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We present polarization-resolved optical absorption measurements on Er’t ions in CaWO, under vector
magnetic fields, focusing on charge-compensated sites arising from local Ca>* vacancies. While the known axial

Er’* site displays a single symmetric Zeeman-split transition pattern consistent with S, symmetry, two additional
sites exhibit more complex spectral behavior, including sets of transitions that interchange under 90° crystal
rotations-evidence of reduced, rhombiclike symmetry. From these polarization- and temperature-dependent
spectra, we extract effective g factors. Our findings are corroborated by electron paramagnetic resonance

measurements and support a model of multiple inequivalent Ca*" vacancies around Er** sites in the host
lattice. This detailed characterization contributes to understanding defect-engineered rare-earth sites for quantum

information applications.
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I. INTRODUCTION

In the past years, the interest in CaWOQy research has been
and still is experiencing a renaissance driven by its function
as a quantum host [1-6]. Especially its long spin coherence
time with naturally abundant host materials is outstanding
[1]. Furthermore, the incorporation of Er’® gains special
attention due to its emission in the telecom low-loss win-
dow, which is essential for any fiber-based quantum network
[7]. For the Er:CaWOQ, system, indistinguishability [2] and
spin-photon entanglement [4] measurements showed first ap-
plication proofs of concepts.

For the incorporation of rare-earth ions (REIs) into
CaWOQy, it is known that charge compensation takes place to
incorporate a triply ionized REI at the double ionized Ca site
[6,8—10]. In this process, the charge compensation is mainly
of a long-range nature, such that the main or axial symmetric
incorporation occurs. However, short-range compensation in-
volving nearby Ca* vacancies can also occur. As shown by
Nassau and Loiacono [9], the ratio between long-range (axial)
and short-range (vacancy-compensated) sites decreases with
increasing concentration of trivalent dopants. For Er:CaWOy,
we identified in a previous optical study at least three addi-
tional environments which we attributed to these additional
short-range compensation sites [11]. To our knowledge, a side
note in an Electron Paramagnetic Resonance (EPR) study
from 1968 reported these additional sites for Er:CaWOy [12]
and the group around Patrice Bertet reported in more recent
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studies two EPR peaks with some similarities to the axial Er**
signal and a rhombic symmetry [1,6].

II. SYMMETRY OF REPORTED EPR SPECTRA

In this study, we refer to these environments as sites. In lit-
erature, we found several historic examples of additional sites
found in EPR measurements for different REIs incorporated
into CaWOy [9,13-17]. Most of these studies reported a set
of four lines, which transform into one another under a 90°
rotation by the ¢ axis [14,15,17] or described a similar behav-
ior [9,13]. Mims and Gillen [15] described that there are two
lines for such a compensation site in the a-b plane, whereas
out of this plane the two lines split into four. Additionally,
Kedzie and Kestigian [13] reported for the incorporation of
Fe’* in CaWOy a single line for B || ¢, which split up into four

lines and merge into two lines for B || [110]. In the a-b plane
[(001) plane], the two lines merge into one line every 90°.
They described the behavior of additional sites from Nd** in a
separate CaWO, crystal as similar to Fe** resonances. Given
the 90° relation of reported compensation sites [14,15,17] the
signal of the four inequivalent sites should also merge into one

line for B || c. Furthermore, the principal axes of these com-
pensation sites are reported in [14,15,17]. We summarized the
details in Table III as conclusive support for the following
highlighting. One study describes the spectra as rhombic [14]
with orthogonal principal axes and without alignment with
any crystal axis. Two of the four inequivalent sites own a
principal axis along [110] and the other along [110]. Nemarich
and Viehmann [16] claimed that this rhombic spectrum is
consistent with their spectra. It is important to note that Ranon
and Voltera [14] do not claim to have a rhombic crystallo-
graphic site; they only describe the spectra to be rhombic.

Published by the American Physical Society
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FIG. 1. (a) Energy levels of sites 1-3 with highlighted investigated Z1Y1 transition. (energies taken from [11]). (b) Absorption coefficients
of sites 1—3 in « polarization with Lorentzian fit. (c) CaWO, lattice presented in ionic radii surrounding an Er** (violet) incorporated at Ca**
(reddish) site. Oxygen ions are excluded for visibility, and W°* ions are presented in gray. Ca>* is color-coded from dark red (nearest neighbor

set) to bright red (fifth nearest neighbor set).

