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Quantum transduction between microwave and optical frequencies is important for connecting supercon-
ducting quantum platforms within a quantum network. Ensembles of rare-earth ions are promising candidates
to achieve this conversion due to their collective coherence properties at microwave and optical frequencies.
Erbium ions are of particular interest because of their telecom wavelength optical transitions that are compatible
with fiber communication networks and components. Here, we report the optical and electron spin properties
of erbium-doped yttrium orthovanadate (Er**:YVOy), including high-resolution optical spectroscopy, electron
paramagnetic resonance studies, and an initial demonstration of microwave to optical conversion of classical
fields. The highly absorptive optical transitions and narrow ensemble linewidths make Er*":YVO, promising

for magneto-optic quantum transduction.
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I. INTRODUCTION

Advances in quantum technologies are emerging quickly,
including demonstrations of quantum computation and simu-
lation using superconducting qubits and atomic qubits [1,2],
distribution of entangled optical photons over long distances
[3,4], and quantum memories based on solid state or atomic
ensembles [5,6]. Incorporating the best technologies from
different physical systems into a single network requires
coherent transfer of quantum information between different
operating regimes. One way to achieve this is to employ a
quantum transducer. A primary example is to convert quantum
states encoded in microwave photons to optical frequencies,
which would enable distributed quantum computing schemes
based on superconducting qubits or spin qubits [7]. Many
physical systems have been proposed for microwave to optical
(M20) transduction [8,9], including optomechanical systems
[10,11], electro-optical systems [12,13], atomic ensembles
[14,15], and others [16,17].

Among the atomic ensemble approaches, rare-earth ions
(REISs) in solids are a promising platform for M20 transduc-
tion applications [14,18-21]. REIs can be optically addressed
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using their narrow 4f—4f transitions, while resonant elec-
tron spin, nuclear spin, or magnon transitions can be used
in the microwave domain. Although the optical absorption of
a single REI is relatively weak, ensembles of REIs can ex-
hibit large optical depths due to their narrow inhomogeneities
at cryogenic temperatures [22,23]. Additionally, REIs doped
into crystals can possess long coherence lifetimes in both
the optical and spin domain [24,25], which gives the possi-
bility of a built-in memory incorporated with the transducer.
Lastly, isotopes of REIs with nonzero nuclear spin can offer
zero-field hyperfine structure with gigahertz splittings [20,26],
which enables transduction without an external magnetic
field.

One promising transduction protocol involves using a
cavity-enhanced Raman scattering process with a three-level
system [18]. In this scheme, high transduction efficiency can
be achieved when the product of the optical and spin co-
operativities is large, which requires ensembles possessing
large transition strengths and narrow inhomogeneities in both
optical and microwave domains. More specifically, in the limit
of adiabatic driving and low efficiency, the transduction effi-
ciency scales as ¢ = (‘13'211%)2 [18], where p is the number
density of REISs, d;; (1;;) is the optical (spin) dipole moment
between levels i and j of the three-level system, as shown
in Fig. 1, and A, is the detuning from the atomic reso-
nance in the optical (microwave) domain, which is described
by the ensemble inhomogeneous linewidth (e.g., three inho-
mogeneous linewidths away). All these parameters depend
strongly on the specific material, ion, and transitions used;
consequently, there is a strong dependence of the transduc-
tion efficiency on the REI and host crystal chosen as well
as the actual inhomogeneous linewidths in both optical and
spin domains that are obtained from the specific samples
used.

©2021 American Physical Society
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(a)

FIG. 1. Energy level diagram of a three-level system for the
cavity-enhanced transduction process. (a) A A system and (b) a V
system. d;; (u;;) is the optical (spin) dipole moment between level
i and j, A,y is the detuning from the atomic resonance in optical
(microwave) domain.

