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Optical decoherence, spectroscopy, and magnetic g tensors for the 1.5-um *I;5 - *I13/, transitions

of Er’* dopants at the C,-symmetry site in Y,03
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Erbium-doped solids are a promising platform for quantum technology due to the Er®* 1.5-um optical
transition in the telecom C band that can offer long coherence times. To characterize the intrinsic C, site of
Er** in Y,0j; for quantum information and photonic signal-processing applications, absorption and site-selective
fluorescence spectroscopy were used to assign the Er** 4115/, <> *I13), transitions. The lowest-to-lowest transition
occurs at 1535.608 nm and laser absorption determined an inhomogeneous linewidth of 780 MHz in a 0.005%-
doped crystal at 3.4 K. Time-resolved fluorescence established an upper limit for the excited-state lifetime of
8.5 ms. Angular-dependent Zeeman absorption was used to determine ground- and excited-state g tensors. The
C,-site g tensor components for the ground state are g, = 1.60, g, = 4.71, and g. = 11.93 with a tipping angle of
a = 2.06°, whereas for the excited state the components are g, = 1.08, g, = 4.36, and g, = 10.07 with a tipping
angle of « = —11.7°. Optical decoherence can be suppressed by the application of a magnetic field parallel
to (111) crystal axes where all C, sites become nearly magnetically equivalent with large g values so that spin
flips of neighboring Er** ions can be simultaneously suppressed. Using this magnetic field direction, two-pulse
photon echoes gave a homogeneous linewidth of 5 kHz for an applied magnetic field of 0.5 T, narrowing and
saturating at 2.5 kHz at 3.5 T. Decoherence over intermediate magnetic fields was described by spectral diffusion
due to Er**-Er** magnetic dipole interactions driven by the direct phonon process. With Er**:Y,05 absorption
at a convenient telecom laser wavelength and the ability to fabricate waveguides, our study suggests that this is
a promising material system for quantum information and spectral hole-burning signal-processing applications.
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I. INTRODUCTION

Experimental demonstrations and theoretical analysis by
groups around the world have shown that rare-earth ions (REI)
embedded in crystal hosts are some of the most promising
candidates to meet the requirements for multimode optical
quantum memories as well as quantum transducers for re-
versible microwave to optical conversion, both being key
components for many applications in quantum information
science (QIS) [1-10]. These same REI-doped materials can
also be used in combination with conventional holography to
create spectral-spatial (S2) holography. This S2 holography is
capable of optical signal processing, range-Doppler radar sig-
nal processing, and spectrum analysis at high bandwidths well
into the gigahertz (GHz) regime and beyond the bandwidth of
related electronic signal processing [11-16]. Narrow spectral
holes that can be burned into rare-earth absorption lines have
also enabled laser frequency stabilization [17,18] competitive
with state-of-the-art flywheel oscillators [19], as well as laser
linewidth narrowing [7,20], and spectral filtering [21,22].

These QIS and spectral hole-burning (SHB) applications
are possible due to the unique properties of REI-doped ma-
terials such as long optical and spin coherence lifetimes,
the possibility of controlling line broadening and interac-
tions by external electric and magnetic fields, simultaneous
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storage of many photons and quantum states, efficient pho-
ton interactions, optically accessible nuclear spin states for
long-term storage mechanisms, and the potential to interface
with superconducting qubits or other physical systems via
microwave-to-optical transduction [23-28]. The phenomenon
of SHB enables spectrally distinct ensembles of ions within
the high-density environment to be individually manipulated
and interrogated, leading to the potential for 10° or more
frequency-multiplexed storage channels in addition to the
large intrinsic spatial multiplexing capacity of volumetric
storage. Quantum states encoded onto temporal, spectral, po-
larization, and spatial modes of light, true-time delay signals
for phased arrays, as well as correlation and convolution of
optical pulse trains at multi-GHz bandwidths, can all be stored
and recalled using the massive information handling capacity
of REI-doped crystals [3,5-7,29].

Achieving the full potential of these materials requires
advances in our fundamental understanding and practical con-
trol of the physical processes that govern ion-ion, ion-spin,
and ion-lattice interactions within the solid-state environment.
Often materials can be “engineered” by adjusting their chem-
ical composition, dopant concentration, crystal orientation,
operating temperature, magnetic field strength and direction,
and postgrowth processing. The combination and interplay of
these variables set up a very large parameter space within
which to find the optimum conditions. For example, one
issue with REI-doped materials with strong intrinsic param-
agnetism, such as Er’*, is the coupling of the optical and
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spin transitions to local magnetic fields caused by nuclear and
electronic spin fluctuations in its environment. This coupling
contributes to decoherence and dynamic line broadening, an
effect known as “spectral diffusion” [7,30,31]. Spectral dif-
fusion in Er’*-doped systems can be frozen out with an
appropriate applied magnetic field, lowering the temperature
for example with a dilution refrigerator [32,33], or by di-
luting the dopant concentration or codoping with other ions
[30,34,35].

Realization of practical solid-state quantum memories
and SHB signal-processing devices depends on identifying
materials that offer a demanding combination of physical
properties along with massively parallel channel scalability to
provide required data rates, for example in secure communi-
cation networks or in range-Doppler radar signal processing.
Erbium-doped materials are of special importance as they
facilitate interfacing with the existing optical fiber network
and hardware. The material Y,Oj3 is a high-quality laser host
material [36] and also known to be suitable for fabrication of
waveguides [37]. Waveguides potentially offer the opportu-
nity for chip-scale integration and optoelectronic engineering
of a complete quantum memory system including generation,
transport, storage, recall, and detection of entangled photons
[8,38-40].

Coherence and spin relaxation can be strongly affected by
chemical, mechanical, or thermal processing of REI materials
[41-44]. Recent advances in Er**- and Eu’*-doped Y,03
nanoparticles, thin films, and synthesized ceramics revealed
bulk crystal properties can be achieved or recovered in these
embodiments [21,38,45-47], particularly at sub-Kelvin tem-
peratures [48-50].

The host material Y,03, when doped with Er3t, exhibits
resonant optical transitions at 1.54 um that enable spectral
hole burning at cryogenic temperatures. Similar to Y,SiOs
[51], the Y,O3 host lattice contributes minimally to the
fluctuating local field. The constituent nuclear magnetic
moments are either zero in the case of '°Q, very small in
the case of 3°Y with a moment of —0.14 uy, or of low
enough isotopic abundance as not to be of consequence in
the case of 0.04% abundant '’Q with a moment of —1.89 ..
Indeed, a previous study on single-crystal Eu’*:Y,0;
showed excellent coherence characteristics with sub-kHz
homogeneous linewidth [52].

However, the material Er3*:Y, 03 is relatively unexplored
despite its telecom transition as compared to other materials
such as Y,SiOs, motivating this study to characterize the Er’*
s /2 and ‘I /2 energy levels in Y,0Oj3 and their magnetic and
decoherence properties so that the system may be developed
for QIS and SHB applications.

