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We demonstrate the use of high-Q superconducting coplanar waveguide (CPW) microresonators to

perform rapid manipulations on a randomly distributed spin ensemble using very low microwave

power (400 nW). This power is compatible with dilution refrigerators, making microwave manipulation

of spin ensembles feasible for quantum computing applications. We also describe the use of adiabatic

microwave pulses to overcome microwave magnetic field (B1) inhomogeneities inherent to CPW

resonators. This allows for uniform control over a randomly distributed spin ensemble. Sensitivity data

are reported showing a single shot (no signal averaging) sensitivity to 107 spins or 3� 104spins=
ffiffiffiffiffiffi
Hz
p

with averaging. VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4881613]

Superconducting coplanar waveguide (CPW) resonators

are a good alternative to conventional volume resonators for

many applications because of their high sensitivity, low power

requirements, and small size.1–3 They are of particular interest

in the construction of hybrid quantum systems utilizing the

long coherence times of spin-based qubits and the strong cou-

pling of superconducting qubits.4–7 Hybrid quantum systems

have been realized for nitrogen-vacancy (N-V) centers

coupled to transmon qubits.4 These systems are limited by

dephasing of the spin ensemble ðT�2Þ which is often hundreds

of nanoseconds in solids. This can be improved by employing

refocusing techniques common in pulsed electron spin reso-

nance (ESR), enabling spin memories effective over the full

coherence time of the electron spin (T2), which can be 10 s in

Si.8 However, refocusing pulses have been difficult to imple-

ment because the microwave magnetic field (B1) in a CPW is

inhomogeneous. Furthermore, it has been suggested that driv-

ing ensemble rotations with microwave pulses are too slow

for quantum computing and can lead to excessive microwave

heating of the system.9 In this Letter, we address these issues.

We report CPW resonators capable of performing p-rotations

on a spin ensemble in 40 ns while using powers compatible

with dilution refrigerators (40 lW peak). We also present data

showing the use of adiabatic microwave pulses to overcome

B1 inhomogeneities, enabling accurate spin manipulations

over a randomly distributed ensemble.

The spin ensembles discussed in this Letter are donor

electron spins in Si. Donors in Si have the advantage over N-

Vs of long coherence times exceeding seconds8,10 and a

wealth of experience in fabrication techniques. However,

only donors with large zero-field splittings are compatible

with these hybrid systems because superconducting qubits

have a low critical field. Bismuth donors in Si have been pro-

posed as a good candidate for coupling to superconducting

qubits due to their long coherence times, existence of clock

transitions, and large zero-field splitting.11 While the data

presented in this Letter focus on P donors, the methodology

and results are not unique to P and easily extended to other

spin ensembles.

One major challenge to performing rotations on a spin

ensemble at low temperature is microwave heating. A typical

X-band pulsed spectrometer performing 40 ns p-rotations

can require an input power of tens of watts for a high quality

factor (Q) volume resonator or up to a kilowatt of power for

the lower-Q resonators used in studying systems with short

coherence times. Most of that energy is reflected from the

resonator, but heating can be significant. However, the reso-

nators we report have a substantially smaller mode volume,

so less power is required to drive ensemble rotations. The

small mode volume is possible because CPW resonators

require only one dimension to be on the order of the resonant

frequency wavelength. The other two dimensions can be

made arbitrarily small.

Another challenge to manipulating an ensemble of ran-

domly distributed spins is B1 inhomogeneity, which is intrin-

sic to CPW designs. Field inhomogeneities lead to

non-uniform control over a macroscopic ensemble because

the tipping angle of a given spin is proportional to the driv-

ing field strength. Spins in regions of large B1 will be rotated

more than spins in regions of small B1. There are essentially

two approaches to overcome these inhomogeneities. The first

is to tailor the device geometry such that spins are located in

regions of homogeneous B1. This is accomplished by either

changing the resonator structure12 or confining the ensemble
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to a small region where B1 is uniform. These methods typi-