Among the REIs, erbium is an attractive choice because
its 4115/2 — 113 /2 optical transitions occur in the lowest-loss
telecommunication band for fiber-based optical communi-
cation networks. Erbium has been extensively studied for
quantum information technologies in host crystals including
Y,Si0s5 [27-29], and there has been recent work in other hosts
such as YPOy4 [30], Y05 [31], LiYF4 [32], LiNbO; [33], and
TiO, [34]. Yttrium orthovanadate (YVQ,) is an interesting
host crystal because of its high site symmetry which leads
to first-order insensitivity of optical transition frequencies to
electric field, strong transition selection rules and wave func-
tion symmetries, and can readily be grown as high-quality
crystals that exhibit exceptionally narrow inhomogeneous
lines even at relatively high doping concentrations [23]. In
this paper, we investigate erbium-doped YVOy (Er*t:YVO,)
for its potential application in quantum transduction. Previ-
ous studies of Er’**:YVOy have reported crystal-field analysis
[35], lasing properties [36], and absorption and relaxation
dynamics [37,38] down to 4 K with low-frequency resolu-
tion (>100 GHz, equivalent to nanometer level). Recently,
7Er3+ :YVOy, coherent dynamics were investigated, demon-
strating a 15-s ground state hyperfine lifetime, suggesting that
167Er3+ :YVO, is a promising material for quantum memory
applications [39].

Here, we present the optical and spin properties of the even
(zero nuclear spin) erbium isotopes in Er’*:YVO, at 1 K. We
characterize the optical transition strength, optical inhomo-
geneity, and the electronic g tensors using high-resolution (~1
MHz) optical spectroscopy. We also measure the ground-state
spin inhomogeneity using electron paramagnetic resonance
(EPR) techniques. The highly absorptive optical transitions
and narrow inhomogeneities make Er**:YVO, a promising
material for REI quantum transducers that we explore further
here through coherent M20 conversion of classical signals.

This paper is organized as follows: Sec. II provides details
on the material properties, energy level structure, selec-
tion rules, and the spin Hamiltonian studied in this paper.
Section III introduces the experimental setup. Section
IV presents the experimental results including optical
transmission spectroscopy, EPR measurements, and the M20
transduction measurements.
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FIG. 2. Er**:YVO, energy levels and selection rules. (a) The
energy-level diagram of Er’**:YVO, at zero applied magnetic field.
(b) Partial diagram of Er’*:YVO, crystal field and Zeeman levels
with the crystal field quantum number and the selection rules under
external magnetic field along the crystal symmetry c axis (Bpc || ¢).
7w and o indicate Exc || ¢ and Eac || a polarization, respectively,
with blue and black line styles. ED and MD denote the electric
dipole and magnetic dipole transitions, with solid and dashed line
styles, respectively. (c) The selection rules for ED and MD moment
transitions in D,,; Symmetry.

II. BACKGROUND

The host crystal YVOy is a tetragonal crystal with the
zircon structure and Dy, space group symmetry. The unit-
cell parameters are a = b = 7.1183 A and ¢ = 6.2893 A [40].
There is one yttrium site in the unit cell with local D,, point
group symmetry, which can be substituted by an erbium ion
without charge compensation. Due to the nonpolar symmetry
at the substitutional site, there is no first-order DC Stark effect,
which results in lower sensitivity to electric field noise that can
cause decoherence and spectral diffusion of optical transitions
[20]. The uniaxial site symmetry also greatly reduces the
parameters needed to characterize the system compared with
some alternative host crystals with lower symmetry (Y,SiOs,
for example).

The Er** ion has 11 electrons in the 4f shell, which gives
the first two spin-orbit-split multiplets as 4115/2 and 4113/2,
from the free ion Hamiltonian [41]. The crystal field with
Dy, symmetry further splits each multiplet, characterized by
the total angular momentum J, into J + % Kramers doublets.
Consequently, the *T; 52 I /2) level splits into 8 (7) levels,
labeled as Z; to Zg (Y; to Y7) in order from the lowest to
the highest energy, as shown in Fig. 2(a). These labels trans-
form to the irreducible representations ['¢ or I'; and can be
described by the crystal field quantum number u = +31, +3
according to the D,,; point symmetry double group [42,43].
From the irreducible representations, the electric (ED) and
magnetic dipole (MD) transition selection rules can be deter-
mined [32], as shown in Figs. 2(b) and 2(c).

For a small applied magnetic field B, the Kramers doublets
can be approximately described using an isomorphic effective
spin Hamiltonian with § = % [41]:

Hett = upB - 8-S,
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where g is the electronic Zeeman tensor, and S is the effective
spin-% operator. Because of the local D,; symmetry, only the
diagonal terms of the g tensor are nonzero, which we label
g and g, for components parallel and perpendicular to the
crystal symmetry c axis, respectively.

