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We introduce a new method for optically detected magnetic resonance for atom-like systems in
an optical resonator. Driving the spin transitions of these systems with microwaves causes changes
to the populations of the ground state spin levels, which we detect by changes in the optical cavity
frequency. The new technique is useful for characterizing experiments aimed at quantum microwave-
to-optical transduction because it provides a way of only probing the spin transitions of the atom-like
systems that are in the optical resonator’s mode. We demonstrate the technique using a cryogenic
erbium-doped whispering-gallery-mode resonator inside a microwave resonator. We compare our
results with more standard electron paramagnetic resonance to show that our optical modes are
confined to a region of large microwave magnetic field amplitude. Our optical modes have a Q-factor
better than 10® making them the highest Q-factor resonators studied with cryogenic rare-earth-ion
dopants, allowing us do report ensemble strong coupling between the erbium dopants and a optical

whispering-gallery-mode resonator.

I. INTRODUCTION

Superconducting qubits operate at frequencies of
about 10 GHz and hence must be kept at temperatures of
tens of millikelvins in order to not be swamped by ther-
mal photons, leading to a loss of fidelity. Interconnecting
qubits in different cryostats is therefore difficult as a di-
rect link would need to operate at a similar temperature
[1]. The suggested alternative is coherently transducing
the microwave photons to optical frequencies where they
can propagate through room temperature links with min-
imal thermal background [2, 3].

Rare-earth ions in solids at cryogenic temperatures are
great contenders for efficient microwave—optical trans-
duction due to a unique set of capabilities for coherently
manipulating information. The 4f — 4f transitions have
very narrow homogeneous [4-6] and inhomogeneous [7, §]
optical linewidths, as well as long lived coherence times
for both nuclear [9] and electron spin transitions [10, 11].
Although the ions typically have weak optical oscilla-
tor strengths, this can be compensated by the narrow
linewidths to give high optical absorption, even to the
point where negative refractive index could be possible
[12]. The use of erbium dopants, in particular, gives ac-
cess to an optical transition at 1.5pm, in the center of
the low-loss wavelength region for optical fibers.

These properties of rare-earth-ion dopants have en-
abled a number of advances in quantum memories [9, 13],
and classical signal processing [14, 15]. A particular ad-
vantage of using dopants over free space atoms is in-
creased flexibility when coupling the dopants to optical
resonators. The coupling of rare-earth-ion dopants to
nano-photonic resonators has enabled single site detec-
tion [16] as well as control and readout of single dopants
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[17]. Meanwhile, the coupling of ensembles to macro-
scopic resonators has been investigated to improve quan-
tum memories [18], and microwave—optical transduction
[19-21].

The ions’ optical and spin transitions provide a non-
linearity for frequency conversion. For efficient trans-
duction, generally both microwave and optical resonators
are used to increase the coupling between the input and
output fields with the nonlinear system used for the fre-
quency conversion. A major challenge of such a non-
linear converter is that the vastly different optical and
microwave wavelengths make obtaining a good spatial
overlap difficult. Here we introduce a new method for op-
tically detected magnetic resonance (ODMR), for atom-
like systems in an optical cavity which provides a way to
only probe ions at the intersection of the microwave and
optical resonator modes. The method is a useful experi-
mental check of overlap, particularly as microwave modes
can be very sensitive to perturbations such as uninten-
tional gaps between components.

ODMR is a powerful technique for probing solid state
spins. Standard ODMR. works by looking at spin-state
dependent changes in the amount of optical absorption
or fluorescence level, as either property depends on the
population balance [22, 23]. ODMR is a more sensitive
technique than direct electron paramagnetic resonance
(EPR) spectroscopy, not only due to the higher energy
probe photons, but also because thermal noise is much
lower at optical frequencies. The optical detection sig-
nificantly improves the sensitivity of magnetic resonance
spectroscopy and increases the fidelity and spatial reso-
lution of spin initialization and readout [24-26].