cally require that the volume of the spin ensemble be smaller

than the mode volume of the resonator, leading to weaker

coupling. The second approach is to construct microwave

pulses that compensate for B1 inhomogeneities. This allows

for uniform control over an ensemble filling nearly the entire

mode volume of the resonator. We have chosen the latter

method and utilize adiabatic microwave pulses which pro-

duce B1-insensitive spin rotations. Such adiabatic pulses are

known in the nuclear magnetic resonance community, and

we have tested several varieties.13–15 The best results were

obtained by combining a WURST-20 (Wideband, Uniform

Rate, Smooth Truncation 20) envelope shape15 with a BIR-4

(B1 Insensitive Rotation 4) phase compensation.14 The

WURST-20 envelope shapes the pulse as sin20ðpt=tpÞ, where

t is time and tp is the pulse length. The BIR-4 technique

breaks the WURST-20 pulse in half and combines four of

these waveforms in a time-reversed order. The BIR-4 tech-

nique is robust against off-resonance effects and specifically

compensate for geometrical phase errors. Individually,

BIR-4 and WURST-20 have been discussed in the

literature.13–15

The spin ensemble consisted of a 25 lm epitaxial layer

of 28Si grown on high resistivity p-type Si. The epi-layer was

doped to a concentration of 8� 1014 P donors/cm3. This

layer had 50 nm of Al2O3 grown on the surface to protect

against a SF6 plasma used in the device fabrication. Six

CPW resonators were patterned in 50 nm thick Nb films

directly on the Al2O3 surface and they are shown in Fig.

1(a). The fabrication techniques have been described previ-

ously.1 The CPW center conductor width was 30 lm, with a

gap width of 17.4 lm defining an impedance of 50 X. Each

resonator had a unique frequency, spanning a range from

7 GHz to 8 GHz, and all were nearly critically coupled to a

common transmission line. Most of the results reported in

this Letter were obtained using one resonator with a

7.17 GHz center frequency, Q of �2000, and coupling coef-

ficient of 1.15. Resonators were wire bonded to copper

printed circuit boards equipped with microwave connectors

and cooled to 1.7 K. The output of the resonator transmission

line was attached to a low-noise cryogenic preamplifier

(Caltech LNA 1-12). We applied a direct current (DC) mag-

netic field to the sample, taking care that the plane of the Nb

film remained parallel to the field. Careful alignment pre-

vented the trapping of magnetic flux vortices in the super-

conducting film, which are lossy and serve as a decoherence

mechanism.1

Two-pulse Hahn echo experiments (nominally

p/2(þx)� s� p(þy) � s� echo) were conducted with a

delay time (s) of 15 ls and the results are shown in Fig. 1(b).

Because the relaxation time (T1) of P donors at 1.7 K is on

the order of minutes, the back side of the sample was illumi-

nated with a 1050 nm light emitting diode for 50 ms prior to

each two pulse experiment. The light relaxes the spins allow-

ing fast repetition rates. For 400 ns rectangular p-pulses, the

optimal microwave power was �34 dBm (400 nW). The

experiment was repeated using BIR-4-WURST-20 adiabatic

pulses. For our devices, the optimal adiabatic pulse chirped

from 2 MHz below to 2 MHz above the resonant frequency

in 11 ls. This chirp bandwidth was chosen to be wider than

the ESR linewidth of 0.3 MHz in order to excite the entire

spin ensemble. The corresponding peak microwave power

was �30 dBm (1 lW). The integrated signal-to-noise (S/N)

ratio for the single shot (no signal averaging) rectangular and

adiabatic pulse experiments is 84 and 146, respectively.

Thus, by using adiabatic pulses, the signal increased by a

factor of 1.74.

To demonstrate that microwave manipulation of spin

ensembles can occur on timescales compatible with quantum

computing, shorter rectangular pulses were tested on a sec-

ond device. The device had a Q of 3200, center frequency of

7.14 GHz, and coupling coefficient of 1.15. The optimal

power for 400 ns and 40 ns rectangular p-pulses was �33

dBm and �13 dBm, respectively. We expect the 40 ns p-

pulse to be distorted by the high-Q resonator. However, a

20 dB increase in power still led to order of magnitude

shorter excitation pulses.

Two-pulse experiments (nominally p/2(þx)� s� h(þy)

� s� echo) were also performed where the tipping angle of

the second pulse was varied. For rectangular pulses, a micro-

wave power of �27 dBm was used, with a 200 ns first pulse.

The second pulse was varied from 0 ns to 1400 ns. The echo

intensity as a function of pulse length is plotted in Fig. 2(a).