At cryogenic temperature, only the Z; level is populated
because the crystal field splitting in the ground state is ~1.1
THz that is much larger than the available thermal energy
(hw/k, ~ 50K > 1K). The splitting between Y; and Y; is
only 55 GHz at zero field, which may be detrimental for
coherent optical properties of Y; and Y at high temperature
(e.g., >4 K) due to resonant phonon absorption and emission
[44], but should not be a concern for quantum transduction
experiments that operate at much lower temperatures of T
<100 mK. The following experiments and discussions are
focused on the levels Z;, Y, and Y,. The optical transitions
between these levels occur at ~1530 nm.

III. EXPERIMENTAL SETUP

Samples were cut and polished from a boule of YVOyu
grown by Gamdan Optics and doped with a natural abundance
of Er** isotopes, which is comprised of 77% nuclear-spin-
zero even isotopes and 23% of the odd isotope '®’Er**
that has nuclear spin-%. The even-isotope Er*™ concen-
tration was 140 ppm (measured by secondary ion mass
spectrometry). For the main experiments, we used a 200-
pm-thick a-cut crystal mounted within a 2.4 GHz loop-gap
microwave resonator (Q = 860) machined from oxygen-free
high-conductivity copper and mounted on the still plate (base
temperature of 1 K) of a dilution refrigerator, as shown in
Fig. 3. The loop-gap resonator was mounted within a fiber
coupled U-bench (Thorlabs FBC-1550-APC) with two fiber
collimators (Thorlabs PAF-X-2-C) for optical transmission
measurements. The total optical coupling efficiency through
the U-bench setup was 35% at 1 K, limited by misalignment
due to differential thermal contraction during cooldown. The
light propagation direction was along the a axis of the crys-
tal, which allowed measurement of both 7 and o polarized
spectra. A DC magnetic field (Bpc) was applied to the crystal
along the c axis using a home-built split-coil superconducting
magnet that generated fields of up to 120 mT. To determine
the electronic Zeeman g tensors for levels Z;, Y, and Y, we
placed the crystal within a two-axis superconducting magnet
to perform magnetic field rotations with respect to the crystal
symmetry axes (not shown in the Fig. 3 schematic).

Optical measurements are illustrated in the lower half of
the diagram in Fig. 3. We used a tunable diode laser (Toptica
CTL) as our light source. The absolute laser frequency was
calibrated using a wavemeter (Bristol 671A). The laser light
was split into two paths. The signal path, containing 10%
of the power, was passed through a polarization controller
(POL) and a fiber-coupled acousto-optic modulator (AOM) to
perform pulsed measurements. The 90% path was used as the
local oscillator for heterodyne measurements. For continuous
wave optical measurements, the light transmitted through the
crystal was measured with a photodiode. For pulsed life-
time measurements, another fiber-coupled AOM was used as
a shutter to gate a superconducting nanowire single-photon
detector (SNSPD) that detected the fluorescence signal. Mi-
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FIG. 3. Experimental setup inside and outside the dilution fridge
for optical and microwave measurements. O: fiber-to-fiber U-bench,
®: superconducting magnet, ®: loop-gap microwave resonator,
AOM: acousto-optic modulator, POL: polarization controller, PD:
photodiode, SNSPD: superconducting nanowire single-photon de-
tector, Amp: amplifier, SA: spectrum analyzer, PM: power meter,
MW: microwave. Solid lines show the optical path, and dashed
lines indicate electronic connections. Inset: A front view of an a-cut
sample sitting in the loop-gap resonator. The light propagates along
the crystal a axis, which allows 7 and o excitation. Bpc is along the
crystal ¢ axis. The direction of the oscillating magnetic field (Bac)
generated by the loop-gap resonator is along the crystal a axis.

crowave measurements are illustrated in the upper half of
the diagram in Fig. 3. The microwave signal was coupled
into and out of the loop-gap resonator using two antennas
positioned within the loops [45]. For EPR measurements, we
used a function generator (TPI-1002-A) to generate a 100 kHz
frequency-modulated (FM) microwave signal centered at the
loop-gap resonator frequency (2.4 GHz). A radiofrequency
(RF) power meter (RF Bay RPD-5513) was used to detect
and mix down the FM signal that was transmitted through
the antennas. The beat-note amplitude was measured using
a spectrum analyzer (FieldFox N9915A). For the M20 trans-
duction experiment, a microwave tone was generated from the
spectrum analyzer, and a laser tone was sent to the crystal.
For detection, we combined the collected light with the local
oscillator path and detected the interference on a fast photo-
diode (UPD-35-IR2-FC). The resulting heterodyne signal was
amplified (WBA2080-35A) and recorded using the spectrum
analyzer.