In our system we perform ODMR by monitoring
changes in the material’s dispersion rather than ab-
sorption. We demonstrate the new technique using
a high-quality-factor erbium-doped whispering-gallery-
mode (WGM) resonator made from yttrium orthosili-
cate (Y2SiOs, YSO). This dispersive measurement is en-
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hanced by strong coupling between an optical resonator
mode and an ensemble mode of the rare-earth ions. In
this strong-coupling regime, the WGMs hybridize with
the erbium ensemble, such that they are polaritons.
Through the change of this WGM-ensemble polariton’s
frequency we measure the change in coupling due to ex-
citing more ions into the upper spin state.

Whispering gallery mode resonators combine ex-
tremely high Q-factors and moderately small mode vol-
umes in a convenient monolithic form factor [27]. The
guiding of light is provided by total internal reflection
from the curved surface of the resonator’s rim. Thus the
resonators can operate over a wide range of wavelengths
and can be made of any optical material that is low loss
and for which smooth surfaces can be prepared. For ex-
ample, recently Q-factors of 10° have been demonstrated
[28] for yttrium orthosilicate (YSO) — a popular host for
cryogenic rare-earth-ion dopants because of its low den-
sity of spins.

The flexibility in material choice for WGM resonators
has allowed numerous nonlinear optical processes like
second-harmonic generation [29-31], Kerr solitons [32,
33] and optical parametric oscillation [34] in wide fre-
quency ranges. The high Q-factors have enabled ef-
ficient demonstrations of photon pair sources [35] and
allowed squeezing measurements of optical parametric
oscillation operated far above threshold [36]. Interfac-
ing a microwave field with the resonators has allowed
for electro-optic demonstrations such as efficient single-
sideband modulation [37] and electro-optic frequency
combs [38, 39]. Coupling to ensemble spin states has
previously been achieved through the interaction with
magnon modes of yttrium iron garnet spheres [40].

Studies of doped WGM resonators have shown their
flexibility as lasers [41-43]. Cryogenic rare earths in
WGM resonators, however, are relatively unexplored, in
spite of the promises of high @Q-factors for both the res-
onators and the ions. It has been shown that being near
to the surface in a WGM resonator does not adversely
affect the ions’ spectral properties [44].

Our WGM resonator fulfils the promise of high Q-
factors and shows strong coupling to an optical transition
in erbium. The novel ODMR measurement we introduce
allows us to characterize the microwave—optical overlap.
The technique can be applied to other atom-like trans-
duction schemes.

II. EXPERIMENTAL SETUP

Our WGM resonator is made from YSO doped with
isotopically enriched erbium-170 at 50 ppm. The res-
onator is a disk of major radius R = 2.1 mm and thick-
ness of 0.5 mm, with its curved sidewall surface finely
polished by diamond slurry [45]. The crystal Do axis is
normal to the disk plane. It is well known that YSO
has yttrium ions sitting in two different crystallographic
sites each with two different orientations [46]. Here we
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FIG. 1. (a) A schematic of the ODMR apparatus. The mi-
crowave resonator (orange) is a shielded copper cavity with
the top and bottom rings that clamp onto the WGM res-
onator. Two coaxial pins (gold) are used for coupling mi-
crowave in and out the cavity. The WGM resonator (light
blue disc) is placed between the copper rings, with a prism
(dark blue) that couples the optical pump (red) to the WGM
resonator via evanescent coupling. (b) Crystal orientation
and energy-level diagram of the erbium ions. With an exter-
nal magnetic field, the crystal-field levels of 4115/2 and 4113/2
have split due to the Zeeman effect. v, shows the microwave
transition that interacts with our microwave resonator; also
shown are the four optical transitions that interact with the
optical resonator in ascending order of energy.

—~

address the erbium ions at site 1 with the optical transi-
tion around vy = 195116.7 GHz — a wavelength of about
1536 nm in the telecom C band.