The Er’* ions substitute for two inequivalent crystallo-
graphic Y** sites, one with C, and the other with Cs;-
(Se)-point symmetry. This paper focuses on the C, site, while
a follow-up paper will report our detailed results for the
Cs; site [53]. Absorption measurements were used to study
the excited-state crystal-field levels, and site-selective fluores-
cence and fluorescence excitation allowed us to confidently
separate and characterize the *J;3 /2 excited and Iis /2 ground-
state-level structure for the two Er’* crystallographic sites.
Time-resolved fluorescence spectroscopy was used to mea-
sure the excited-state lifetime, which limits the maximum

achievable decoherence time for the ions. Decoherence in
Er3*:Y,0; primarily arises from spectral diffusion caused
by Er’* ion spin-spin interactions, which can be controlled
through the application of a magnetic field. To find optimal
directions for applying the magnetic field, the g tensors of both
the ground and excited states are needed [54]. The ground-
state 4115/2 (Z)) g tensor has been previously determined
by Schifer and Scheller [55] through electron paramagnetic
resonance spectroscopy (EPR). In this work, we used high-
resolution Zeeman laser absorption experiments to obtain the
g tensors for both states. Our ground-state g tensor agrees
well with the earlier EPR work. The excited-state g tensor
is not accessible through EPR, so our measured excited-state
g tensor provides valuable information. From the measured
angle-dependent g values, two preferred field orientations for
minimizing optical decoherence were identified and studied
using two-pulse photon-echo experiments to measure the op-
tical dephasing as a function of magnetic field strength.

II. MATERIAL PROPERTIES OF Er*+:Y,0;

Historically, growing high-quality bulk Y,O3 was chal-
lenging. For our study, high-quality 0.05 and 0.005%
Er’t:Y,0;3 single crystals were successfully grown by
Scientific Materials Corporation/Teledyne-FLIR of Boze-
man, Montana, using a high-temperature top-seeded solution
growth technique. Samples were oriented with Laue x-ray
diffraction and polished with surfaces parallel to (001),
(110), and (111) planes. Sample thicknesses varied between
3 and 12 mm depending on the requirements for individual
measurements.

The crystal Y,0O3 has cubic symmetry described by space
group /a3 (International Tables for Crystallography No. 206).
The unit cell contains 16 formula units with a lattice constant
ofa =10.6A [56]. Trivalent rare-earth ions substitute for Y3+
in the lattice at two crystallographically inequivalent lattice
sites at the Wyckoff d-site position with C,-point symmetry
and the Wyckoff b-site position with Cs;-(Sg)-point symme-
tries, with a relative site density of 3:1, respectively. The Er**+
ions, with an ionic radius nominally the same as Y3*, substi-
tute into both Y3+ sites nonpreferentially according to Mandel
[57]. Within a unit cell, the combination of the space group
and the site point group gives rise to a multisite structure ex-
hibiting multiple magnetically inequivalent orientations. For
the C; sites, there are six magnetically inequivalent subgroups
of ions with their local C, rotation axes aligned along the
six different (001) lattice directions. The material density is
5.010 g/cm3, the concentration of Y3+ C, sites is 1.603 x
10?% ions/cm?, and the estimated index of refraction is 1.81 at
1.5 wm [58].

The magnetic properties for a particular Er** site are char-
acterized by three principal g values and three Euler angles
that locate magnetic principal axes relative to crystallographic
axes. Crystal symmetry may simplify the measurement of one
or more of these parameters. The C, and C; sites have differ-
ent magnetic properties reflected in the different anisotropies
of their g tensors as well as magnetic site inequivalencies
relative to a magnetic field applied in an arbitrary direction.
These anisotropies were utilized to confirm the overall site
assignments.
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For optical transitions we do not directly observe the split-
tings in the ground state or in the excited state. Rather, we
observe the transitions between the split ground-state and
excited-state Zeeman levels. Those transition energies allow
determination of the principal values of the ground-state g
tensor as well as the excited-state g tensor.

For the C; site, the unique C, axis is confined to the (001)
axis of the crystal and defines the local magnetic z axis for
the site. The magnetic x- and y-axes are not confined to any
of the crystal axes and have been described by Schifer and
Scheller as being rotated by an angle «, defined as the angle
between the +x axis and the (100) crystal axis. [55] The same
terminology can be applied for excited states, although the o
value is typically different for each electronic state. For the C;
site there are thus four free parameters: g,, gy, g;, and « for
each state, and the 24 C, sites per unit cell can be reduced to
6 magnetically inequivalent orientations, each of which gives
a different but related angular-dependent Zeeman splitting.

Upper limits for g values are determined by 2J times the
Lande g; factor, which is 1.2 for *I;5> levels and 1.1 for *I;3 >
levels, giving maximum principal g values of 18 and 14.4 for
ground- and excited-state multiplets, respectively.

III. ABSORPTION AND FLUORESCENCE

Absorption and fluorescence measurements were carried
out between 1.5 and 10 K in a liquid helium cryostat. The ex-
perimental apparatus was the same as described in Ref. [59].
Absorption scans were recorded using a tungsten halogen
light source focused onto the sample. The transmitted signal
through the crystal was analyzed by a SPEX 1000M I-m
monochromator with a 600-grooves per mm grating blazed at
1500 nm and with an inverse resolution of 1.6 nm/mm. Glass
color filters were employed in front of the cryostat to avoid
heating the sample and to eliminate spectral features from
higher grating orders. A liquid nitrogen-cooled germanium
detector was used for detection. Entrance and exit slits were
typically set at 20 um for a bandpass of 0.14 cm ™.

Higher-resolution measurements were provided by laser
absorption spectroscopy using an experimental setup as de-
scribed in Ref. [59]. In these measurements, a home-made
single-frequency 1.5-um tunable external cavity diode laser
(ECDL) was scanned over the region of interest and the
transmitted signal through the crystal was captured with an
amplified InGaAs photodetector. The laser was tunable be-
tween 1505 and 1565 nm with a jitter-limited linewidth of
<200 kHz, and an output power of ~1.8 mW was used. By
tuning the laser cavity, mode-hop free continuous linear fre-
quency scans of 47 GHz were achieved at a 10-Hz repetition
rate.