IV. EXPERIMENTAL RESULTS

A. Optical transmission spectrum

High-resolution optical transmission spectra for Z; — Y,
and Z; — Y, were performed as a function of the applied
bias magnetic field strength for Bpc || ¢ [see Figs. 4(a)—
4(d)]. We observed narrow inhomogeneously broadened and
highly absorptive transition lines. For Z; — Y, under o po-
larized excitation, there were four well-resolved transitions
with an average inhomogeneous linewidth of 184 + 10 MHz,
as shown in Fig. 4(a). The number of allowed transitions was
consistent with the theoretical calculation [see Fig. 2(b)]. For
Z; — Y, with 7 polarized excitation [Fig. 4(b)], we observed
four highly absorbing transitions with an average inhomoge-
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FIG. 4. The high-resolution optical transmission spectrum of 140 ppm Er’**:YVO,. (a) and (b) The optical transmission spectrum of

Zl — Y] and Z]
polarization. (¢) and (d) The magnetic field ramp of Z; —

neous linewidth of 163 &+ 14 MHz. The ratio of the absorption
strength from the same dipole moments connecting different
ground-state spin levels gave the thermal distribution between
ground-state spin levels, which was consistent with a 1 K crys-
tal temperature. Additional absorption lines were observed
from the 'Er isotope (40 ppm). These spectrally resolved
optical transitions allowed us to individually address transi-
tions between different Zeeman levels. Also, since all four
transitions are allowed, this can provide a suitable three-level
system for transduction [18], as described in the Introduction
section.

From the total integrated absorption coefficient, we calcu-
lated the fractional ED and MD absorption oscillator strengths
Jfij q contributing to each polarized absorption using [23,25]

mec 1 n
fi];:-]z =dney zﬁ_q ot];D(v)dv,
' mes N XL
mec1 1
MD __ € 1 1 MD
ia 47T607T€2 p (v)dv

where ¢ is the vacuum permittivity, m, is the electron mass,
c is the speed of the light, e is the charge of an electron, N is
the number density, ¢ is the optical polarization state, nq is the

refractive index experience by polarization g, x, = (-5 s )2 is
the local electric field correction factor (virtual cavity model),
and «,, is the absorption coefficient for different polarizations.
Note that the total transition oscillator strength f;; is given by
summing the fractional oscillator strengths f;; , over the three
possible orthogonal polarization states g (fi; =) g Jija)-
Because the levels are not degenerate when split by the
Zeeman effect, the emission oscillator strength is the same

— Y,, respectively, at an applied field of 90 mT at 1 K. The blue line labels 7 polarization, and the black line labels o
Y, and Z;

— Y, transmission spectra with o and 7 polarization, respectively. The
red dashed lines are the fitting from the effective spin Hamiltonian. (e) and (f) The transmission spectra as a magnetic field of 75 mT rotated
from parallel to the crystal ¢ axis to parallel with crystal a axis. The red dashed lines are the fitting from the effective spin Hamiltonian.

as the absorption oscillator strength f;; = fi;. For YVOy,
the refractive index along the ¢ (a) axis at this wavelength
is 2.15 (1.95) [46]. With the doping concentration equal to
140 ppm, the even-isotope erbium dopant number density is
N = 1.75 x 108 jons / cm?, distributed between the two Zee-
man levels. The corresponding effective dipole moment was
calculated from the oscillator strength using d;; Z o= 2mw S p g
The corresponding contributions to the radlatlve llfetlme were
calculated using [23,25]