The optical pump couples into the WGM resonator
by a right-isosceles gadolinium gallium garnet prism via
evanescent coupling. Such a prism conveniently allows for
coupling with a straight-through geometry in the cryo-
stat. The crystal’s b axis points from the disk center to
the coupling prism. The prism is moved by a linear piezo
stage to accurately tune the extrinsic optical coupling
rate. We label WGMSs with their electric field parallel to
the Do axis as the transverse electric (TE) polarization;
those polarized in plane are transverse magnetic (TM).
TM modes have lower coupling contrast than TE modes
due to their different local refractive indices at the cou-
pling point.

The WGM resonator sits inside a microwave
resonator—see Fig. 1(a)—which uses two metal rings,
above and below the optical WGM resonator, to confine
the microwave mode near the optical mode volume. The
resonator is based on previous designs [47]; one modifi-
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FIG. 2. A schematic of the experimental setup and measure-
ment. A tunable laser of 1536 nm acts as an optical pump,
with an EOM for relative frequency measurement and a po-
larization controller for WGM coupling. The microwave tran-
sition is driven by a microwave source with frequency around
12.155 GHz. The reflected light is collected and detected by
two photodiodes for optical monitoring and locking. When
EPR is measured, the microwave source is frequency modu-
lated and the resulting amplitude changes on the microwave
output are measured by a microwave power detector and lock-
in amplifier. When ODMR is being measured the microwave
source is amplitude modulated and the resulting optical mode
frequency oscillation is detected by a lock-in amplifier. The
color lines in the bottom indicate the different frequencies of
pump laser, microwave, and sideband modulation.

cation here is that to allow a greater tuning range, the
whole floor of the resonator was movable rather than just
a tuning pin. Another modification is that the top ring
has an asymmetric slot, designed to break the near two-
fold rotational symmetry of the microwave magnetic field
and relax the phase matching requirements for future up-
conversion experiments. A layer of indium is used be-
tween the metal rings and WGM resonator to reduce the
gap between the two and better clamp the resonator.

The crystal orientation was chosen to allow upconver-
sion with the in-plane microwave magnetic field provided
by the microwave cavity [48, 49].!

The combined optical and microwave resonators were
mounted in a home-built cryostat. The base temperature
is 4 K, which can be temporarily reduced to 2.9 K by a he-
lium evaporation system. A 3D vector magnet (300 mT

1 For example upconversion of a microwave photon with a TE
optical pump to a TE optical signal is possible using xyy- in the
Cop, section of Table I of Ref. [49]. In that table the z axis is
the crystal’s symmetry axis, so we can transform the conclusions
into our coordinate axes by substituting (z,y,z) — (D1, D2,b).
The TM case is also not reduced to zero by symmetry. We note
that there will be additional nonlinear permeability components,
as the optical transitions of Er®t are magnetic-dipole active.

along main axis, 10mT in each of the other two axes)
applies a tunable external magnetic field along the Do
axis. The magnetic field causes Zeeman splitting of the
4I13/2 and 4I15/2 transition which we examine here, see
Fig. 1(b). The cryogenic environment substantially re-
duces phonon-based dephasing mechanisms which would
otherwise broaden both the spin and optical transitions
to many gigahertz.

The experimental setup is shown in Fig. 2. A tunable
fiber laser around 1536 nm is focused by lenses outside the
cryostat onto the prism-resonator interface for evanes-
cent coupling, and the reflected light is collected on a pho-
todiode. An electro-optic phase modulator (EOM) and
second photodiode are used for generation of a Pound—
Drever—Hall (PDH) error signal. This error signal will
be used for two purposes in the ODMR spectroscopy: it
allows us to lock the laser to optical modes with a servo,
as well as measure changes in the resonant frequencies
that occur faster than the servo can react.

