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The main limitation to the high-fidelity quantum control of spins in semiconductors is the presence

of strongly fluctuating fields arising from the nuclear spin bath of the host material. We

demonstrate here a substantial improvement in single-qubit inversion fidelities for an electron spin

qubit bound to a 31P atom in natural silicon, by applying adiabatic sweeps instead of narrow-band

pulses. We achieve an inversion fidelity of 97%, and we observe signatures in the spin resonance

spectra and the spin coherence time that are consistent with the presence of an additional

exchange-coupled donor. This work highlights the effectiveness of simple adiabatic inversion

techniques for spin control in fluctuating environments. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4867905]

Spin qubits in semiconductors now represent one of the

most promising solid-state architectures for quantum

computation,1–3 following the demonstration of coherent

control of one-4 and two-5 electron spin states in GaAs quan-

tum dots and, more recently, singlet-triplet qubits in Si/SiGe

dots6 and 31P donor electron7 and nuclear8 spins in silicon.

In any III-V semiconductor, as well as in natural Si, the

fluctuating nuclear spin environment is the main factor limit-

ing spin coherence times9,10 and, importantly, the fidelity of

quantum gate operations, with typical fidelities in the range

of 55%–75%.4,7 This is insufficient for fault-tolerant qubit

operations, which require fidelities in excess of 99% even in

the most optimistic schemes.11 Group IV semiconductors

such as Si and C possess spin-zero nuclear isotopes, which

can be artificially enriched to create a nearly spin-free envi-

ronment for spin qubits. Indeed 28Si has been termed a

“semiconductor vacuum”12 for this reason. Ensemble spin

resonance of 31P donors in isotopically pure 28Si has shown

extraordinarily long coherence times, T2e � 10 s for the elec-

tron13 and T2n � 3 h for the nucleus,14 and it is certainly an

exciting prospect to adopt isotopically pure substrates for

nanoscale qubit devices. However, the production of nuclear

spin-zero environments in isotopically purified semiconduc-

tors other than silicon is relatively undeveloped15 or impossi-

ble because of the lack of suitable isotopes. Therefore,

methods to maximize qubit control fidelities in the presence

of a nuclear spin environment will remain important.

In this Letter, we present how adiabatic frequency

sweeps can be utilized to control the spin of an electron

bound to a single 31P donor with high-fidelity, in spite of the

fluctuating nuclear spins from the 4.7% 29Si (spin 1/2) in nat-

ural silicon. For an inhomogeneously broadened electron

spin resonance (ESR) transition at �36 GHz with a linewidth

of �12 MHz, we achieved an average electron spin inversion

fidelity as high as FI¼ 97 6 2%, insensitive to fluctuations

of the background nuclear field. The method of adiabatic

passage has been widely applied in nuclear magnetic reso-

nance16 and to some extent also in ESR.17 Recent progress

in high-frequency electronics and the very active research

field of spin-based quantum computation have reignited the

interest in this topic, with applications as ultra-wideband

inversion,18 geometric phase gates,19 and even the inversion

of single electron spins in diamond.20,21 Our single qubit,

however, is operated at much higher frequencies (36 GHz in

the present work) than in experiments reported so far,

because we combine coherent qubit control with single-shot

spin readout,22 essential for practical quantum information

processing. Our adiabatic passage experiments only require a

simple frequency modulation, which is available in all

microwave sources even at very high frequencies.

The sample investigated is similar to the one described

by Pla et al.,7 and we refer to that publication for details

about device fabrication and methods. The gate layout has

been slightly modified, but the operation of the single elec-

tron transistor (SET) used for charge detection and the

scheme used for spin-readout of the donor electron22 is the

same. There is, however, an important difference in the ion

implantation method. In the present work, we implanted Pþ2
molecular ions, instead of Pþ single ions. Upon impacting

the Si chip, the Pþ2 molecules break apart, leaving two sepa-

rate P atoms at a distance that depends on the implantation

energy. We used a 20 keV acceleration voltage, which yields

an expected average inter-donor distance of order 25 nm.23

Our device then allows us to read out a single electron asso-

ciated with one implanted P donor atom for our experiments.

We start by discussing the measurement of the ESR spec-

tra shown in Fig. 1. These were obtained by monitoring the

response of the electron spin to an applied microwave pulse. In

the experimental sequence,7 an electron with spin down j #i
was loaded onto the donor. In a static magnetic field

B0¼ 1.3 T, the electron spin precesses with a Larmor fre-

quency �e ¼ ceB06A=2, where ce¼ 27.97 GHz/T and A is thea)Electronic mail: a.laucht@unsw.edu.au
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hyperfine coupling to the 31P nucleus. A microwave pulse of

power PMW¼ 2 dBm at the source (the coaxial cable connect-

ing the source to the device provides a further 30 dB attenua-

tion) and duration TP¼ 50 ls was then applied to an adjacent

broadband microwave antenna.24 Since TP is much longer than

the typical dephasing time T?2 � 55 ns for 31P in natural sili-

con,7 the electron spin is left in a random orientation when the

applied frequency is in resonance with the j #i $ j "i ESR

transition or remains in the j #i eigenstate when off-resonance.