2 ED

1 21e® yung fjig

ED 2 ’
Tadg — €OMC Ag 3
3 ¢MD
1 _ 27 e? nq jig
MD 32 J

Trad g €omec Ay 3

where Aq is the transition wavelength in vacuum. The cal-
culated integrated absorption coefficient, oscillator strength,
radiative lifetime, and dipole moment for each transition are
listed in Table I. From these numbers, we obtained the to-
tal oscillator strength as fgp = 1.7 x 10~7 and Jfvp = 1.3 x
107% for the Z, — Y, transition, and fgp = 1 x 107® and
fvp = 1 x 1076 for the Z; — Y, transition. The measured
MD transition oscillator strength agreed with the theoretical
calculation in Ref. [47] to within a factor of 2. The total os-
cillator strength of Er**:YVQ; is relatively strong compared
with other erbium-doped crystals, as summarized in Ref. [22],
which are typically in the range of f &~ 1077 for the *I;5,
to *I13 /2 transitions. From the calculated radiative lifetimes
shown in Table I, we obtained the total radiative decay rate
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TABLE 1. Optical properties of Er**:YVOy transitions including the transition wavelength, optical inhomogeneities, integrated absorption
coefficients, oscillator strength, dipole moment, and the radiative lifetime of Z; — Y, and Z; — Y, transitions.

Optical Oscillator Dipole

Wavelength inhomogeneity Dipole [adv strength moment i
Transitions (nm) (MHz) Polarization type (GHz -cm™) (1 x1077) (1 x107%2C-m) (Hz)
Z—-Y, 1529.21 184 £ 10 o ED 7.3 0.8 1 5.7

MD 89.9 9.0 33 85
b4 MD 18.0 2.0 1.6 13.9

Z—Y> 1528.78 163+ 14 o ED 10.7 1.2 1.2 8.3
b4 ED 79.5 7.6 3.0 75.2

MD 45.5 5.1 2.5 353

L Zq(ﬁ + ML) to be (8.1m)s™! for Y, — Z; and

Trad
(6.2ms)! for Y, — Z; transitions.

To determine the electronic Zeeman g factors, we measured
the Z; — Y, and Z; — Y, optical transition frequencies as a
function of the bias magnetic field Bpc, shown in Figs. 4(c)
and 4(d). The red dashed lines were derived from an effec-
tive spin Hamiltonian fitted to the data. To determine g,
we performed a magnetic field rotation experiment at a field
strength of ~75 mT, as shown in Figs. 4(e) and 4(f), where
the field direction was rotated from the c to the a axis. With
the knowledge of the g factors for Z;, we extracted the g
factors for Y| and Y, by fitting the data to an effective spin
Hamiltonian model, as summarized in Table II. We attributed
the deviation of the fitting results at ~90° in the Z; — Y,
rotation pattern to the quadratic Zeeman effect [49], which
was not included in the model.

To investigate the decay branching ratio of the Y; —Z;
transition relative to relaxation to other crystal field levels
(e.g.,Zy to Zg and Y»), defined as yy,_z, / ZL VY, —L, WE mea-
sured the fluorescence decay lifetimes by exciting ensembles
to Y; or Y, at 1 K. To minimize the impact of radiation trap-
ping [50], which is present at the center of the inhomogeneous
line, we excited the ensemble with the laser frequency detuned
by two inhomogeneous linewidths to higher frequency from
the center of the relevant absorption peak. The fluorescence
data detected on the SNSPD are shown in Fig. 5. When pop-
ulation was excited to Y; (Y3), the extracted lifetime 7, was
3.34 4 0.01 ms (3.30 = 0.01 ms). The measured Y, lifetime

tween the states can significantly modify the branching ratios
to Z; as the temperature is varied. In the low-temperature
limit (kT <« #A), phonon absorption from Y; to Y, is
suppressed, and the branching ratio for the Y; — Z; transi-
tion is at least By, = 77 v,/Td_y, = 41.5%. To specify the
Y, — Z; branching ratio, further experiments are needed to
distinguish emission between Y; —Z; and Y, — Z; and de-
termine the spontaneous phonon relaxation rate between Y,
and Y, as a function of temperature.