A. Absorption spectroscopy and the I3 level structure

Broadband absorption scans were carried out on the Er’*
*Is;2 — *I32 transitions over the 6450-6900cm~! (1450~
1550 nm) region using a 3.12-mm-thick 0.05% Er’*:Y,0;
crystal at a temperature of 7 = 2 K. The absorption spec-
trum in Fig. 1 reveals a total of 12 absorption lines labeled
A to L with increasing energy. Since only the lowest */;5 2
crystal-field level is populated at 2 K, each absorption line
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FIG. 1. Absorption spectrum of the 4L 52— ‘I3 /2 transitions in
0.05% Er3*:Y,0; at 2 K showing 12 lines labeled A—L. Assignment
of these lines to specific sites was deduced from site-selective fluo-
rescence as described in the text. The B, D F, I, J, K, and L lines have
been assigned as originating from the C, site and the A, C, E, and H
lines originating from the Cj; site. The inset provides an expanded
view of lines G and H. The origin of the F line is unknown.

corresponds to a unique /i3, crystal-field level. For the
J = 13/2 multiplet, seven absorption lines are expected for
each inequivalent Er3t site, with the observed absorption
lines originating from the overlapping spectra from the two
different crystallographic sites. All transitions are allowed for
the C,- and Cj;-site symmetries, with C,-site transitions com-
posed of mixed electric and magnetic dipole while Cs;-site
transitions are purely magnetic dipole. Following the usual
convention, we will label ground-state “Is /2 crystal-field lev-
els Z; — Zg with Z; denoting the lowest energy, and the *J;3 2
excited- state crystal-field levels labeled Y; — Y7 with ¥; de-
noting the lowest energy.

As described in the later sections, the Er’t sites were
confirmed to be the C, site and Cj; site and each transition
was assigned to the corresponding site as labeled in Fig. 1.
The B, D, G, I, J, K, and L lines match the C,-site ¥Y; — V5
levels reported by Kisliuk and Gruber [60] and Chang [61].
On the other hand, no literature reference was found for the
Cj;-site transitions labeled A, C, E, and H, so our values
provide information that will be analyzed in a follow-up paper
focusing on the Cj; site [53].

Also evident from Fig. 1 are the progressively increasing
absorption linewidths for the C,-site (Cs;)-site ‘I 52— 4113/2
transitions as energy increases within the J = 13/2 manifold,
going from 6.4 to 105 GHz (3.0 to 16.8 GHz) due to lifetime
broadening arising from spontaneous phonon emission from
the upper to the lower crystal-field levels. The narrowest ab-
sorption linewidths from Fig. 1 were limited by the resolution
of the spectrometer, requiring laser absorption techniques for
precise linewidth measurements, as described in Sec. III D.

B. Site-selective fluorescence spectroscopy
and the [y /2 level structure

Each *Ij3» level determined from Fig. 1 was assigned
unambiguously to a specific crystallographic site using
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FIG. 2. Site-selective fluorescence excitation spectra of the ‘I3 2
(Y1) *Is2 (Z,) transitions in 0.005% Er**:Y,0; at 2 K. Two dis-
tinct spectra are observed for excitation of the different absorption
lines. Each spectrum corresponds to fluorescence from the lowest
4113/2 crystal-field level of a specific lattice site to all the corre-
sponding *1;5 /2 levels. The Cs;-site fluorescence intensity is shown
magnified 5 times relative to the C,-site fluorescence.

site-selective fluorescence experiments that also provided
unambiguous level assignments for the *J;5 /2 J manifold for
each site. When an individual line in the absorption spectrum
of Fig. 1 was excited at T = 2 K, only one of two distinct
fluorescence spectra was observed. Those two distinct fluo-
rescence spectra are associated with the two crystallographic
sites and are shown in Fig. 2. Orientation-dependent Zee-
man effect measurements described in Sec. IV were used to
confirm the C,- and Cs;-site symmetry of the two observed
Er* sites. The tuning range of the ECDL limited excitation
to absorption lines up to line I; hence, the lines labeled J, K,
and L in Fig. 1 could not be assigned using our apparatus,
but they were identified by comparing to values found in
the literature, as discussed below. The spectrum shown in
Fig. 2(a) has the highest energy transition at 6512 cm~' and
was obtained by exciting lines B, D, G, and [ with the ECDL.
On the other hand, the spectrum shown in Fig. 2(b) with the
highest transition at 6470 cm ™! was obtained by exciting lines
A, C, E, and H. Exciting line F (6580 cm™!) shown in the
absorption spectrum in Fig. 1 did not result in any observable
emission, nor did its absorption strength scale with erbium
dopant concentration. Hence, we concluded that line F is not
associated with the Er3t transitions, and that its origin needs
further investigation. Lines G and H were barely resolvable in

the absorption spectrum and are shown to be only 0.8 cm™!

apart. An expanded view of these lines is provided in the inset
of Fig. 1. They were assigned by setting the spectrometer at
the emission lines of either spectrum shown in Fig. 2(a) or
Fig. 2(b) and scanning the laser while monitoring the emission
intensity.

The spectrum shown in Fig. 2(b) matches that expected
from the Er** C,-site values reported by Kisliuk and Gruber
[60] and Gruber et al. [62]. Consequently, lines J, K and L in
Fig. 1 are assigned to the C, site.

No literature references were found for the site-selective
4113/2 fluorescence shown in Fig. 2(a). These spectra con-
tain information associated with the Cj; site. This assignment
has been confirmed by angle-dependent Zeeman laser ab-
sorption measurements to be reported in a separate paper
[53]. Dean and Bloor’s far-infrared measurements reported
the same Z; and Z; Csi-level energies deduced from our
spectrum, further validating our Cj;-site designation for these
lines [63].

The C,-site crystal-field level structure of Er’tT:Y,0;
determined from absorption and site-selective fluorescence
experiments is summarized in Table I. All energies were
obtained by fitting to determine the observed line centers.
While our ground-state levels agree very well with the work
of [62], we did not observe the Zg level and measured
the Z; level at 500 cm™', which is right between Gruber
et. al’s measured Z; level at 490 cm~! and Zg level at
510 cm™!.

C. Fluorescence lifetimes

Knowledge of the excited-state lifetime 7} of the lowest
‘I /2 state is important as it establishes an upper bound for
the achievable 7, decoherence lifetime through the relation
T, < 2T, as well as the lifetime of optical spectral population
gratings, such as Atomic Frequency Comb quantum memo-
ries. The experimental apparatus for measuring fluorescence
was identical to Ref. [59]. A nitrogen-cooled Hamamatsu
R3809U-69 near-infrared photomultiplier tube was used with
the monochromator tuned to the *I13/2(Y;) — *I15/2(Z;) tran-
sition. Fluorescence from *13 ,2(Y1) was measured following
pulsed-laser excitation of the Iis 2(Zy) — i ,2(Y2) transi-
tion, as the 4113/2(Y2) rapidly relaxes nonradiatively to the
5 ,2(¥1) state before fluorescing to the s /2 levels. The laser
pulse duration was 2.5 ms. Excitation of the C, site was at
6544.7 cm~! and the detection was recorded at 6512.1 cm™!
by the spectrometer. To minimize the effects of radiation

TABLE I. Observed energy levels for the 4Ls 2 and ‘I3 2 multiplets of Er’t at the C, site in Y,0s. Note that level Zg was not observed in

these measurements.