The EOM also allows for accurate relative frequency
calibration for measuring optical linewidths and free
spectral ranges (FSRs). At base temperature, we
measured the intrinsic linewidth of a TE mode at
195126.5(4) GHz — about 10 GHz away from the opti-
cal transition of Er®* — to be 1.32(10) MHz, correspond-
ing to a quality factor of 1.48(12) x 108. A TM mode
about 0.9 GHz lower in frequency had a quality factor
of 1.07(7) x 108. Meanwhile the optical modes have a
free spectral range (FSR) of around 12.3 GHz, and the
tunable range of the microwave resonance frequency is
approximately 0.15 GHz centered around 12.15 GHz. By
moving the microwave tuning plate in and out, we can
choose the microwave resonance frequency and make it
match the optical FSR. This frequency matching will be
critical for future upconversion experiments, as it means
that all three modes—optical pump, optical signal, and
microwave—can be resonant at the same time, enhancing
the efficiency.

The coupling of optical modes to the erbium ions was
measured by scanning the laser via its internal piezo and
tuning the external magnetic field to linearly change the
erbium ions’ optical transitions. Figure 3(a) shows a 2D
map of the optical spectrum with an applied magnetic
field nearly along the resonator’s Dy axis. Each line is an
optical mode with its corresponding anti-crossings where
it approaches degeneracy with the erbium transitions.
The four straight dashed lines indicate the transitions
between different energy levels.

To measure the coupling between the microwave res-
onator and the Er3T spin transition, we use a frequency-
modulation EPR technique [50, 51], with a setup similar
to our previous work [52]. The microwave source cou-
ples a frequency-modulated microwave tone into the cav-
ity by the input coaxial pin mounted at the top of the
microwave cavity. A microwave power detector rectifies
the microwave output from an output pin, and a lock-in
amplifier detects the modulation thereon which gives an
error signal; through the modulation and lock-in detec-
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FIG. 3. (a) TE-polarized optical modes in the Er®*:YSO

resonator as a function of magnetic field. vy is the zero-field
4115/2 <~ 4113/2 transition frequency. These modes are mea-
sured by the reflection from the coupling prism; dark lines
show where light has coupled into the cavity. To increase
visibility of the narrow modes on a large frequency scale,
the reflection spectra are convolved with a 30 MHz wide top-
hat function. Dashed lines show the optical transitions of
the erbium ions, from which we can estimate the effective g-
factors of the ground and excited state are gg.es ~ 11.5, and
Jeeft = 7.7. These are about 10% higher than the values
measured along the Ds axis by Sun et al. [46]. Some stitching
errors can be seen, as a range of only ~ 2.2 GHz was measured
at a time. Slight increases in frequency of the modes near zero
applied magnetic field are artefacts of the laser frequency set-
tling over a long time period. (b) EPR measurement of the
microwave coupling via a shift in the microwave mode fre-
quency. The fit is the derivative of a Gaussian distribution,
from which we find the full-width at half-maximum of the
transition, which is 47.4(35) MHz. From the EPR measure-
ment we find ggcr = 11.52(25).

tion we accurately sense the derivative of the absorption
profile. Measurement of the error signal at different mi-
crowave carrier frequencies provides us with a reference
to convert between error signal level and microwave fre-
quency detuning.

Next the microwave carrier frequency is fixed close to
the cavity frequency. When the Zeeman splitting of the
ground state approaches resonance with the microwave
cavity, the cavity resonant frequency is pulled by the
ions causing the error signal to shift, which we can con-
vert into a frequency excursion, as shown in Fig. 3(b).
As we expect the Er®t spectral density to be a Gaus-
sian distribution—mainly defined by the inhomogeneous
broadening—we fit the response to the derivative of a
Gaussian, from which we obtain measures of the inho-

mogeneous linewidth and the total peak-to-peak shift of
the microwave resonant frequency.

Prior to the EPR measurement shown, we first ori-
ented the magnetic field with respect to the YSO crystal
axes, as the resonator and magnetic field coils will not be
perfectly aligned. Site 1 of Er3* in YSO has two distinct
orientations related by Cy symmetry [46]. By applying
orthogonal magnetic fields B, and B, we could tune it
such that the two orientations have equal effective g fac-
tors, as determined by EPR. This finds a nearby direction
in the D1—D5 plane.