B. EPR measurement

Here, we study the spin inhomogeneity by measuring the
EPR spectrum as a function of the applied magnetic field.
We placed a 2-mm-thick (10x thicker than the optical mea-
surements) sample into the loop-gap microwave resonator
(Bac || @). When the external magnetic-field-induced splitting
(Bpc || ¢) causes the Z; spin transition to be near the loop-gap
resonance, the center frequency of the resonator is slightly
shifted due to dispersive coupling with the spin ensemble. The

. . _ PAN(T )nwypo
ensemble coupling is expected to be = uay,/ =5,

where () is the spin magnetic dipole moment (g, of the Z;
level in this configuration), p is the number density of the ions,
An(T) is the population difference between the spin levels,
w, is the center frequency of the resonator, 7 is the magnetic
energy fraction in the Er’*t:YVOy, crystal, 7 is the reduced

is longer than the reported 2.5 ms lifetime of M 1372 level 0
for a 0.1% Er’**t:YVO, sample [35,51], which is reasonable © data
considering the difference in sample concentration and the 3 — fit
experimental spectral resolution. Given the 55 GHz energy g-1 i
separation between Y; and Y,, the phonon relaxation be- 8

[0)

3]

S 2

3 Try, =3.34£0.01ms

TABLE II. The electronic Zeeman g factors of Er*t:YVO,. The %
g factors of the Z, level are from Ref. [48]. The g factors of the Y, S 3
and Y, levels are from fitting to experimental data using the effective S-3¢
spin Hamiltonian. - ‘ ‘ ‘ ‘
0 2 4 6 8 10

Levels |g|\| |gJ_| Time (ms)
Z, 3.544 7.085
Y, 451 +0.02 4.57 +0.01 FIG. 5. Y, lifetime measurement via fluorescence decay at 1 K.
Y, 2.74 4+ 0.01 6.74 +0.15 Exponential fit is showed by the red dashed line, with decay constant

75y, = 3.34 £ 0.01 ms.
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FIG. 6. The simulation and experimental results of the electron paramagnetic resonance (EPR) measurements. (a) A full EPR spectrum
taken at 4 K. The dispersive shift of the microwave resonator frequency indicates the coupling between the atomic ensemble and the resonator
mode. The coupling at 48 mT was contributed from the even isotope of erbium with zero nuclear spin. The other three couplings located at
12, 41, and 68 mT were from the '“’Er with 2 nuclear spin. (b) A simulation showing the allowed hyperfine transitions with Am, = %1 and
Am; = 0 selection rules under Bac || a condition. The red dashed line indicates the microwave resonator center frequency. The red dashed
arrows show the agreement of the Z; spin hyperfine structure between the experiment and the simulation. (c) A detailed scan of the spin
ensemble-cavity coupling centered at 48 mT taken at a temperature of 1 K. Each data point is obtained by a minimum search of the beat note
signal at the corresponding magnetic field strength. The red dashed line is the fitting result using the model in Ref. [53] by least square method.

(d) The power dependence of EPR results.

Planck constant, and p is the vacuum permeability. From the
simulation of the cavity, we predicted  ~ 2%, corresponding
to an ensemble coupling 2 ~ 2.3 MHz at 1 K. In the weak
coupling regime, the maximum dispersive shift is proportional
to 2/ A [52], where A is the spin inhomogeneity.

To increase our measurement sensitivity for dispersive
shifts smaller than the linewidth of the microwave cavity [full
width at half maximum (FWHM) = 2.8 MHz], we imple-
mented a FM microwave tone to monitor small changes in the
microwave cavity resonance frequency [45]. To determine the
spin inhomogeneity, we followed the analysis from Ref. [53],
where a cavity with frequency w, couples to a distribution of N
two-level systems with transition frequencies w; and damping
rates y with strength g; in the weak excitation regime. The
cavity transmission function is given by

LS
2i

w—a)0+i7"—W(a))’

/
W(w) = 92/ CORN
o w— o + %

tH(w) =

+00

where « is the linewidth of the cavity, W () is the ion-cavity
coupling term, > = Y, g7 is the total coupling between

the cavity and the spins, and p(w) =), gi(S(w — a)k)/S22 is
the spectral density distribution. For a Gaussian distribution,
p(w) = Al—*/“ze_("’zl“z)/ A% where A is the spin inhomogeneity.
The transmitted FM microwave field was measured on a
microwave power meter at the modulation frequency wy,:

P, = DCpart + PyB{Re[x(w)]cosw,,t + Im[x (w)]sinw,,t}
+ terms oscillating at 2w,,,

where S is the modulation strength and x(w)=
t()t*(w + wy,) — t* () (w — w,). When o, <k and
k < A, x(w) has the shape of the derivative of |¢(w)|?, which
transforms the resonance peak to a zero-crossing point. We
measured the beat-note signal on a spectral analyzer, taking
advantage of the large detection dynamic range to maximize
our frequency sensitivity. Using this technique, we were able
to measure kilohertz frequency shifts that were ~1000 times
smaller than the resonator linewidth.

