the mean-square linewidth of don@rossing. As in the case with electrons, scattering between
ESR lines, a parameter which has been measured for ¥i:Tethe electric dipole coupled states can occur during the mea-
In Te" using Si of natural isotopic composition, the ESR surement, so long as scattering does not take place between
linewidth is ~30 MHz, leading to an estimate #=10%.  the states being distinguished. As in the case with electrons,

8 5
hVA:?MBMNQNN’(OH ; (24)
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these latter types of scattering processes will occur as a resuiiction of B, can be used to flip the nuclear spin from one
of electrong fluctuations, impurity nuclear spins, and nuclearstate to another by appropriate pulses or adiabatic passes
and electron dipole interactions. Since the magnitudes Ofcross the resonance line prior to the measurement process.
these effects are similar for the electron- and nuclear-spin At higher frequencies an applidgl,. can also be used on
measurement problem, it does not appear that measuremeRg electrons, and the small difference in théactor of the

of nuclear spins will be intrinsically more difficult than that donor and interface states allows particular electron spins to

of electron spins. be selectively flipped. Measurement of a chosen single elec-
tron spin(for example, the interface electrooould be per-
XIl. EXPERIMENTAL AND MATERIALS ISSUES formed by first preparing the system in the lowest-lying spin-

triplet state, then applyin@,. resonant with the interface
lectron, and finally measuring the system to determine if a
ansition to the singlet state has occurrffls mentioned
gbove, scattering betwediiT | — 1)) and [(T]+17)) is

We have focused on the Si/SiOmaterial system for e
single-spin measurement devices, primarily because of thﬁ
wealth of data in Si on ESR of donors. These ideas may b

viable in other systems, and possibly in GaAs(®d, _, As likely to be rapid on the time scale of the measurement.

heterostructures, if the greater spin-orbit and hyperfine inter: . -
. : ’ . : Consequently, preparing a system and flipping one
actions in these materials do not pose insurmountable probs- g Y, preparing a sy ) bping

. o in will lead to a measurement outcome of a singlet gtate.
lems. The lesser quality of the Si/Si@hterface compared to pin wi glet §
GaAs/ALGa _, As should not affect the proposed devices: a
mobility of 10* cn?/V sec implies energy fluctuations on Xill. CONCLUSION

the Si/SiQ interface of order 0.5 meV, less than the lateral We have outlined a method for measuring single-spin
binding energy of the interface electrons to the donor calcuguantum numbers using single-electron transistors in a Si
lated above. We have neglected entirely the effects of theolid-state device that can be fabricated with currently
SiO, layer on the resonance and relaxation of the electronssmerging technology. While the impetus for realizing these
ESR of conduction electrons at the Si/Sildterface is very  devices is the eventual development of a viable solid-state
difficult to measuré®*' so experimental data on the effect of quantum computer technology, these devices will only be
the SiG interface is lacking. capable of very rudimentargsingle qubit, and perhaps two
Initial experiments will most simply be carried out on qubit) quantum logic. They should more appropriately be
samples randomly doped with Te by ion implantation or dif-considered as solid-state analogs of the single-ion traps,
fusion and the measurements made with a scanned SET s¢hich have successfully demonstrated simple quantum logic
that many donors can be tested for possible single-spin selon single quantum staté$.The analogy between these de-
sitivity. Even if a scanned probe SET is used, the materialices and the single-ion trap goes further in that measure-
will have to be extraordinarily freet10'%cn?) of bulk and  ments are made in ion traps by exciting transitions between
interface spin and charge impurities in order to have a reathe first of two states being distinguished and a third state
sonable probability of success in measuring a single spin, that is not coupled to the second state. If, and only if, the
requirement that may prove very difficult to meet using con-system is in the first state, many “cycling transitions” are
ventional Si processing. SiGe heterostructures may be an agxcited to the third state, allowing the states to be distin-
tractive alternative systehif problems associated with inter- guished with relative ease. In the devices discussed above,
face states and dangling bonds in Si/S&ructures prove to only one of the two states being distinguished is electric
be insurmountable. dipole coupled to the measuring SET, and the measurement
Finally, in order to demonstrate the measurement of grocess can continue until a forbidden spin-flip process oc-
single spin, the spin must first be prepared by placing it in aurs.
known initial state. For electrons, we have focused on distin- Also, in analogy to the single-ion trap, these devices can
guishing between the singlet state and the lowest-lying triplebe used to measure the relaxation and decoherence processes
state because these states are the ground states of the systgrative on single spins in solid-state systems. These mea-
at different appropriate external biases. As shown in Fig. 5surements can be made by using an apdfigdo performar
the spin singlet is the ground state\&t while the triplet is  and /2 rotations on a single spin. Such measurements will
the ground state a¥,, so the system can be prepared inbe critical to determine whether quantum computation in a
either of the two states by appropriately biasing the systemsolid-state environment will be viable. Aside from quantum
and waiting a sufficiently long time. For nuclear spins, thecomputation, precise measurement of single spins will be an
relaxation times may be unreasonably long, and the nucleaxtremely sensitive probe of the electromagnetic environ-
spin is best prepared by exposing the system to an externaliywent of the spin and may have important, heretofore, unfore-
applied ac magnetic fielB,. resonant with the nuclear spin. seen applications.
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