Ground state Level Energy (cm™") Excited state Level Energy (cm™!)
*Is) Z 0 s Y 6512.1

Z 39.5 Y, 6544.5

73 77.4 Ys 6589.8

Z, 90 Y, 6596.1

Zs 161.8 Ys 6686.4

Zs 261.8 Ys 6841

Z; 500 Y; 6868
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FIG. 3. Excited-state lifetime measurement of Er**-occupied C,
site in Y,0;3. The graph shows the fluorescence decay curve and
least-squares fit to the data. Excitation of the C, site at 6544.7 cm™!
and detection at 6512.1 cm™! yielded an upper-state lifetime of (8.5
+ 0.1) ms.

trapping, a low-concentration 0.005% Er**:Y,0j3 crystal was
used. Measurements were carried out at a temperature of 1.5 K
to avoid significant population of #J 3 /2 levels other than the
lowest-energy Y excited level.

A typical normalized single-shot fluorescence decay is
shown in Fig. 3. The straight line corresponds to an ex-
ponential least-square fit yielding a fluorescence lifetime of
T1 = 8.5 = 0.1 ms, which agrees well with the value of 8 ms
measured by Dieke for 0.2% Er’*:Y,0; at a temperature of
77 K [64].

A common problem with fluorescence decay measure-
ments is radiative energy trapping, during which the emitted
resonant photon is reabsorbed (trapped) and then reemit-
ted, slowing down the overall observed fluorescence decay
and hence leading to apparent fluorescence lifetimes that are
longer than the true excited-state lifetime 77 [65,66]. Radia-
tion trapping may contribute to the measured lifetimes, so the
numbers reported here should be understood as an upper limit
for 7). Time-resolved spectral hole-decay measurements can
be used to avoid the effect of radiation trapping, as we have
shown in other systems [67,68].

D. Laser absorption

To accurately measure the inhomogeneous linewidth for
the C, site, a 3.46-mm-thick 0.005% Er’*:Y,0; crystal was
used. The crystal was placed inside a Montana Instruments
C, Cryostation in zero magnetic field at a temperature of
T = 3.4 K. The ECDL laser light was propagated through
the crystal without focusing. Transmitted light was detected
with a Newport 2033 large-area germanium photodetec-
tor. Laser absorption spectra were recorded by scanning
the ECDL over the spectral region of interest. To calibrate
the spectra, we simultaneously recorded a fiber Fabry-
Perot transmission spectrum with a free spectral range of
49.42 MHz.

Figure 4 shows the unpolarized laser absorption spectrum
for the C, site *Ii5/2(Z1)—*I13,2(Y1) transition in 0.005%

14 " 1 " 1 L 1 " 1 " 1
12 4 -
0.005% Er*":Y,0,
104 C,site, T=34K -
unpolarized, B =0
8 L

FWHM = 780 MHz

Absorption Coefficient (cm™)

: — .
-7.5 -5.0 -2.5 0.0 25 5.0 7.5
Frequency (GHz)

FIG. 4. Unpolarized laser absorption spectrum for the *;s,:
Z — 4113/2: Y, transition at 6512.078 cm™!, or 1535.608 nm in
vacuum, of Er’* ions at the C, site in 0.005% Er’t:Y,0; at T =
34 K.

Er3*:Y,0; occurring at 6512.078 cm™' at a temperature of
3.4 K. The inhomogeneous line shape is accurately described
by a Lorentzian with full width at half maximum of 780 MHz.

IV. ZEEMAN SPECTROSCOPY

Because the magnetic moment of the Er’* ions in the
ground- and excited states is a key variable in achieving slow
decoherence, we determined the g tensor components for the
C, site from angle-dependent Zeeman laser spectroscopy. The
goal was to identify a magnetic field direction where the g
values are simultaneously maximized in the ground- as well
as the excited state so that spectral diffusion by Er3* spin
flips may be suppressed. If the level splitting, described by the
effective g value, is large compared to the available thermal
energy kgT, thermal populations in the upper Zeeman level
are reduced and hence Er** spin flips inhibited [30,35].

A. Experiment

The g tensors for the 4115/2 and 4113/2 levels of Er’t ions
in the C, site were determined from laser absorption spectra
taken while the sample was rotated in 5 ° increments through
120°. For this purpose, a special sample holder was built as
described in Ref. [54] to rotate the sample around a horizontal
axis normal to the horizontal applied magnetic field. Sample
rotation was facilitated by a worm gear driven from the top
of the cryostat by a vertical shaft, with the rotation angle
determined from the known gear ratio. Great care was taken
to properly align the sample as described in Ref. [54].

As described in Ref. [59], Zeeman measurements were
greatly facilitated by using a high-precision frequency marker
established by the beat note between the scanning ECDL and
a second ECDL. The laser frequency of the second ECDL was
manually adjusted by changing the piezovoltage applied to the
feedback mirror plate, hence changing the marker frequency
to overlap with one of the transitions. Blocking the scanning
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FIG. 5. Typical polarization-dependent Zeeman laser absorption
spectra at T = 6 K in Er**:Y,03 with B = 1.0 T parallel [100] in the
(001) plane. Individual absorption scans have been shifted for better
visibility. All inner b and c transitions and some of the outer a and d
transition are visible and have been labeled with a subscript referring
to individual sites. Outer a (d) transitions for ions in sites 9 and 10
lie at higher (lower) energy as indicated in the transition-labeling
scheme inset and hence outside the displayed range. The inset dia-
gram depicts the transition-labeling scheme for the four transitions
between the Zeeman-split ground- *1;s,> and excited *I;3/, states.

laser allowed each absorption frequency to be measured from
the second ECDL with a Burleigh WA-1500 Wavemeter to an
absolute accuracy of £100 MHz. This method avoided any
issues associated with nonlinear piezoelectric laser scans and
slow laser drifts.

The magnetically inequivalent sites in Er’*:Y,03 compli-
cate this task. When a magnetic field is applied, the cubic
symmetry is broken, and the individual subgroups of sites
become spectrally distinct. The splitting of the Er**™ #I;5
(Zy) and 4113/2 (Y1) doublet levels gives rise to four transi-
tions for each magnetically inequivalent Er** site. Identifying
and tracking the individual transitions as the magnetic field
direction was varied proved to be a challenging experiment
as illustrated by Fig. 5, which shows typical Zeeman spectra,
centered on the zero-field transition energy with B = 1.0 T
in the (001) plane along [100]. The top and bottom traces
have been measured with the polarization perpendicular and
parallel to (100), respectively. Following the same labeling
of sites as in Ref. [55], the subscripts have been introduced
to label the individual sites. The b and ¢ transitions for sites
5, 6, 7, and 8 strongly exhibit polarization-dependent absorp-
tion, but transition energies were never observed to shift with
polarization. Two higher-energy (a7, ag and ay, a;o) and two
lower-energy (d7, dg and dy, djp) transitions were outside the
laser continuous-scan range and the laser was tuned individu-
ally to these outlying transitions to measure their energies.