Thus, we interpret that the local symmetry of their Nd** plus

compensation vacancy owns a rhombic symmetry tilted to
the overall crystal lattice. Garrett and Merritt [17] reported
for vacancy-compensated Nd** in CaWO, one set of four
lines which own a not fully orthogonal principal axes with
two principal axis projections into the a-b plane somewhat
oriented towards the [110] and [110] axis. Mims and Gillen
[15] conducted in this context a detailed study on Ce’t in
CaWO, with and without Na™ compensation. They reported
several sets of additional sites for both cases. For the strongest
vacancy- [I(¢)] and Na' [I(Na)] compensated spectra, they
observed principal axes that are not fully orthogonal, and
oriented somewhat towards the [110] and [110] direction.
Furthermore, they found good agreement with predictions of
the linear electric field for a nearest-neighbor compensation.
For the second strongest observed vacancy spectra [11(¢)],
they reported orthogonal principal axes with some alignment
to the a and b axes. However, they could not predict similar
principal axes for this set and suggested that strain fields
might need to be considered additionally. Tiranov, et al. [18]
reported three additional lower symmetry orthorhombic D2

sites in EPR measurements on 171Yb3+:CaWO4 and pointed
towards nearby charge compensation centers.

Moreover, there are a different number of sets reported. For
vacancy-compensated Nd>*, there is only one set reported by
[13] and [17]. For vacancy-compensated Yb*t, there is more
than one additional set reported from [14] and [16] and three
sets by Tiranov, et al. [18]. And [15] reported three sets for
Ce** with vacancy charge compensation and two sets with
Na charge compensation, whereas [9] reported two sets for
vacancy-compensated Ce>*. It is a bit surprising that favoring
sites seems to somewhat correlate with the REI itself. How-
ever, this is not enough data to get a final conclusion.

Besides the charge imbalanced incorporation of REIs
into CaWO,, the Fe3t:CaWO, system attracted some
attention in literature too. For this system older studies re-
ported orthorhombic spectra with similar symmetries as the

REI incorporation and related it to incorporation at the W+
site [13,19] or interstitial sites [20]. More recent studies, how-
ever, showed that Fe** incorporates, like REIs, into the Ca**
site. In this site it does not exhibit an EPR signal unless charge
compensation is introduced. In this case, the Fe3t showed four
nonequivalent charge compensation sites with an orthorhom-
bic spectrum similar to REI signals [1,6,21]. Its comparably
isotropic absorption corresponding to a g factor of 4.3, can
even be found in its naturally abundant form in highly purified
CaWOy due to its sharp transition [1,6].

Optical investigations of the g tensor of Er** incorporated
into different crystalographic sites in different systems were
only reported in recent years [22-26]. These measurements
bear additional obstacles compared to EPR measurements, as
optical selection rules become relevant, and instead of a single
transition, four transitions appear for two split degenerate
states. Depending on the broken symmetry operations through
the new crystallographic site, even additional transitions can
appear.

In this paper, we measure the Zeemann-split polarization
dependent absorption and symmetry of our previously identi-
fied sites 1-3. Using measurements at different temperatures,
we identify different potential sets of Zeeman-split transitions
and highlight the similarities to EPR studies. Finally, we cal-
culate the effective g factors, compare them to literature, or to
an EPR measurement.

II1. SITES

In order to cover the background, we introduce the ba-
sic system in Fig. 1. Figure 1(a) illustrates the Ij3,, and
Iis;» energy levels we identified previously [11]. In this
study, we only investigate the Zeeman symmetries of the
highlighted Z1Y1 transitions. Figure 1(b) shows the ab-
sorption coefficient of these lines at zero magnetic field
under « polarization (k || ¢). Site 2 and 3 show a maxi-
mum of approximately 3% and 5% of site 1’s absorption.
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TABLE L. Summary of geometrical orientations of neighboring Ca>" sites with respect to the Er** incorporation site.

Color/Hue @ Very dark red @ Dark red ® Medium red Bright red Very bright red
Number of Ions 4 4 8 8 4
Distance in A 3.87 5.26 6.53 6.78 7.43
Angle to b axis in a-b plane in ° 0/90 0/90 26.6/63.4 45 45

Angle to ¢ axis in b-¢ plane in ° 0/42.8 90 61.6/42.8 24.9 90

With coarse assumptions (see Appendix 2), we receive con-
centration order-of-magnitude estimates of ps; ~ 6.1 ppm,
ps2 &~ 1.5ppm, and pg3 &~ 2.4 ppm. Additionally, the inho-
mogeneous linewidths are Ay jn = 430(7) MHz, Ajinn, =
3.57(8) GHz, and Aj jpn, = 3.46(9) GHz. This is 18% to 22%
smaller compared to our previous reported linewidths. We
attribute this difference to power broadening as we recorded
the absorption measurements in this study with laser power in
the 10s of pW range, whereas the previous study was recorded
at 100s of uW at the crystal.