The novel measurement technique we introduce here is
a variation on ODMR, possible due to the strong optical
coupling between the WGMs and the collective erbium
transitions. The PDH error signal is integrated by an
open-software closed-hardware FPGA board [53], which
feeds back into the laser’s internal piezo to lock to the
WGM. The microwave resonator is excited; if the driving
frequency matches the Zeeman splitting of Er®*, the pop-
ulations of the spin states (|1) and |2)) are brought closer
together. The optical mode then shifts due to a change
in coupling caused by this population change. The shift
is seen by a change in the PDH error signal. The input
microwave field is amplitude modulated with a modula-
tion depth of 45 % and a modulation frequency of 1kHz.
The PDH error signal oscillates at this frequency as the
erbium ions move between spin states. The lock-in am-
plifier detects amplitude modulation of the error signal at
this frequency. Dual use of the error signal for both lock-
ing and detection is similar to the AC-magnetostrictive
sensing performed in Ref. [54]. The lock-in amplifier sig-
nal is converted into a frequency shift based on the mea-
sured slope of the error signal around the optical resonant
frequency. The servo applies a 151.8 Hz digital low-pass
filter to its input to avoid the lock compensating for the
modulation and thus reducing the signal measured by the
lock-in amplifier. In contrast to regular ODMR where the
population transfer is measured by changes to an absorp-
tion coeflicient, we measure changes in coupling between
our WGMs and an optical-frequency Er®* transition.

We note that the ODMR introduced here can be un-
derstood as microwave and optical excitation and relax-
ation occurring one after another. This process has sim-
ilar symmetry considerations to cross-phase modulation
in nonlinear optics and is never reduced to zero by sym-
metry (unless of course either of the transition strengths
is zero). Intuitively, as we change the erbium ions’ spin
state, there will be more (or less) absorption, which must
result in a dispersion change due to the Kramers-Kronig
relations.

III. RESULTS

Optically, we can measure the coupling to the er-
bium ions by observing the crossings. Fig. 4(a) shows
the avoided crossing of the erbium transition with two
neighboring TM WGMs separated by about 80 MHz.



The better coupled WGM has a frequency of v,g =
195112.8(4) GHz at zero applied magnetic field. This
mode is chosen as it is one of the few TM modes that cou-
ples well. We can therefore assume it has a high effective
refractive index and hence will have a low radial mode
number (¢ ~ 1). Additionally, in the optical spectra one
can very clearly see its anticrossing, especially around
140 mT, where both branches of the optical-erbium po-
lariton are seen. A fit of the frequencies of both po-
lariton branches—as determined by reflection minima—
to an avoided crossing gives an ensemble coupling rate
of gens,Tm = 27 x 0.85 GHz, which can also be seen di-
rectly from the splitting of 1.7 GHz. The optical power
is P, = 2.3mW, and the maximum coupling efficiency to
this mode is 10 %.

The input laser frequency is scanned in a sawtooth.
Sweeping the frequency up gives a different line shape
to sweeping in the opposite direction, which can be un-
derstood as a consequence of spectral hole burning. Say
we are sweeping the laser frequency up as in the bottom
halves of Fig. 4(a-c). We first couple to the low-frequency
branch of the optical-erbium polariton. Some of the er-
bium ions are excited into the optical excited state, which
causes the optical-erbium coupling strength to decrease,
and hence the low-frequency polariton increases in fre-
quency. The polariton thus follows the pump laser some-
what, leading us to see a broadened line shape. E.g. in
Fig. 4(b) where a higher power of 15mW is used, the
bottom absorption line grows in width with increasing
magnetic field as the polariton becomes more erbium-like
and thus it tracks the increasing optical pump frequency
more. When we increase the laser frequency and cou-
ple to the high-frequency polariton branch, hole burning
causes the polariton to decrease in frequency, hence the
line shape appears narrowed.

The optical powers reported are the geometric mean
of the powers measured entering and exiting the cryo-
stat when there is no coupling to the optical resonator,

Ponter Poxit- If all losses were due to Fresnel reflec-
tions, this would accurately give the power at the prism—
resonator interface due to the symmetry of the optical
path in the cryostat. However—as a small amount of
clipping of the beam is observed—this power will be a
slight overestimate.