Following Ref. [59], we use (4) and (—) to label the upper
and lower Zeeman components of the ground- and excited
levels and mark the four possible transitions a, b, ¢, and d as

depicted in Fig. 5. The population of the upper ground-state
level gt is temperature dependent, so observation of the ¢ and
d transitions required operation at an elevated temperature of
T = 6 K. The temperature dependence of the line strengths
was exploited to distinguish between b and c transitions as the
¢ transition becomes weaker and the b transition stronger with
decreasing temperature.

The corresponding transition energies are given by E, for
the transition energy of the ground-state (—) component to the
excited-state (+) component, E;, for the (— —) transition, E,
for (+ +), and E, for the (+ —) transition.

Several important relationships between the a, b, ¢, and d
transitions can be deduced from Fig. 5. The energy difference
between the a and ¢ or b and d transitions allows calculation
of the ground-state splitting, which in turn yields the effective
ground-state g value as

E,—E. E,—E;
g = =
¢ upB upB
where up is the Bohr magneton and B the magnetic field
strength.
Similarly, the excited-state effective g value can be found

from the energy difference between the a and b or ¢ and d
transitions as

, ey

¢ = E,—E, _ E. Ed‘ @
upB ugB

Furthermore, the energy difference between the b and
c transitions gives the difference between the ground- and
excited-state splittings.

When tracking individual lines as a function of magnetic
field direction, it was useful to calculate the expected transi-
tion energies for each site. The a and d transition energies are
given by

E" = Ey+ 22 Cgi + 6B, 3

where Ej denotes the zero-field Z; — Y, transition energy, i
denotes the local site, (+) corresponds to a and (—) corre-
sponds to d, and #g; denotes the corresponding ground-state
effective g value and ¢g; the one for the excited state. Similarly,
the b and c transition energies are described by

E" = By 5 (% —“g)B, 4)

and (+) corresponds to transition b and (-) corresponds to c.

In general, the full g tensor can be described by three prin-
cipal g values in the coordinate frame where the rank-2 tensor
is diagonal. For sites of C; symmetry, such as in Er3*:Y,03,
one principal axis, by convention the z axis, must lie along
the C, symmetry axis. The C, g tensor z axis is along [100]
for sites 5 and 6, [010] for sites 7 and 8, and [001] for sites 9
and 10. Four parameters completely describe the g tensor: the
principal g values g,, gy, and g; along the single-rotation angle
« orienting the g tensor x — y principal axes with respect to
the crystallographic axes. Each crystal-field level has distinct
values of g, gy, and g, and the rotation angle o.

Schifer and Scheller [55] gave the angular dependence
of the g values for each magnetically inequivalent C, site
when the applied field is restricted to a specific high-symmetry
crystallographic plane.
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When the field is oriented at an angle of & in the (001)
plane relative to the [100] direction, the effective g values for
the six magnetically inequivalent C; sites are given by

856 = 8:008(® F @) + gisin*(® F a), ®)
g =g = gsin®® + (gicosza + gisin*a)cos’®,  (6)

o = £1p = &:c08’d + (gicos’a + grsina)sin*®,  (7)

where gs through go are the effective g values for magnet-
ically inequivalent C, sites 5 through 10, respectively. The
double indices summarize equations that only differ by a sign
of the trigonometric functions; in this case, for Eq. (5) the (-)
corresponds to g5 and (+) corresponds to ge.

The angle « is defined as the angle between the x axis and
the (100) crystal axis. Inspecting Egs. (5) to (7), several key
relationships can be found. For example, the ions at sites 7 and
8, with their C, axes along [010], and the ions at sites 9 and
10, with their C, axes along [001] are magnetically equivalent
with respect to the (001) plane. Also, for certain magnetic field
directions, principal g values can be measured directly. For
example, when the field is oriented at & = 0, Eq. (7) reveals
that measurement of g¢ and g;( yields g,, while for ® = 90°,
Eq. (6) reveals that g, can be found from g7 and gs.

When the field is oriented at an angle of ® in the (110)
plane relative to the [001] direction, the equations for the six
magnetically inequivalent C, sites are given by

T
g§/6 =gicos’(d Fa) + [gicosz(z + a)

—}—gf,sinz(% + a)]sin2<I>, ®)

1 2
2 : . 2
8 = COS@COSG?—SIH@SIHO{) g
LG ( \/z *

1 2
+ (icos@sina + —sin@cosoc)

/2

1
X g+ 5gsin’®, ©)

2 I . 2
€5/10 = | cos D cosa = —= sin Psin« gi

/2

1 2
+ :Fcos@sinoc—i-—sind)cosa) .
< V2 &

+ %gﬁsinzcb. (10)

All six sets of ions are orientationally inequivalent with
respect to this plane, but special directions can reduce the
sixfold inequivalency. The pairs 5 and 6, 7 and 8, and 9 and
10 collapse into three inequivalent sets for & = 0. For this
direction, g, can be directly determined from pairs 5 and 6
using Eq. (8). The sites labeled 7 and 8 as well as 9 and
10 become equivalent when ® = £90°. An interesting case
exists for an angle of ® = 454.7°, where B is along [111]

or [111], as the inequivalence is only twofold with the ions
in sites 5, 7, and 9 forming a single equivalent set and the
ions in sites 6, 8, and 10 forming another equivalent set. This
orientation is especially appealing for applications requiring
minimum decoherence and maximum absorption, as will be
discussed below.

The g value Egs. (5) through (10) apply to both the ground-
and excited states, with different principal g values g, g,,
g. and angle «. Consequently, the estimated values can be
substituted into Egs. (3) and (4) to predict trial values of the
angular dependence of the transition energies. Ground-state
g values have been previously measured using EPR [55] and
could be used for initial parameters, but excited-state principal
g values were unknown. Simulation plots predicting the angu-
lar transition-energy dependence provided excellent practical
guides for interpreting, assigning, and tracking transitions dur-
ing data collection. Initial values for the g tensor components
were adjusted and plots updated in real time as the data were
collected.

To observe individual weaker Zeeman transitions with
sufficient signal strength for general orientations where the
applied magnetic field lifted the degeneracies, two thicker
0.05% Er**:Y,0; samples were used. One crystal of thick-
ness 8.84 mm was oriented, cut, and polished for applying
the magnetic field in the (001) plane while the other had a
thickness of 8.25 mm and was used for the (110) plane. All
measurements were at B = 1T and 7 = 6 K. All data were
captured using laser absorption spectroscopy.