As shown in Fig. 6(a), as the magnetic field was swept
such that the spin frequency crossed the bare cavity frequency,
we observed a dispersive response of the microwave res-
onator frequency. The strongest signal at 48 mT was from the
even isotopes, where other coupling points at Bpc = 12, 41,
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FIG. 7. The microwave-to-optical transduction experiment using Raman heterodyne detection, with the Z; — Y, and Z; — Y, systems. (a)
The Z; — Y, system used in (b). For example, at 47 mT, the Z, spins are matched to be on resonance with the 2.4 GHz microwave resonator.
Two A systems were usable for transduction with a 1.8 GHz optical frequency offset. (b) The Raman heterodyne spectroscopy using the
Z, — Y, system. Two signal branches at 47 mT corresponded to two A systems, and the other two branches at 61 mT corresponded to two V
systems. (c) Transduction efficiency vs input microwave frequency using Z; — Y, and Z; — Y, systems. The current bandwidth was limited
by the loop-gap microwave resonator linewidth (2.8 MHz). The inset figure shows the efficiency (1) dependence upon optical pump power (F,)

using the Z; — Y, system.

and 68 mT were attributed to resonances with '%”Er isotope
hyperfine transitions. To understand the hyperfine coupling
points, we simulated the Z; level hyperfine structure of '*’Er
using the parameters presented in Ref. [48]. The calculated
hyperfine transitions were showed in Fig. 6(b), where the tran-
sition strength was evaluated by taking the inner product of the
initial and final states mediated by a o, ® Iy operator to factor
in Amg; = £1 and Am; = 0 selection rules for Bac || a. There
are three allowed hyperfine transitions crossing the 2.4 GHz
loop-gap resonance at different bias magnetic fields, which
agrees with the experimental data, as indicated by the red
dashed arrows.

Figure 6(c) shows the detail of the scan ~48 mT at 1 K,
where the even isotope dispersive shift increased compared
with Fig. 6(a) due to a larger ground-state spin population
difference at the lower temperature. We calculated the Z, elec-
tron spin inhomogeneity to be 58.4 MHz with an ensemble
coupling of 3.1 MHz, assuming a Gaussian line shape for
the spin inhomogeneity to fit the data [see Fig. 6(c)]. The
small coupling strength observed here is expected due to the
small size of the sample used and can be further improved
by using a larger crystal to increase the filling factor [54].
To ensure that we were not limited by power broadening
or saturation effects on the spin coupling, we swept the in-
put microwave power from —60 to —20 dBm, as shown in
Fig. 6(d). We observed that the fitted spin inhomogeneity and
ensemble coupling remained roughly constant for the input
microwave powers <—50 dBm. However, the fitted 58.4 MHz
spin inhomogeneity is still an upper bound, given that we
expect some spatial magnetic field inhomogeneity from our
homemade magnet over the 3.5 x 2.5 x 2 mm sample volume
within the microwave resonator.

C. M20 transduction

To generate upconverted optical photons, we input a mi-
crowave signal and an optical pump into an Er’t:YVO,
crystal continuously and measured the optical upconverted
signal using heterodyne detection [45]. The key to this

resonance-enhanced Raman scattering protocol is to employ
a suitable three-level system, where three atomic levels are
linked via two allowed optical transitions and one allowed
microwave transition. Using the Er’T:YVO,Z, — Y 0rZ; —
Y, systems in an applied bias magnetic field, there are four
possible optical transitions and two possible microwave tran-
sitions. From the Er*T:Y VO, selection rules described in the
Background section, both the Z; — Y, transition with o po-
larized excitation or the Z; — Y, transition with 7 polarized
excitation are suitable for transduction. For either system, the
ground or excited state spins can be tuned onto resonance with
the microwave resonator using the bias field to make use of a
A or V system.