In the last step, the orientation of the electron spin is read out

in single-shot. The spectra in Fig. 1(b) were recorded with 100

repetitions at each frequency, before stepping to the next one.

In this way, 75 spectra were recorded over a time frame of

660 min. The average of these 75 spectra is displayed in Fig.

1(a) and appears as a broad distribution with a full-width at

half-maximum D�FWHM ¼ 11:960:3 MHz. The individual

spectra in Fig. 1(b) are much narrower than the average and

show significant fluctuations in the position of the resonance,

indicating a slow evolution of the 29Si nuclear field.

The averaged spectrum, however, is not a single reso-

nance peak. It needs to be fitted with the sum (blue solid

line) of two Gaussian peaks (gray solid lines) of equal width

D�FWHM ¼ 6:360:2 MHz, separated by d�¼ 6.0 6 0.2 MHz.

This bimodal character suggests that the electron spin is

coupled to a nearby two-level system that switches its state

frequently over the timescale of the experiment. A splitting

of 6 MHz could either be caused by a hyperfine-coupled 29Si

on the nearest-neighbor site,25 or by another 31P donor,

coupled to the donor under measurement by an exchange

interaction J¼ 14 MHz, assuming that the two-electron sys-

tem is initialized in the j##i state.26 An exchange coupling

of this magnitude corresponds to an inter-donor separation of

�20 nm27 and is compatible with the expected inter-donor

distance from 20 keV Pþ2 molecular implantation.

The donor under study is found predominantly in the nu-

clear j+i state, but other ESR spectra in the nuclear j*i state

(data not shown) allowed us to determine the value of the

hyperfine coupling AHF¼ 114.4 MHz. This value is

Stark-shifted from the bulk value of 117.53 MHz28 and is

very close to the hyperfine splitting reported by Pla et al.8

and computed by Mohiyaddin et al.29

The strong fluctuations and, therefore, the large broad-

ening of the time-averaged ESR peak (cf. Fig. 1) make it dif-

ficult to apply a microwave pulse in exact resonance with the

instantaneous ESR frequency. High-fidelity single-qubit gate

inversions would require a Rabi frequency �1 much larger

than D�FWHM, which in the present case would translate into

a strong rotating magnetic field B1� ceD�FWHM � 0.23 mT.

Here, we explore instead an easier and more reliable method

based on adiabatic inversion.

The Landau–Zener theory30 applies to the time evolu-

tion of a two-level system described by a linearly-varying

time-dependent Hamiltonian, where h�1 (2�1 corresponds to

the Rabi frequency) couples the two levels. In our case, the

detuning D� between the source microwave frequency and

the spin resonance is swept in time. The probability of a dia-

batic transition from one eigenstate to the other is given by

PD ¼ exp �4p2 �2
1���� @@t
D�ð Þ

����
0
B@

1
CA: (1)

When the rate of change of the energy difference (“sweep

rate”, in frequency units) @
@t D�ð Þ is low enough compared to

the Rabi frequency 2�1, the system will adiabatically follow

the instantaneous eigenstate. In the case of interest here, we

consider an electron spin subject to a rotating magnetic field

B1(t) at frequency �0ðtÞ ¼ ceB0 � A=2þ D�ðtÞ. Since the
31P nuclear spin remains in the j +i state for several hours,

we can treat the hyperfine field like a constant magnetic field

shift, and describe the system in the 2� 2 Hilbert space of

the electron spin alone. In the reference frame rotating at fre-

quency ceB0–A/2, the Hamiltonian of the system reads

HðtÞ ¼ 1

2

@

@t
D�ð Þtrz þ �1rx; (2)

where rx and rz are the spin Pauli matrices.

An electron spin initialized in the j #i will be rotated to

the j "i state once the frequency sweep D� � �D�FWHM !
D� � D�FWHM is complete. For fast sweep rates, the spin

state cannot perfectly follow the eigenstates, resulting in an

incomplete inversion, i.e., a rotation of an angle<p.

In Fig. 2, we present measurements of the electron spin-

up fraction R" after loading an electron with spin down and

performing a frequency sweep over a constant 25 MHz

range, with variable sweep time TS. The experiment in

↑

FIG. 1. (a) Time-averaged ESR spectrum of an electron bound to a 31P do-

nor in natural silicon. The blue solid line is a fit to the data with two

Gaussian peaks of equal width. The 31P nuclear spin was preferentially in

the j +i state during these measurements. Gray dotted line: Expected ESR

response for j *i nuclear state, obtained from the hyperfine coupling

AHF¼ 114.4 MHz determined from other measurements (data not shown).

(b) Individual ESR spectra contributing to (a). These spectra were recorded

over a time period of 660 min.
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Fig. 2(a) was conducted with a microwave power

PMW¼�4 dBm at the source, while PMW¼ 5 dBm was

used in Fig. 2(b). For short sweep times, where @
@t D�ð Þ is of

the order of 4p2�2
1, the electron spin cannot adiabatically

follow the instantaneous eigenstate. For longer sweep times

and larger microwave powers [see Fig. 2(b)], the electron

spin is fully inverted, and the measured spin-up fraction R"
saturates at a value close to unity, indicating high-fidelity

spin inversion.