A further change is seen by lowering the temperature of
the cryostat. Fig. 4 shows the same mode measured with
15mW of input power with a lowered base temperature
of about 2.8 K to 2.9K as measured on the exterior of
the microwave cavity before and after measurement. The
jumps at about 132mT and 158 mT show the significant
decrease in optical pumping occurring between these two
values.

The erbium ions strongly absorb in a narrow band near
their transition frequency, which by the Kramers—Kronig
relations results in strong localized dispersion. To gauge
the dispersion induced by the erbium ions, we measure
the FSRs of this TM mode family at zero applied mag-
netic field. This TM mode family is used because we

TABLE I. Free spectral ranges (FSRs) of the TM mode fam-
ily with a mode which has an azimuthal mode number of
Mrer ~ 15000 and a frequency of vy, , = 195112.8(4) GHz.
This is the better coupled of the pair of modes shown in in
Fig. 4. The right column gives the difference between adja-
cent FSRs, which gives a measure of dispersion. All FSRs
carry a measurement uncertainty of 0.5 MHz.

Mode number FSR (GHz) AFSR (MHz)
M — Myef Vm+1 — Vm VUm+1 — 2Vm + VUm—1

3 12.3255 13.0
2 12.3125 65.5
1 12.2470 —517.0
0 12.8180 731.0

—1 12.0870 —213.0

—2 12.3000 —21.5

-3 12.3215

have a low coupling contrast to other nearby TM modes.
We can therefore rapidly identify modes across multiple
FSRs, even when the modes have been shifted signifi-
cantly by coupling to the erbium ions. The measure-
ments are performed by sideband spectroscopy [55]. The
input laser is swept across the resonance and modulated
by the EOM. When the modulated frequency is equal to
the FSR, the absorption dips from the carrier coupling
to the probed resonance and a sideband coupling to the
mode one FSR away coincide. By varying the modula-
tion frequency and examining the transmitted line shapes
the FSR can be measured to a resolution better than
the linewidth. Seven consecutive FSR measurements are
given in Table I. The group velocity dispersion (GVD)
B2 can be approximated by

o o (oY’
C Ow? Ov

(2r)? 957

~ 1 Vm+1 _21/m+ym71 (1)
T RE27)2 (Wma1/2 — vm1/2)3

P2

where 8 = m/R is the propagation constant. The value
of GVD with the largest magnitude is estimated to be
By~ —4.6 x 10 fs? m™1.

We characterize the microwave transition with EPR.
Fig. 3(b) shows a measured EPR response with a fit
showing the peak-to-peak frequency shift of the mi-
crowave mode and Gaussian full width at half maximum
(FWHM). Fig. 5 shows the frequency shift at different
powers, which decreases as the spin transition saturates.
The microwave powers reported are the powers entering
the cryostat; the power coupled into the microwave res-
onator is about 40 dB lower. Throughout these measure-
ments the fitted FWHM stays relatively constant. We
find a FWHM of 47.8 MHz, with an error of £0.7 MHz
derived from the statistical uncertainty of the fits assum-
ing they are independent, and an error of £0.6 MHz from
our systematic uncertainty in the magnetic field hystere-
sis, which is common to all measurements carried out
during the same magnet cool-down.
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FIG. 4.

Saturation of optical anticrossing with input optical power. The TM WGM has a zero-field frequency of vpg =

195112.8(4) GHz. The reflection of the optical resonator is measured over a range of about 3 GHz at different magnetic fields
along the Dy axis. At a field of 140 mT, one can see the mode splitting (red dashed lines) between the two branches of the
resulting polariton. The frequency is swept by a triangle wave input to the lasers piezo from the bottom to the top of the
graph. Both sides of the frequency sweep are shown to display the asymmetry caused by optical pumping.