To demonstrate M20O transduction, we used the Z; — Y,
system under 7 polarization excitation with a 200-um-thick
sample, driving with a fixed 2.4 GHz RF at a fixed 1 dBm
RF power input and 4 uW of optical pump power, as shown
in Fig. 7. The four configurations that generate the transduc-
tion signal [Figs. 7(a) and 7(b)] are apparent. Two of them
were centered at B = 47 mT, corresponding to the Z; spins
involved in A systems. These two branches were offset by 1.8
GHz in optical frequency, which corresponds to the Y, spin
splitting. The other two signals that appear at B = 61 mT were
generated from the V systems involving the Y, spin, where the
3.1 GHz optical frequency offset was the Z; spin splitting.

In Er’*:YVOy, the Z; — Y, system is more attractive than
Z1 — Y, because the two involved optical transitions have
stronger transition strength (Table I), and the transduction
efficiency scales as the product square of the individual dipole
moments in the limit of restricted optical pump power. As
a result, the Z; — Y, system should be more efficient by a
factor of 6. By optimizing the applied magnetic field strength
and optical frequency, we measured the transduction signal
using the Z; — Y and Z; — Y, systems and observed that
the relative signal strength is consistent with the prediction,
as shown in Fig. 7(c). The trend in efficiency vs input mi-
crowave frequency followed the loop-gap resonator line shape
(FWHM = 2.8 MHz) that determines the current transduction
bandwidth. The inset in Fig. 7(c) shows the optical pump
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power (P,) dependence of Z; — Y, system transduction effi-
ciency. Up to 300 uW input power, limited by the setup, the
transduction efficiency increased linearly. Finally, the high-
est measured efficiency of this initial demonstration of the
transduction process is 1.3 x 10~'2 with 1 dBm microwave
and 300 uW optical pump power. To further increase the
efficiency, an improved microwave resonator with higher Q
and a resonant optical cavity are needed, as discussed in
Refs. [18,20].

To compare with other rare-earth materials for M20
transduction applications, we refer to the well-studied
Er’T:Y,Si0s crystal in Ref. [14], where a cavity-enhanced
M20 transduction experiment using a 10 ppm Er**:Y,SiOs
and all relevant spectroscopic parameters were presented.
To evaluate the M20O transduction process with a three-
level system, we compared the material parameter { =
(d31d32M

A AM)Z, which scales as the efficiency (in the low-
oDy

efficiency regime). The value of ¢ for the Er*t:YVO,Z, — Y,
system is 800x larger than the Er’*:Y,SiOs case due to its
relatively narrow optical and spin inhomogeneities at higher
concentration and also the stronger dipole moment. How-
ever, it has been reported that Er3*:Y,SiOs can also have
relatively narrow optical inhomogeneity at higher concentra-
tions (510 MHz at 200 ppm compared with 170 MHz at
10 ppm) [28]. Assuming the spin inhomogeneity was un-
changed, the {g3+.vyo,/Cer+y,sio, ratio would be reduced to
18 from 800 if the higher concentration Er3+:YQSi05 could
be used. Therefore, both Er*t:Y,SiO5 and Er’t:YVO, ma-
terials can potentially be improved at higher concentration if
they still possess relatively narrow optical and spin inhomo-
geneities. Finally, we expect that the 58.4 MHz Er’**:YVO,
spin inhomogeneity measured here was limited by the spa-
tial magnetic field inhomogeneity, which suggests that the
above {g+.yyo, analysis is a lower bound. In conclusion, the
relatively narrow ensemble inhomogeneity and strong dipole
moment make Er’t:YVO, promising for the transduction
application.

V. CONCLUSIONS

In this paper, we presented the experimental character-
ization of Er’*:YVO, including the electronic Zeeman g
tensors of the optically excited states Y; and Y,, the optical
properties of the telecommunication wavelength transitions
Z1—Y, and Z; —Y;, the spin inhomogeneity of the Z;
spin transition, and an initial demonstration of M2O trans-
duction using Er**:YVOy,. The optical inhomogeneity of a
140 ppm sample is exceptionally narrow, and the total os-
cillator strengths are relatively strong compared with other
erbium-doped materials. We also measured an upper bound of
58.4 MHz for the minimum spin inhomogeneity of the mi-
crowave transition. Therefore, the highly absorptive optical
transitions and the narrow inhomogeneities make Er’*t:YVOy,
a promising material for M20 transduction applications. Next
steps toward more efficient M20O transduction will involve us-
ing Er’**:YVOy in the cavity-enhanced regime in both optical
and spin domains.
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