We model the experimental data using the density ma-

trix formalism. The dephasing time T2 of the electron spin is

included in the master equation of the Lindblad form31

dq
dt
¼ � i

�h
½H; q� þ LðqÞ; (3)

where

LðqÞ ¼ 1

2T2

2rzqrz � rzrzq� qrzrzð Þ;

¼ 2

T2

0 �1

�1 0

 !
q: (4)

We then use the equation of motion (3) to numerically com-

pute the time evolution of an electron initialized in j #i. For

a meaningful comparison to the experiment, the model also

incorporates: (i) The single-shot readout fidelity F" for the

spin-up state; (ii) the background “false counts” rate P"IF",
where P"I is the probability that the electron tunnels out of

the donor during the readout phase, in the absence of ESR

excitation.7 While F" is a fitting parameter, P"IF" is

obtained from a measurement of R" while the 31P nuclear

spin is in the j *i state (green diamonds in Fig. 2). In the

present experiment, an electron temperature Tel� 100 mK

allowed us to obtain a background count rate as low as

2.2%.

The results of our simulations are also plotted in Fig. 2.

The black solid line is simply the Landau–Zener formula (1)

which describes the response of an ideal system. The gray

lines are density matrix simulations of the diabatic sweep,

including only the T2 time of the electron spin while the red

lines include the effect of background counts and readout fi-

delity. The best agreement with the experimental data is

obtained by assuming a rotating magnetic field strength

B1¼ 8.8 6 0.5 lT (PMW¼�4 dBm) and B1¼ 30 6 1 lT

(PMW¼ 5 dBm), a readout fidelity F"¼ 93 6 2%, and a

decoherence time T2¼ 44 6 10 ls. Modeling a total of eight

datasets for three different excitation powers (only two data-

sets shown) allows us to verify the
ffiffiffiffiffiffiffiffiffiffi
PMW

p
-dependence of B1,

confirmed by the good agreement of the extracted values

[inset of Fig. 2(b)] with a linear fit through the origin.32 For

all simulations, F" and T2 were global parameters, i.e., the

same values were used for all the simulations. The decoher-

ence time T2 extracted from these data is significantly shorter

than that for isolated single donors in natural silicon

(T2¼ 206 ls in Ref. 7). Since exchange coupling creates an

additional path for dephasing which can be very sensitive to

electric field noise,33 this short decoherence time further sup-

ports the possibility of having observed a weakly-coupled

two-donor system, as first brought up by the bimodal shape

of the ESR peak in Fig. 1(a). However, the current status of

this experiment does not allow us to conclusively exclude

the possibility that these effects arise from a 29Si nucleus at

the nearest-neighbor site.

From the gray line in Fig. 2(b), which represents the

result of the simulations without readout infidelity and back-

ground counts, we extract a maximum inversion fidelity of

FI¼ 97 6 2%. This remarkable value is obtained for a mod-

erate B1¼ 30 lT and a sweep time of TS � 6 ls. Beyond this

(B1-dependent) optimal value of TS, the inversion fidelity is

deteriorated by the spin decoherence. FI would further

increase with higher B1 values, because the inversion could

then be accomplished in a time TS � T2. A value of

FI¼ 97% represents a dramatic improvement when com-

pared to the 61 6 2% inversion fidelity34 obtained with reso-

nant pulses in Ref. 7, despite operating in the same 29Si

nuclear spin environment.

In summary, we have presented high-fidelity adiabatic

inversions of the spin of an electron bound to a 31P donor in

natural silicon. Although the 29Si nuclear spins and, possibly,

a second exchange coupled 31P donor lead to an inhomoge-

neous broadening of the electron resonance frequency of

�12 MHz, we are able to invert the electron spin with a fi-

delity of FI¼ 97 6 2%. This is made possible by the intrinsic

robustness of this technique to the exact resonance frequency

μ

↑   

μ

↑

μ

↑

μ

μ

μ

FIG. 2. ((a) and (b)) Electron spin-up fraction R" after a frequency sweep

with duration TS. The microwave frequency is swept over a range of

D�sweep¼ 25 MHz, centered at the ESR frequencies for the j *i (green dia-

monds) and j +i (blue circles) nuclear states obtained from Fig. 1. Black

lines: Response of an ideal system following the Landau–Zener formula (1).

Gray lines: Density matrix simulations of the diabatic sweep, accounting for

finite T2 spin coherence time. Red lines: Including background counts F"P"I
and readout fidelity F". Data obtained with �4 dBm (a) and 5 dBm (b)

power of the microwave source, respectively. (inset) Extracted B1 as a func-

tion of the square root of the applied microwave power. The red line is a lin-

ear fit through the origin.
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of the electron spin. Our result highlights the benefits of adi-

abatic inversion as the technique of choice for state inversion

of spin qubits in environments that produce strong magnetic

field fluctuations of nuclear origin, such as natural silicon

and III-V semiconductors.
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