B. Results

Figure 5 shows representative polarization-dependent Zee-
man laser absorption scans for B in the (001) plane and B
parallel to (100) at a field of B =1 T with T = 6 K. Indi-
vidual absorption scans have been offset vertically for better
visibility. All inner b and ¢ transitions and some of the outer
a and d transitions are visible and have been labeled. Outer a
(d) transitions for ions in sites 9 and 10 lie at higher (lower)
energy as indicated in the transition labeling scheme inset
and are therefore outside of the displayed range. Repeating
these measurements in 5 ° increments for the magnetic field
direction allowed us to map out the full angular dependence
of the a, b, ¢, and d transitions and to then calculate the
corresponding g values.

The full angular dependence of the transition energies
when B is constrained to the (001) plane for the 6512 cm™'
line in 0.005% Er**:Y,03 at 6 K is shown in Figs. 6 and 7.
All four of the Zeeman-split transitions are observed for each
site. In this configuration, the 6 magnetically inequivalent C,
sites (24 lines) are reduced to 4 sites (16 lines). Since the
angle « is not zero, there are 3 inequivalent sites (12 lines) for
fields along (001) and (110) directions, as is clearly evident
in Figs. 6 and 7. Solid lines in the figure are calculated as
described above using best-fit principal g values presented in
Fig. 8.

Figure 8 presents ground- and excited-state g values in
the (001) plane; Egs. (1) and (2) were fit to the (001)-plane
g values with results shown as solid lines. Using fitting pa-
rameters gy, gy, &;, and o for the ground- and excited states,
respectively, the principal g tensor components and o were
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6516

Transition Energy (cm'l)

6507

6504
Angle (deg)

FIG. 6. Orientation dependence of the Zeeman transitions at 7=
6 Kand B =1T for C, sites when B is constrained to a (001) plane.
Symbols are experimental data. Solid lines are calculated from best
fit to g values. The outer a and d transitions have been labeled with
the subscript, giving the magnetic inequivalent sites. The solid black
lines that correspond to inner b and c transitions are expanded in
Fig. 7 for better clarity. The special field orientation for minimizing
decoherence in this plane is for B || {110) and has been indicated by
red vertical lines.

extracted for Z; and Y; and are summarized in Table II. From
Fig. 8 the g, principal value can also be read directly from
the maxima and the rotation angles are evident in the lowest
two curves. The (110) or <110> directions are determined
to be the most appealing applied-field directions for practical
applications as explained in detail in the next section below,
and they are labeled with red vertical lines.

Inspecting the values in Table II, our fitted ground-
state g tensor components agree well with Schifer and
Scheller’s EPR measurements. For the ground state, Schéfer
and Scheller’s EPR measurement yielded g, = 12.314, g, =
1.645, g, = 4.892, and oo = £2° [55]. Our results demonstrate
that optical methods can accurately determine g values as
an alternative approach to EPR. The excited-state principal g
values are not accessible by EPR. Inspecting Table II, note that
the ground- and excited states not only have different g values,
but they also have different rotation angles «. The angle for
the excited state is larger in magnitude and also rotated in
the opposite sense about the (100) axis as compared to the
ground-state angle.

To confirm our C;-site g tensor components determined
from the (001)-plane spectra, we also measured the angular-
dependent Zeeman transition energies with the magnetic field
varying in the orthogonal (110) plane. Results are shown in
Figs. 9 and 10. Solid lines represent the expected behavior

6512.6

6512.4

6512.2

6512.0

6511.8

Transition Energy (cm'l)

o0
6511.6

65114

Angle (deg)

FIG. 7. Detail of orientation dependence of the b and ¢ Zeeman
transitions at 7= 6 K and B = 1 T for C, sites when B is constrained
to the (001) plane. Symbols are experimental data. Solid lines are
calculated from best fit to g values. Small disagreements between
fit and data are attributed to a slight misalignment of the sample.
The inner b and c transitions have been labeled with the subscript,
giving the magnetic inequivalent sites. The special field orientation
for minimizing decoherence in this plane is B || (110), which is
indicated by red vertical lines.

for these transitions based on the g values derived from the
(001)-plane data. As can be observed from Figs. 9 and 10,
in this configuration there are 6 magnetically inequivalent C,
sites generally, collapsing into 4 along (110), 3 along (001),
and 2 along (111) directions. The (111) direction is the most
appealing direction for practical applications and will be dis-
cussed further in the next section.

Figure 11 presents the (110)-plane ground- and excited-
state g values; solid curves again show the expected behavior
based on the g tensor components determined from the (001)
plane. Note that the sixfold orientational equivalence with
respect to (110) is more easily observed in the excited state
than in the ground state, because the tipping angle « is nearly
zero in the ground state.

C. Discussion

As described above, minimizing decoherence of the opti-
cally active Er** ions requires the application of a magnetic
field to “freeze out” unwanted spin-flip transitions that lead to
spectral diffusion. The resulting transition-frequency shifts for
Er** ion populations in the various magnetically inequivalent
sites are governed by the g values for each site as a function
of magnetic field strength and orientation. The strategy for
optimizing the applied field is to maximize the ground-state
“Ins /2 (Z) and excited-state I3 /2 (Y1) splittings for the largest
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FIG. 8. Effective g values for C, site with B in the (001) plane
for the lowest-energy *Iis;» (Z;) and 1132 (Y)) states of Er**:Y,0s.
Symbols are data calculated from Zeeman spectra of Fig. 6 and 7
and using Eqgs. (3) and (4); solid lines are best fits. The special field
orientation for minimizing decoherence in this plane is B || (110) as
indicated by red vertical lines.

population of coherently interacting ions, while at the same
time maximizing the ground-state splittings for all non-
participating ions—-those with different transition energies,
including ions in Cj; sites [35]. These optimization strategies
applied in a complicated system like Er’*:Y,0;3 are often
incompatible. In that case, the angular-dependent g value data
guide the tradeoffs surrounding choice of external magnetic
field direction and magnitude to minimize decoherence.

According to these arguments, both the (110) and the (001)
planes offer choices for magnetic field application to mini-
mize decoherence. We identified two optimum magnetic field
orientations—-one for each plane.

TABLE II. Er** principal g values for ions in C, symmetry as
determined from angle-dependent Zeeman absorption. Included is
the special case of g values along (111) where two sets of ions at
sites 5, 7, 9 and at 6, 8, 10, each consisting of half of the C, ions,
are each orientationally equivalent with respect to (111) with eight
possible transitions.

C, site
8x 8y 8z 8
Level [100] [010] [001] (111) o
4113/2 Y, 1.08 436 10.07 6.18 and 6.54 —11.7°
‘hspp, Z1 1.60 471 1193 7.43 [111]7.50 [111] 2.06°

6518 1 1 1 1 1 1 1
Bin (110) plane J
65161 X
< 6514
S
2
B3 65121 .
S
(0]
[
m
= 65101 i
.8
e
& 6508 '
—
6506 1 X
= - 8§ £ g
S I=, I= = =
6504 X
) 30 60 90 120 150 180
Angle (deg)

FIG. 9. Orientation dependence of the Zeeman transitions at 7=
6 Kand B = 1T for C, sites when B is constrained to a (110) plane.
The “outer transitions” have been labeled. Solid lines are calculated
from best fit to g values. The inner b and c transitions are expanded
in Fig. 10. The special field orientations for minimizing decoherence
in this plane are B || (111), as indicated with red vertical lines.