As introduced in Sec. 11, additional sites were seen in EPR
studies for other rare-earth ions doped into CaWQ,. These
studies suggest a relation to nearby vacancies at neighboring
Ca?t sites [9,14,15,17]. Figure 1(c) shows a reduced CaWO,
environment of the Er’t incorporated at a Ca* site in the
ionic radius picture (data taken as in [11] from [27] and [28]).
The Ca’" ions of the five neighboring sets are color-coded
from dark red to bright red, corresponding to the total distance
to the Er** ion. Geometrical details of the five depicted sets
of Ca?t ions are summarized in Table I. In this simplified
geometrical picture we draw a line between the neighboring
Ca’* sites and the Er’* incorporation site. We project the
angles of this line into the a-b and b-c planes and calculate
the corresponding angles. Comparing these angles yields that
set 4 and 5 are equally oriented in the a-b plane and own a
different angle to the c axis in the b-c plane. Set 1 owns four
distinct angles, whereas set 2 is symmetric in the b-c plane and
owns two angles in the a-b plane. Set 3 owns, similar to set 1,
four distinct angles, however, none of these angles is aligned
with any crystal axis.

For simplification, we only consider the five neighboring
Ca®* site sets around the Er** incorporation, as closer vacan-
cies should provide a stronger perturbation.

Our here studied Z1Y1 system splits up into at least four
optical transitions. Figure 2(a) shows an example absorption
spectra of the Z1Y1 transition of site 1 with increasing mag-
netic field along the b axis. With increasing magnetic field, the
highlighted transitions A - D split. Additionally, the intensity
of transitions C and D decreases. Figure 2(b) illustrates the
involved energy levels and transitions using the convention
from [29]. With an increasing magnetic field, the previously
degenerate levels of Y1 e™ and e™, as well of Z1 g© and
g~ split further up depending on the effective g factor of the
excited state g, and ground state g,. This leads to an increasing
spectral separation of transitions A - D. The spin-flipping
transitions A and D can be identified as the transitions with the
highest and lowest energy. However, depending on whether g,
or g, is larger, the spin-preserving transitions B and C cannot
be identified by their energy relation, but by their population.
The decreasing intensity of transition C and D in Fig. 2(b)
has its origin in a less and less populated gt state by the

Boltzmann distribution. This can be achieved by an increased
level splitting or by a reduced temperature.

In case our sites own a reduced point group symmetry from
S, of the Ca’* site, we would expect more transitions to ap-
pear [23-25,30]. For the potential C, (C;) point symmetry, we
would expect two (four) magnetic inequivalent classes. Thus,
we would expect 2x4 (4x4) optical absorbing transitions. In
our recorded measurements, we could not identify more than
four absorbing transitions for any site. However, this could
come from a too low signal-to-noise ratio and/or forbidden
transition selection rules rather than from an unreduced crys-
tallographic point group.

IV. MEASURED ZEEMANN SYMMETRIES

Figures 3 and 4 show Zeeman split absorption transitions
of sites 1-3 with the magnetic field rotated in the b-c and
a-b plane under o (k ||c, ELc),o0 (k Lc,E Lc), and 7w
polarization (k L c, E || c). We measured site 1 at a total mag-
netic field of 0.6 T at 1.76 K, while we applied 0.5 T for site 2
and 3 at 10 K. We choose these measurement conditions so
that no Zeeman transitions of other sites interfere in these
scans, the g* states are decently populated, and the magnetic
field magnitude is large enough to avoid the mixed regime at
low magnetic fields. For larger wavelength scans of sites 2 and
3, we could not identify any further transitions. The concluded
and fitted transitions are presented in Figs. 6 and 7.

