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We designed a loop-gap microwave resonator for applications of spin-based hybrid quantum

systems and tested it with impurity spins in diamond. Strong coupling with ensembles of nitrogen-

vacancy (NV) centers and substitutional nitrogen (P1) centers was observed. These results show

that loop-gap resonators are viable in the prospect of spin-based hybrid quantum systems, espe-

cially for an ensemble quantum memory or a quantum transducer. Published by AIP Publishing.
https://doi.org/10.1063/1.5025744

Superconducting quantum circuits have been remark-

ably developed in the past decade and are promising candi-

dates for a quantum computer.1 However, their decoherence

times are relatively shorter than those of microscopic sys-

tems. Moreover, the low energy of microwave photons fun-

damentally prevents one from transferring quantum

information processed in one superconducting quantum com-

puter inside a dilution refrigerator to somewhere else outside

of the millikelvin environment.

Besides superconducting circuits, spins in solid crystals

are another promising quantum system at microwave fre-

quencies mainly because of their long decoherence times.2–7

They are considered to be one of the ideal systems to build

hybrid quantum systems,8–10 where one can exploit both the

good coherence of the spins and the designability and con-

trollability of superconducting quantum circuits. It has been

demonstrated that impurity spins in solid crystals are com-

patible with superconducting circuits: strong coupling with

nitrogen-vacancy (NV) centers in diamond,11–16 nitrogen

(P1) centers in diamond,17,18 rare-earth ions in optical crys-

tals,19,20 donors in silicon,21 and magnons22,23 have been

demonstrated. The key to fully exploiting the long decoher-

ence times of spins is the spin echo (refocusing) protocol, in

which spins have to be inverted by a microwave pulse within

a time scale of free induction decay.24–26 However, in most

previous works, spins have not been uniformly driven

because of the spacial inhomogeneity of the microwave mag-

netic fields in two dimensional resonator geometries.26,27,46

This has made it problematic to invert all the spins simulta-

neously. To circumvent this issue, some works using three

dimensional microwave resonators have been reported.28–34

Apart from the microwave aspect, many spin systems

also possess optical transitions, which may be exploited to

realize a quantum transducer, a device that coherently and

bidirectionally converts between microwave and optical pho-

tons. Indeed, there have been several proposals to realize

such a transducer using spins.35–38 One of the crucial require-

ments of such a quantum transducer is an efficient mode-

matching between microwave and optical resonators.35 Here

again, two dimensional superconducting resonators are not

ideal to this end for two reasons: the inhomogeneous micro-

wave magnetic field and the superconducting gaps which

have much less energy than optical photons.

In this letter, we design and test a loop-gap microwave

resonator39,40 and show its viability for spin-based hybrid

quantum systems. The microwave AC magnetic field is

homogeneous (� 93 %) over the sample volume, and most of

the magnetic energy (� 94 %) is confined in the sample

space. While the former would facilitate uniform driving of

the spins, the latter would enable efficient overlap between

the microwave and optical modes if we implement an optical

resonator whose mode passes the sample space of the loop-

gap resonator.35 Therefore, the loop-gap-resonator is an ideal

component for the realization of a quantum transducer, as

discussed above and in Ref. 35. We demonstrate strong

coupling of microwave photons to an ensemble of nitrogen-

vacancy (NV) centers and substitutional nitrogen (P1)

centers in diamond. We also show that the external quality

factor can be tuned from �103 to �105.

Figure 1(a) is a photograph of the loop-gap resonator

used in this work. The resonator is made of oxygen free cop-

per and consists of a sample space at the center with two

100 lm gap slits on both sides [Figs. 1(b) and 1(c)], forming

a lumped-element inductance L and capacitor C, respec-

tively, i.e., a three-dimensional LC resonator.35,39 As shown

in Fig. 1(b) and 1(c), most of the magnetic field energy

(� 94 %) of the resonant microwave mode is concentrated in

the sample space, yielding the r.m.s. magnetic vacuum field

of about 14 pT. As a result, the coupling constant g of the

microwave photon in the resonator to a single NV center or

to a P1 center is about 0:2 Hz (supplementary material),

which are lower than the typical value of two dimensional
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coplanar resonators (�Hz11,17) but one or two orders of mag-

nitude higher than that of conventional three dimensional

resonators (�mHz� 10 mHz28,34). The resonator was

designed to have a resonant frequency of the main loop-gap

mode [Fig. 1(d)] of around 5� 6 GHz, such that it would

match up with the typical frequency of microwave photons

in superconducting quantum circuits. A transmission spec-

trum measured at room temperature is shown in Fig. 1(e).

The resonance frequency xr=2p is measured to be 5:39 GHz.

The asymmetric resonance shape is attributed to the geome-

try of the assembled resonator and enclosure (supplementary

material).