Next we examine the ODMR frequency shifts. We
look at two sets of TE optical modes in different po-
lariton regimes. TE modes are used for the ODMR mea-
surements because our optical coupling achieves a better
coupling contrast to them, and there are more modes we
couple to per FSR. Fig. 6(a) shows the first pair of modes
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FIG. 5. Saturation of EPR and ODMR signals as the mi-
crowave power is increased. The EPR signal (orange circles,
left axis), saturates towards zero at high microwave power
because it is sensitive to the spin state population difference,
and at high microwave powers the spin states will have close
to the same population. Only one of the two spin states is
involved in the optical transition used for the ODMR. This
means that the ODMR signal (blue diamonds, right axis),
is predominantly sensitive to one of the two spin states and
saturates to a non zero value. The optical mode probed is
a TE mode at 195106.1(4) GHz, slightly lower in frequency
than the one used for Fig. 6(a). The fitted saturation powers
are —5.19(50) dBm for EPR and —0.54(15) dBm for ODMR.
However, this is not a direct comparison as the fitting func-
tions used are different, as mentioned in the text.

with a frequency of vpg = 195106.2(4) GHz. At a mag-
netic field of about 81 mT they cross the |2) <+ |3) tran-
sition. Fig. 6(d) shows the second group of three modes
with a frequency of 1,0 = 195112.7(4) GHz. Between
about 100mT and 200 mT they avoid the |1) <+ |3) tran-
sition. The fitted coupling rate is gens, T = 27 x 1.2 GHz,
also seen from the red dashed line showing that the fre-
quency difference of the polariton branches is 2.4 GHz.
Red stars on the top and bottom are located just beside
the modes of interest. For clarity the colormap is throt-
tled at 90 %; the maximum coupling obtained for this
mode is about 25 %. To simplify the error signal and to
allow it to measure larger frequency shifts, we overcouple
to these modes in later experiments such that the error
signal is monotonic around the resonance frequency.

The volume of a fundamental WGM in our cavity is
about V = 1.5 x 10712 m3 [56, 57]. In this volume there
will be about Ny = 3.1 x 10! site-1 erbium ions in the
upper Zeeman state |2) at a field of 140 mT. The single-
ion coupling rate is then g. = gens/v/N2, which is 27 x
1.5 kHz for the TM mode in Fig. 4, which corresponds to
a transition dipole moment of

2hegV
21y,

W= Npge =2.6 x 1073 Cm, (2)

where n,, is the refractive index. This is similar to other
values in Er®*:YSO [58, 59]. Due to the number of TE
modes we see, we are not confident of the transverse mode
numbers of the mode shown in Fig. 6(d), so we cannot
predict its single-ion coupling constant. However, we can
still calculate the transition dipole moment of purg =
3.7 x 10732 Cm, and predict that the fundamental TE
WGM will have a single-ion coupling rate of 27 x 2.1 kHz.

Fig. 6(b,e) show the measured frequency shifts of these
modes. At each magnetic field value the microwave pump
frequency v, is slowly increased. Where the ground-
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FIG. 6. (a) Frequency shift of a TE optical mode with magnetic field near a frequency of vpo = 195106.2(4) GHz. At a

magnetic field of about 81 mT it crosses the |2) <> |3) transition. (d) Frequency shift of a TE optical mode with magnetic
field near a frequency of vpo = 195112.7(4) GHz. Between about 100 mT and 200 mT it avoids the |2) <> |4) transition. Red
stars at the top and bottom are located just beside the mode of interest, and a red dashed line shows the mode splitting of
2.45 GHz. Black dotted lines in (a,d) indicate the magnetic field strengths examined in the other parts of this figure. (b,e)
Frequency shifts of the optical mode shown in (a,d) when a magnetic field is applied along the Ds axis and the microwave cavity
is pumped at different frequencies. The diagonal line shows the Zeeman splitting of the Er3T. Where this splitting equals the
microwave resonance frequency of v,o = 12.155 GHz the maximum shift is attained. The magnetic field values are converted
directly from the currents set on the current sources. Hysteresis in the superconducting magnets causes an offset in current,
and hence an offset in assumed magnetic fields between the two measurements: (a-c) and (d-f). (c,f) Relative phases of the
response with respect to the modulating 1kHz. The microwave input power into the cryostat for (b,c,e,f) is 5dBm, which is

amplitude modulated at 1kHz with a modulation depth of 45 %.