This is compared to a similar experiment conducted using

adiabatic pulses, shown in Fig. 2(b). When using adiabatic

pulses, tipping angles were well defined such that the first

pulse performed a p/2 rotation and the second pulse tipping

angle varied from 0 to 4p. An optimal peak microwave

power of �30 dBm was used for these experiments. It is

clear from the data that the B1 inhomogeneity greatly affects

the rectangular pulse experiment, which shows no Rabi

oscillations, while the adiabatic pulses produce Rabi oscilla-

tions as expected.

FIG. 1. (a) Optical micrograph of the device. Six resonators (serpentine

structures) are capacitively coupled to a common transmission line. (b)

Single shot spin echoes acquired using adiabatic (top black) and rectangular

(bottom red) pulses. The adiabatic pulse echo has been shifted by 0.8 for

clarity. Data were taken at 1.7 K in a DC magnetic field of 0.26 T.

222407-2 Sigillito et al. Appl. Phys. Lett. 104, 222407 (2014)
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To understand these experiments, a model was developed to

simulate the results. The normalized B1 distribution in the CPW

resonator was computed using a conformal mapping technique,

and the echo intensity was determined by summing over the con-

tribution of each individual spin, as previously described.1 The

contribution of a single spin to the echo is given by

signalðrÞ ¼ gsðrÞsinðh1ðrÞÞsin2ðh2ðrÞ=2Þ; (1)

where gsðrÞ is the coupling of a spin at position r to the reso-

nator, h1ðrÞ is the tipping angle of the first pulse (the first

pulse is nominally p/2, but the actual tipping angle varies

with spin position), and h2ðrÞ is the tipping angle of the sec-

ond pulse. For rectangular pulses, the tipping angle is

glBB1ðrÞtp=�h, where g is the electron g-factor, lB is the

Bohr magneton, and �h is the reduced Planck constant. The

spin-resonator coupling is linearly proportional to B1ðrÞ, the

microwave magnetic field. We can write B1ðrÞ ¼ CB1nðrÞ,
where B1n is the normalized B1 and C depends on the micro-

wave power, cavity coupling, and Q. Thus, by writing

gsðrÞ ¼ AB1nðrÞ, the total signal becomes

signal¼
ð

drACB1nðrÞsin
glCB1nðrÞt1

�h

� �
sin2 glCB1nðrÞt2

2�h

� �
;

(2)

where t1 is the first pulse duration and t2 is the second pulse

duration. The constant, A, simply normalizes the vertical

scale whereas C determines the shape of the curve shown in

Fig. 2(a). By varying C for a given microwave power, we

obtain a good fit to the data. From C, we compute B1ðrÞ,
which includes resonator Q, losses, and coupling.

To evaluate the performance of adiabatic pulses quanti-

tatively, we performed echo experiments using a high-

homogeneity commercial dielectric resonator (Bruker MD5).

We used a bulk doped 28Si crystal16 with 3.3� 1015 P

donors/cm3. The sample volume was 1 mm � 2 mm � 4 mm,

and B1 homogeneity varied by no more than 5% over the

sample volume. In these experiments, adiabatic pulse tipping

angles were defined as p/2 and p, while the microwave

power and thus B1 were varied. The integrated echo intensity

as a function of B1 is shown in Fig. 3. As a comparison, the

experiment was repeated using rectangular pulses with a

p-pulse width of 400 ns (B1� 10 times the ESR linewidth),

and these data are also shown. At least half of the maximum

echo intensity is observed for B1 in the range of 6 lT to

83 lT for adiabatic pulses, while the range is 24 lT to 61 lT

for rectangular pulses. This comparison shows that adiabatic

pulses correct B1 inhomogeneity over an order of magnitude

(two orders of magnitude in microwave power).