The resonator is capacitively coupled to the input and

output antenna pins, each of which is screwed into a copper

enclosure [Fig. 1(a)]. As shown later, the external quality

factor Qext can be tuned by adjusting the depth of the antenna

pins. The resonator is placed at the mixing chamber in a dilu-

tion refrigerator with a base temperature of about 10 mK,

where both the microwave resonator and spins are fully

polarized to their lowest energy state. An external constant

magnetic field (BDC) is generated by a homemade uniaxial

superconducting coil that is thermalized at the still plate of

the dilution refrigerator. BDC is perpendicular to the micro-

wave magnetic field BAC [Fig. 1(a)]. The transmission

spectra jS21ðxÞj were taken with a vector network analyzer

(VNA). See supplementary material for the details of the

experimental setup.

The two samples investigated in this work are artificial

diamond crystals synthesized by the HPHT (high-pressure-

high-temperature) method. Negatively charged NV centers

and substitutional nitrogen (P1) centers are contained in the

amounts summarized in Table I.

The NV center spin Hamiltonian at magnetic fields

� 10 mT can be written as41,42

HNV=h ¼ ceBDCSþ DS2
z þ SANIþ PI2

z ; (1)

where ceð¼ 28 MHz=mTÞ is the gyromagnetic ratio of the

NV electron spin, S ðIÞ is the spin operator of the NV elec-

tron (14N nuclear) spin S¼ 1 (I¼ 1), and D ¼ 2:8775 GHz is

the zero-field splitting between mS¼ 0 and mS ¼ 61.

ANðAN? ¼�2:7MHz;ANk ¼�2:1MHzÞ and P ¼�5MHz

are the hyperfine interaction tensor and the nuclear quadru-

pole moment with the 14N nuclear spin, respectively. Even

though the transverse spin operators Sx and Sy are coupled to

the local electric field and strain, which significantly modify

the spin eigen states mS¼61 at low magnetic fields,43,44 this

effect is negligible at higher magnetic fields where all the

measurements were performed in this work.

Figure 2(a) depicts a schematic of an NV center in the

diamond lattice and the direction of BDC. Here, the case for

Sample #1 (BDC k ½110�) is drawn. In this magnetic field

orientation, the system can be regarded as two sets of sub-spin

ensembles, each of which has a different BDC projection on the

four possible N-V bond directions: orthogonal and non-

orthogonal ones (drawn in thin gray and thick blue, respec-

tively). Here, we focus on the latter one, and its energy level

diagram is shown in Fig. 2(b). The magnetic field where the

electron spin resonance (ESR) frequency xNV between states

j0i $ j2i and the loop-gap resonator xr match is about 74 mT

(vertical arrow).

On the left panel in Fig. 2(c), a color map of transmis-

sion spectra jS21ðxÞj versus BDC is shown. When the ESR

frequency xNV (diagonal dashed line) crosses the resonator

frequency xr (horizontal dashed line), the spectrum reveals

an avoided level crossing, which is the manifestation of the

strong coupling between the NV center ensemble and micro-

wave photons in the loop-gap resonator. Two polaritonic

peaks are observed at 73:7 mT (red arrow) and are plotted on

the right panel in Fig. 2(c). We fitted the data by a spin

ensemble-resonator coupled Hamiltonian11 and calculated

the new coupled eigenstates (supplementary material), which

are plotted as solid curves. The obtained ensemble coupling

constant is about 11:5 MHz, which is in a good agreement

with the estimated value (supplementary material). In Fig.

2(c), one can also see absorptions (dotted arrows) away

from the avoided level crossing. These are ESR transitions

FIG. 1. The loop-gap microwave resonator designed and tested in this work.

(a) Photograph of the loop-gap resonator and enclosures. Both the resonator

and enclosures are made of oxygen free copper. An SMA coaxial antenna

pin is screwed into each enclosure. The black dotted lines are the seam

between the two halves which form the resonator. (b) A side view of the res-

onator [xz-plane and inside the dashed box in (a)] designed in an electromag-

netic simulator. Color shows the norm of the AC magnetic field jBACj for an

incident microwave power of �106 dBm. The sample is placed at the center

where jBACj is maximum. (c) Zoom of the sample space and the gaps

[dashed box in (b)]. (d) A top view [xy-plane in (a) at the height of the white

horizontal dashed line in (b)]. Color shows the norm of the AC electric field

jEACj in the same condition as in (b), and the light blue arrows are vector

representations of the magnetic field mode. The length of the arrows corre-

sponds to the strength of the magnetic field (on the log scale). (e) An exam-

ple of transmission spectrum jS21j of the loop-gap resonator measured at

room temperature.

TABLE I. Single crystal diamond samples studied in this work.

Sample Size (mm3) NV P1

#1 3� 1:5� 1:1 10 ppm 20 ppm

#2 3� 1:5� 0:5 2 ppm 10 ppm
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of NV centers hyperfine-coupled with the nuclear spins of
13C ðI ¼ 1=2Þ (supplementary material).