The most promising orientation for applying a magnetic
field is along (111) in the (110) plane using the b transition,
which for this orientation has an energy of 6512.22 ¢cm™!
at B = 1 T. This special orientation has been marked by
red vertical lines in Figs. 9—11. Following an examination of
Fig. 11 for the g value angular dependence, half of the ions in
C, sites constitute the optically active ions while the other half
constitute environmental ions as a consequence of the twofold
inequivalence of C, sites for this orientation. As can be seen
from Fig. 9, as well as Fig. 11 and Table II, all C,-site ground-
state 4115/2 (Z)) g values are 7.43 along [111] and 7.50 along
[111] in this orientation. The excited-state Cp-site *I13/> (Y1) g
values are divided into two populations: one with a g value of
6.18 and the other with 6.54. As will be reported elsewhere,
the Cs; sites form two inequivalent groups in this orientation;
one-fourth (three-fourths) of these environment ions have a
very high (moderate) ground-state Cj;-site s 12 (Z1) g value
of 12.2 (5.1) or higher [53]. At relatively low overall doping
and relatively low magnetic field, the upper components of the
ground states for both the optically active and environmental
ions are depopulated. Spin flips are minimized on both C, and
Cj; sites for this field orientation.

A second orientation suggested by the data applies the
magnetic field in the (001) plane along (110) for which
the b transition occurs at 6512.38 cm~! at B = 1.0 T. This
orientation is indicated by red lines in Figs. 6-8. Ions in sites
labeled (7, 8) and (9, 10) are equivalent in pairs for applied
fields in this plane. Ground- (excited-) g values for ions in all
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FIG. 10. Detail of the orientation dependence of the b and ¢
Zeeman transitions at 7 = 6 K and B = 1 T for C, sites when B is
constrained to a (110) plane. Solid lines are calculated from best fit to
g values. The special field orientations for minimizing decoherence
in this plane are B || (111) and have been labeled with red vertical
lines.

four sites for B parallel to (110) are 8.8 (7.5). Two-thirds of
the ions in C, sites constitute the optically active ions with
very high ground- and excited-state g values; only one-third
of the ions in C, sites contribute to the environment but have
lower ground-state g values (3.4 and 3.6). As will be reported
elsewhere, ions in Cg; sites are inequivalent in this orientation
and one-half of these environment ions have a very high
ground-state g value of 10.1; however, the remaining half of
these environment ions have a lower ground-state g value of
3.3 [53,55]. In summary, this orientation requires the lowest
overall doping due to the large fraction of ions in C, sites
utilized as optically active ions (2/3), but a larger magnetic
field is required to depopulate the upper Zeeman component
of the ground state due to low g values for these ions in C;
and C;5; sites.

We should also note that the quadratic Zeeman effect can
affect the magnetic splittings and spin dynamics at higher
magnetic field strengths, depending on the separation between
crystal-field levels [69,70]. We expect these effects to be small
for this material over the range of magnetic field strengths
studied here due to the relatively large crystal-field splittings
of 39.5 and 32.4 cm™! in the ground- and excited states,
respectively, as determined from Table L.

V. PHOTON ECHOES AND SPECTRAL DIFFUSION

The optical decoherence of Er** ions at C,-point symme-
try sites was measured from two-pulse photon-echo decays to
confirm the optimum direction for applying a magnetic field.

in (110) - plane
n
Q
=
<
>
00
)
2
k3]
O 124 )
g
= 104
8 -
6 4
1 19}
4 4
2 4 >
J 1,5/, (Z,) ground state
0 T T T T T
0 45 90 135 180
Angle (deg)

FIG. 11. Effective g value variations of the C, site for the case
of B in the (110) plane for the lowest-energy *Iis;> (Z) and *I13)2
(1)) states of Er**:Y,0;. Symbols are data calculated from Zeeman
spectra of Figs. 9 and 10 and using Eqgs. (1) and (2); solid lines are
best fits. The special field orientations for minimizing decoherence
in this plane are B || (111) and have been labeled with red vertical
lines.

A. Experiment

Two-pulse echo decays were measured for the b transition
in 0.005% Er**:Y, 03 as a function of magnetic field strength
for two magnetic field directions. First, we chose the magnetic
field along the optimum direction with B parallel to (111) in
the (110) plane and then contrasted that result with the case
of B parallel to (110). The phase-memory lifetime 7y is the
time over which the initial intensity decays to Iy/e’ and was
extracted from the measured echo decays as a function of
magnetic field strength for both orientations. The phase life-
times were then used to calculate the effective homogeneous
linewidth I";,.

The experimental photon-echo setup was similar to the one
described in Refs. [30] and [31]. The crystal was immersed
in a superfluid liquid helium bath held at 7 = 1.8 K using
an Oxford Instruments Spectromag cryostat, and the laser
light propagated with k parallel to (110). The ECDL output
power of ~1.8 mW was amplified by an erbium-doped fiber
amplifier. A 165-MHz acousto-optic modulator (AOM) gated
the amplified laser beam to generate pulses for two-pulse
echo excitation, with pulse widths of 860 ns and 1.56 ps.
An 80-MHz gating AOM after the crystal was used to dis-
criminate the echo signal from the excitation pulses. The echo
signal was detected using a fast amplified InGaAs photodiode
and processed with a digital oscilloscope interfaced with a
data-acquisition computer that recorded the integrated area
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FIG. 12. Two-pulse photon-echo decays of the C; site in 0.005%
Er’*:Y,0; at T = 1.8 K as a function of magnetic field strengths
with B || (111) and k || (110). Solid lines are least-square fits of the
empirical Mims function to the data (see text).

of the echo signal as a function of the pulse separation in
the two-pulse excitation sequence. Two-pulse photon-echo
decays were measured for magnetic fields up to B = 4.5 T.
For the C, site at low magnetic field strengths of B < 0.3 T,
a modulation was observed in the two-pulse echo decays that
was attributed to superhyperfine coupling between Er’** and
neighboring ¥y nuclear spins, making the analysis of decays
more difficult. At these low fields, the echo-pulse sequence
simultaneously excites transitions from multiple superhyper-
fine levels, producing a coherent interference that causes the
echo-decay modulation. This effect has also been observed
in other Er’*-doped materials, such as Er3*:Y,SiOs [30] and
Er3t:KTP [31], as well as for other materials doped with
paramagnetic ions, such as Yb’*:YAG (yttrium aluminum
garnet) [71].