Combining the simulated B1 distribution with our meas-

urements of echo intensity as a function of B1 (Fig. 3), we

identified the regions of the sample contributing most to the

echo signal. Fig. 4(a) is a cross section of the CPW resonator

at an antinode in the magnetic field (near the shorted end of

the resonator). The CPW is depicted at the top of the plot, and

the magnitude of B1 in the sample is shown with contours (the

8 lT contour is labeled, and B1 for each subsequent contour

increases by a factor of two). The hatched regions in the figure

denote where 2/3 of the signal originates for the rectangular

and adiabatic pulses. The Si sample used for these experi-

ments had a 25 lm thick P-doped 28Si epi-layer, and thus the

ensemble volume only extends down to the green

cross-hatched region. Using the B1 distribution, the contribu-

tion of all spins, at each value of B1, to the echo was computed

and is plotted in Fig. 4(b) for both adiabatic and rectangular

pulses. By integrating over these curves, we obtained the total

signal intensity and found that adiabatic pulses produce a sig-

nal that is 1.73 times larger than the signal produced by rec-

tangular pulses. This is in excellent agreement with the value

of 1.74 observed in experiment. Note that because adiabatic

pulses are sensitive to a volume larger than the epi-layer, the

adiabatic pulse signal would increase when using a bulk

doped sample. We also note that rectangular pulses are sensi-

tive to a thin region of spins, which could allow for high reso-

lution tomography experiments.

FIG. 2. Echo intensity as a function of tipping angle for (a) rectangular

pulses and (b) adiabatic pulses. Experimental data are represented by solid

squares. The curve in (a) is the best fit curve from the model (Eq. (2)) and

the curve in (b) assumes ideal spin rotations. Data were taken at 1.7 K in a

DC magnetic field of 0.26 T.

FIG. 3. Plot of echo amplitude as a function of B1 for a sample in a

high-homogeneity resonator with adiabatic pulses (black) and rectangular

pulses (red). Data were taken at 4.6 K in a DC magnetic field of 0.34 T. The

solid line is a spline fit to the data and is used later in a simulation.

222407-3 Sigillito et al. Appl. Phys. Lett. 104, 222407 (2014)
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From these simulations, we estimate the sample volume

coupled to our resonators to be 3.9� 10�6 cm3. The doping

density of the sample is 8� 1014 donors/cm3, so there are

1.6� 109 spins coupled to the resonator per hyperfine line.

We measured these spins in a single shot (using no signal

averaging and utilizing a single two-pulse sequence) and

found a S/N of 84 using rectangular pulses and 146 with adi-

abatic pulses. Scaling to S/N¼ 1, we have sensitivity to

2� 107 spins when using rectangular pulses and 1� 107

spins using adiabatic pulses. ESR sensitivity is often reported

in units of spins=
ffiffiffiffiffiffi
Hz
p

. These units are appropriate for con-

tinuous wave experiments. However, in pulsed electron spin

resonance, this sensitivity is limited by the shot repetition

rate. Our typical shot repetition rate is 100 Hz (determined

by optical spin relaxation) giving a sensitivity of

106spins=
ffiffiffiffiffiffi
Hz
p

. By employing refocusing pulses in a CPMG

(Carr-Purcell-Meiboom-Gill) sequence, much faster repeti-

tion rates have been achieved.17 Our projected sensitivity

when using rectangular pulses in a CPMG sequence is

3 � 104spins=
ffiffiffiffiffiffi
Hz
p

. This represents an order of magnitude

improvement over recently reported values for spin reso-

nance detected by a superconducting qubit2 and is on par

with sensitivities reported using surface loop-gap microreso-

nators.17 This value should improve by another factor of 5

by measuring at lower temperatures where spins are fully

polarized.

In summary, we have demonstrated the use of supercon-

ducting CPW resonators to perform pulsed electron spin res-

onance using an ultra low power of �34 dBm (400 nW) with

a p-pulse length of 400 ns. We also verify that 40 ns p-

rotations can be achieved using peak powers of about

50 lW, making CPW resonators compatible with dilution

refrigerators. We report a single-shot sensitivity to 107 spins

or 3 � 104spins=
ffiffiffiffiffiffi
Hz
p

. This is comparable to the best results

reported thus far. Finally, we have shown that

BIR-4-WURST-20 pulses can be used to compensate for B1

inhomogeneities spanning an order of magnitude. These

adiabatic pulses improved our S/N by a factor of 1.74 and

substantially improve the uniformity of microwave manipu-

lations of a randomly distributed spin ensemble.
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FIG. 4. (a) Cross section of resonator at an antinode in B1 with contour lines

indicating B1 magnitude for a 400 nW input power. The hatched regions

denote the location of spins contributing to 2/3 of the echo intensity for rec-

tangular (red) pulses and adiabatic (blue) pulses (violet where they overlap).

The green-hatched region below 25 lm denotes the undoped portion of the

sample. (b) Plot of the echo intensity contribution of all spins at particular

values of B1.
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