We now focus on the P1 (substitutional nitrogen) center,

which is another impurity spin in diamond. The structure of

a P1 center is depicted in Fig. 3(a). It consists of an electron

spin S¼ 1/2 and a nuclear spin I¼ 1 of 14N. For the experi-

mental results presented below, we used Sample #2, which

has a different crystallographic orientation from Sample #1.

BDC is aligned parallel to ½001� as shown in Fig. 3(a). The

spin Hamiltonian of a P1 center is written as

HP1=h ¼ ceBDCSþ SAN0I; (2)

where S ðIÞ is the spin operator of the P1 electron (14N

nuclear) spin S¼ 1/2 (I¼ 1) and AN0 ðAN0? ¼ 114:03 MHz;
AN0k ¼ 81:33 MHzÞ is the hyperfine tensor with the 14N

nuclear spin. The energy levels of a P1 center versus BDC in

this orientation are shown in Fig. 3(b). Because of the hyper-

fine coupling, three possible nuclear spin conserving ESR

transitions are allowed in the transition jmS ¼ þ 1
2
i $ j � 1

2
i,

as shown in Fig. 3(b) by vertical arrows.

Transmission spectra of the loop-gap resonator with

Sample #2 versus BDC are color-plotted in Fig. 3(c). When

each ESR frequency (diagonal dashed lines) crosses the

resonator frequency xr (horizontal dashed line), an avoided

level crossing emerges. The ensemble coupling constants are

estimated to be gens;þ ¼ 8:8 MHz; gens;0 ¼ 7:9 MHz, and

gens;� ¼ 7:8 MHz (supplementary material), where the sym-

bol corresponds to the nuclear spin state jmIi. One also finds

several other resonances, marked by the dotted arrows. Most

of them are 13C hyperfine-coupled P1 centers. In addition,

there are also ESR transitions of NV centers in this magnetic

field range (supplementary material).

The ability to tune the external quality factor Qext allows

the loop-gap resonator to be used for a variety of hybrid

quantum system applications. For example, a high quality

factor is required for quantum information transfer,12,14

whereas a low quality factor is preferred to apply broadband

and high power pulses for spin echoes.25,26 Figure 4 presents

the tunability of the loop-gap resonator, where we tuned Qext

from 3500 to 85000 by changing the depth of the antennae.

Pulling them further away would have made the maximum

Qext even much higher, whereas approaching the pins closer

to the loop-gap resonator would make the minimum Qext

smaller. On the other hand, the internal quality factor Qint is

limited to about 1300. We attribute this mainly to the loss

from the seam;45 the loop-gap resonator is assembled from

two symmetric halves [Fig. 1(a)] without any indium seals.

Designing the loop-gap resonator in a single piece would

avoid the seam loss. Another possible loss comes from the

surface; we did not perform any electro-mechanical or

electro-chemical polish, which may also improve Qint.
32

FIG. 2. NV center results. (a) Schematic of an NV center in a diamond crys-

tal with the orientation of the external constant magnetic field jBDCj k ½110�.
In this configuration, there are two possible orientations of NV center with

respect to BDC: orthogonal ones (bonds drawn in gray) and non-orthogonal

ones (thick blue). (b) Energy levels of the non-orthogonal NV centers. The

transition investigated in this work is between the lowest j0i and the highest

j2i states, which are drawn in solid blue curves. (c) Transmission spectra

color plot of Sample #1 (left) and the spectrum at 73:7 mT (right). The white

dashed lines are the original eigenfrequencies of the NV centers (xNV) and

the loop-gap resonator (xr). The dotted arrows on the left panel highlight

the other spin transitions due to the hyperfine coupling to 13C nuclei.

FIG. 3. P1 center results. (a) Schematic of a P1 center in the diamond crystal

with the orientation of the external constant magnetic field BDC k ½001� (for

Sample #2). (b) Energy levels of a P1 center versus BDC in this orientation:

global (left) and zooms (right). The three possible nuclear spin conserving

ESR transitions are depicted by the vertical arrows. (c) Resonator transmis-

sion spectra color plot for Sample #2 (left) and the spectrum at 188:7 mT

(right). The bare frequencies of the ESR transitions for each nuclear spin

state (xP1þ ; xP1o
, and xP1� ) and the resonator (xr) are drawn in white dashed

lines. The dotted arrows show other ESR transitions of NV centers or of P1

(NV) centers hyperfine-coupled to 13C nuclei (supplementary material).
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In conclusion, we designed and tested a loop-gap micro-

wave resonator and demonstrated strong coupling with NV

center and P1 center ensembles in diamond. These results

show that loop-gap resonators are viable in the prospect of

spin-based hybrid quantum systems, especially for a quan-

tum memory or quantum transducer.

See supplementary material for the design of the resona-

tor and the AC field homogeneity, analysis on the asymmetric

resonance using a lumped-element circuit model, calculations

of the single-spin and ensemble coupling constants, other

ESR transitions in Figs. 2(c) and 3(c), the calculation of the

new coupled eigenstates, and detailed information about the

diamond samples and experimental setup.
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