state splitting of the erbium ions equals the microwave
resonance frequency of 12.155 GHz the maximum shift
is attained. The response is asymmetric, especially in
Fig. 6(b), which is probably due to optical hole burning
decreasing the response for frequencies above the Zeeman
splitting. The phase response of these shifts is shown in
Figs. 6(c,f) for measurements above the noise floor. The
phase response of Fig. 6(c) further accentuates the asym-
metry we attribute to optical hole burning for this optical
frequency, which is closer to a bare erbium transition at
these magnetic field values. Note that the measurement
in Fig. 6(e-f) is performed when locked to the optical po-
lariton at a field of about 75 mT. At this field the polari-
ton is predominately photon-like; the polariton frequency
is detuned from the bare erbium absorption frequency by
about 2 GHz — five-times larger than the expected optical
linewidth of the erbium [60].

The EPR signal is due to the spin state coupling, which
is proportional to VAN oc (1+P,/P;)~'/2, where AN =
Ny — Ny is the difference in population of the Zeeman
levels, and Ps is a saturation power. The saturation is

assumed to be that of a simple driven two-level system.
The fit to this is shown in Fig. 5, from which we find
P, = —5.19(50) dBm.

The ODMR frequency shift of the optical mode satu-
rates at high microwave power, as shown in Fig. 5. We
fit this to an eye-guide fitting function to estimate the
saturation of the signal:

Av(P) = Avmax [1 — exp (—P/Psat )], (3)
where Avpay is the maximum attainable frequency shift
and Py is the saturation microwave power. From this
we find a saturation power of —0.54(15) dBm.

IV. DISCUSSION

We have shown that high @-factors can be obtained
in cryogenic rare-earth-ion-doped whispering-gallery res-
onators, even when the modes are very close to optical
transitions. The WGMs observed couple strongly to en-
semble excitations of the 50 ppm erbium doping.



The modified ODMR spectroscopy we have described
here is an elaboration of the technique to probe the spins
with an optical resonance that is strongly coupled to an
optical transition of the medium, i.e. the optical cou-
pling rate to the ensemble mode is much larger than the
ensemble’s optical linewidth. We have shown that we
can measure the ODMR response with a polariton mode
in the regime where it is mostly photon like. The satu-
ration microwave power for ODMR is similar to that of
EPR (—0.54(15)dBm vs. —5.19(50) dBm). This shows
that the microwave magnetic field is high in the optical
mode volume, as the ODMR, only probes the subclass of
ions that live therein.

In the future we aim to observe Raman heterodyne
[61] in the resonator for upconversion. We have tried to
observe Raman heterodyne in the system but could not.
We believe this is due to the large imbalance in coupling
rates for different erbium transitions? making the effec-
tive FSR significantly different from the microwave cavity
frequency. The coupling rates between spin states can be
made more even by careful choice of static magnetic field

direction [62, 63]; such an orientation is not accessible
in our current experimental configuration. Such Raman
heterodyne is a stepping stone for coherent microwave—
optical transduction, where adiabatic elimination of the
excited states allows the process to have a high fidelity
19, 21].

In conclusion, we report an erbium-doped WGM res-
onator sitting inside a microwave cavity for a modi-
fied ODMR measurement. The high Q-factor optical
modes show strong coupling to ensemble erbium transi-
tions. Our modified ODMR spectroscopy measures spin
state through the changes in this coupling strength. We
can therefore detect the spin transitions with an op-
tical probe detuned by more than the inhomogeneous
linewidth. Compared to EPR, strong coupling ODMR
has the capability of responding to only the ions within
the optical mode volume, which can be located in a re-
gion of a stronger average microwave field. Additionally,
only those ions could be used for Raman heterodyne and
therefore this characterization is important for future in-
vestigations to enable microwave—optical transduction.
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