B. Results

Figure 12 shows representative C,-site two-pulse echo-
decay curves for several magnetic field strengths with B
parallel to (111). At zero field, the photon echo was ob-
servable but very weak. The echo intensity increased by an
order of magnitude when a small magnetic field of B=0.1'T
was applied. From the figure, the observed echo decays were
nonexponential, indicating time-dependent decoherence due
to the presence of spectral diffusion during the echo-pulse
sequence.

We analyzed the echo-decay curves in Fig. 12 using the
empirical Mims equation [72]:

I:Ioexp{—2<2Tt—::> }, 5

where I is the initial echo intensity, ¢, is the separation
between pulse 1 and pulse 2, and x is an empirical parameter
that depends on the spectral diffusion dynamics that determine
the shape of the echo-decay curve. The 1/e phase-coherence

14 L 1 L 1 L 1 L 1

—o—B|<110>
—o—B|<111>

0.005% Er’*:Y,0;, C, site, T= 1.8 K
1 B-field in (110) plane, k || < 110>
2 - b-transition of B-line (6512.1 cm™ at B = 0) r

Effective Homogeneous Linewidth (kHz)

0 1 2 3 4
Magnetic Field (T)

FIG. 13. Dependence of effective homogeneous linewidth on
magnetic field strength for the C,-site Er** ions in 0.005%
Er’*:Y,0;3 at T = 1.8 K with B || (111) contrasted with B || (111).
Symbols correspond to experimental data, and solid lines have been
drawn to guide the eye (see text).

lifetime Tj, obtained using Eq. (5) is the time over which
the initial intensity decays to Ip/e®. Solid lines in Fig. 12 are
fits to Eq. (5). The effective homogeneous linewidth I';, over
the timescale of the echo-decay measurement can be defined
in terms of Ty, using the relation

ry= T ©6)

Figure 13 shows the variation of the effective homo-
geneous linewidth I, for C,-site Er3t jons as a function
of magnetic field strength; solid lines in the graph have
been drawn to guide the eye. The cases of B || (110) and
B || (111) are plotted in the same graph for comparison.
Narrow linewidths of several kilohertz were observed for all
field strengths in both cases, but for the case of B parallel to
(111), the effective homogeneous linewidth was significantly
narrower than that for parallel to (110), which agrees with
our expectation that (111) is the preferred magnetic field
direction.

As these results show, the C,-site g value variations can
serve as a guide to determine that the optimal direction for
applying an external magnetic field in the (110) plane is when
B is parallel to (111). Using this magnetic field direction,
two-pulse photon echoes gave a homogeneous linewidth of
5 kHz for an applied magnetic field of 0.5 T, narrowing and
saturating at 2.5 kHz at 3.5 T. Along this axis, the C;-site g
values from Fig. 11 are 7.495 and 7.433 for the ground state
and 6.180 and 6.551 for the excited state, while the Cgs;-site
g values are all 5.1 or higher as we will report elsewhere
[53]. Large g values lead to freezing out of electron-spin
fluctuations and reduced magnetic ion-ion interactions and,
consequently, narrower effective homogeneous linewidths. In
contrast for B parallel to (001), only 2 of the 6 subsets of
ions in the ground state have large g values of 11.9, while the
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others are 4.7 and 1.6, too small to thermally freeze out their
population to the same degree.

We also note that the variation of the effective homo-
geneous linewidth with magnetic field strength shows a
substantial increase at intermediate fields for both direc-
tions that appears as a characteristic “bump” in the overall
trends. This bump feature was also observed in Er’*:Y,SiOs
[30,51,73], Er**:LiNbO3 [67], and Er*™:KTP [31], as well as
in other paramagnetic rare-earth materials such as Yb**:YAG
[71] and Nd**:YVO, [73]. In general, it arises from the inter-
play between the magnitude and rate of the spectral diffusion
mechanism that predominantly determines the overall ob-
served behavior for the effective homogeneous linewidth for
these Er** concentrations. This behavior can be quantitatively
described, and individual spin-flip processes can be identified,
as shown in the references cited above; however, the many
magnetically inequivalent sites and the presence of two crys-
tallographically inequivalent sites requires a large number of
parameters to describe in this case, requiring more extensive
stimulated photon-echo decay measurements to quantitatively
analyze the spectral diffusion dynamics [30]. It should be
noted that we have found no evidence for decoherence due
to TLS in these crystals so we expect the coherence at high
fields to be likely limited by the yttrium nuclear spins in the
lattice.

VI. CONCLUSION

The results presented here provide an overview of the
spectroscopic, magnetic, and decoherence properties of Er’*
ions occupying C, symmetry sites in Y,O3 that are rele-
vant for quantum information science, spectral hole burning,
and spatial-spectral holography applications. The C,-site
Er3t 4115/2 < I3 /2 transition occurs at a convenient laser-
accessible wavelength of 1536 nm suitably located in the
telecom C band where off-the-shelf optical hardware is well
developed and direct interfacing of the material with existing
telecom infrastructure is possible.

Using site-selective spectroscopy, the crystal-field level
structure of the *Is /2 ground-state and 4113/2 excited-state
multiplets were determined. The fluorescence lifetime of the
i /2 excited state was measured as 8.5 ms. Laser absorption
revealed an inhomogeneous linewidth of 780 MHz in the
0.005% Er’t:Y,053 material.

Using angular-dependent high-resolution Zeeman laser ab-
sorption spectroscopy, we determined the complete electronic

g tensors and their orientations for both the *I;5 /2 (1) ground
state and the *J;3 2 (1) excited state for Er3* ions occupying
the C,-symmetry lattice sites. Our independently measured
g tensor results for the ground state, obtained by high-
resolution optical spectroscopy, agree well with earlier work
using microwave EPR spectroscopy, while the excited-state
g tensor components provide useful material information.
Our optical measurements give comparable precision to EPR
methods and provide a useful alternative approach for mea-
suring g tensors for both ground- and excited states. The
experimental measurements reported here are directly relevant
to development of SHB materials and optical systems for
quantum information science. From our results, we find that
decoherence is generally minimized by employing materials
with weakly magnetic or nonmagnetic host constituents such
as Y,03 and then choosing applied magnetic field directions
where both the excited- and ground-state g values of the active
ion and the effective g values of any other perturbing envi-
ronmental spins in the grounds state are all simultaneously
maximized. The longest decoherence times were measured
with the magnetic field in the (110) crystal plane along (111).
This direction gave overall maxima of all effective g values
for both ground- and excited states and maximized magnetic
equivalence of optically active ions while effective g values of
environmental ions were also large.

Two-pulse echo-decay measurements also revealed the
presence of spectral diffusion due to direct phonon-driven
magnetic dipole-dipole interactions between the Er’* ions, as
has been observed in other Er** systems such as Er**:Y,SiOs
[30] and Er**: KTP [31].

Overall, our results demonstrate that Er’t:Y,0; is a
suitable material system for many photonic and quantum
information science applications. A follow-up publication
will describe the properties of Er’* ions at the Cy; site in
EI‘3+ZY203.
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