Site 1 shows a total of four transitions with a 180° sym-
metry in the b-c plane, axial extremes, and a crossing at

approximately £12° around the ¢ axis. For B || c, the inner
two transitions appear suppressed. In the a-b plane, site 1 has
a minimal off-axis bending. Additionally, both polarizations
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FIG. 2. Zeeman splitting of a Z1Y1 transition (a) Zeeman split-
ted Z1Y1 transition of site 1 at 1.76 K in « polarization with B || b for
different magnetic field magnitudes. (b) Schematic Zeeman splitting
of Z1Y1 transitions using the convention from [29].
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FIG. 3. Symmetry of Zeeman splitted transitions of sites 1-3 in
the b-c plane measured in « polarization. Site 1 is measured at 0.6 T
at 1.76 K, site 2 and site 3 are measured at 0.5 T at 10 K.

show locally suppressed absorption lines. Furthermore, we
can assign the transitions in the a-b plane bottom-up to the A,
B, C, and D, and along the ¢ axis, to A, C, B, and D. To val-
idate if our observed symmetries align with the literature, we
calculated the g factors for all magnetic field orientations with
Egs. (1) and (2), and subsequently fitted them using Eq. (3).
Figure 8(a) shows the detailed fit, and Table Il summarizes the
resulting g factors.
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FIG. 4. Symmetry of Zeeman split transitions of site 1-3 in the
a-b plane measured in o [(—180° to 0°, (a), (c), (e)] and 7 [(0° to
180°, (b), (d), (f)] polarization. Site 1 is measured at 0.6 T at 1.76 K,
site 2 and site 3 are measured at 0.5 T at 10K.

gerr = /(g 5in0)2 + (g cos )2 3

Our fitted values for g, align well with literature values from
EPR measurements [12,31] and calculation [32]. However,
there is a deviation to reported values measured optically [2],
likely as the authors mentioned, due to the uncertainty of
their vector magnet calibration. Additionally, we identified for
B || c that transition C is at larger energies than B, leading to
8ell < 8e,l-

Site 2 shows a total of four transitions, which merge
into two transitions along the crystal axes. Additionally, an

TABLE II. Summary of fitted g factors of site 1 with literature values. g is fitted from an increasing magnetic field sweep instead of a

rotation scan, to include paramagnetic shifts observed for B || c.

8¢ 8e
Fit EPR [31] EPR [12] Calc. [32] Optical [2] Fit Optical [2]
Bl cgp 1.263(10) 1.247(1) 1.247(3) 1.21 1.4 1.453(9) 1.3
Bb(gL) 8.42(3) 8.400(3) 8.38(2) 8.45 8.6 7.44(2) 7.6
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TABLE III. Summary of g parameters for axial and nonaxial sites for different REIs in CaWO;. Sites I are stronger compared to sites II.
Used convention from [15]: 6; denotes the angle between a principal axis g; and the ¢ axis, while ¢; specifies the angle between the ¢ axis
and the projection of g; onto the ab plane. Each site produces four lines; the parameters of the other three lines are obtained by adding integer

multiples of 90° to the corresponding set of angles i.

Ce**[15] Nd**[17] Yb¥*[14] Fe3[21] Er** this study
Axial I (¢) II (p) I (Na)® Axial 1I(p) Axial 1(p) II (p) 1(p) Axial  Site2 (p)  Site 3 (¢)
g 1.43 0.82 0.83 1.15 2.54 3.11 3920 4788  3.704 4.300 8.42
6, 90° 84° 90° 87° 90° 52° 90° 90° 90° 3° 90° 90°
1 40° 6° 46° 39° 45° 45° 40° 45°
23 1.43 1.61 1.75 1.57 2.54 236 3920 3.012 4.155 4.289 8.42
6, 90° 74° 60° 84° 90° 74° 90° 84° 83° 7° 90° 90°
02 131° 96° 136° 142° 135° 135° 130° 135°
g3 292 2.86 3.08 2.92 2.03 1.54 1.058 0975 1.155 4.288 1.263
03 0° 17° 30° 7° 0° 43° 0° 6° 7° 275° 0° 30° 0°
3 290° 276° 293° 250° 315° 315° 92°
note tetra rhom? tetra tetra rhom rhom o.rhom tetra rhom rhom?

anticrossing in the b-c plane at approximately +30° around
the b axis and an anticrossing in the a-b plane between —36°
and —42° as well as every additional 90° is present. We iden-
tified the anticrossing by comparing these scans at 10 K with
scans at 1.76 K [see Fig. 5(a)], which indicates that the lower
transitions are connected to the g~ state and the upper transi-
tions to the gt state. Furthermore, the transitions extreme in
the b-c plane are around the ¢ axis between +30° and 36°
and in the a-b plane above the anticrossings. Additionally,
under 7 polarization, it seems that one set of transitions is
favored. Given the anticrossings and polarization dependence,
we conclude that we see two sets of two transitions connecting
the different ground states with the same excited state. For in-
stance, it could be two sets of A and C or B and D transitions.
Using this relation and the fitted transitions visible in Figs. 6
and 7, we calculated the effective g factors of these scans and
present them in Fig. 8. According to this, we get g,, L~ 2 and
8¢, |1~ 3.7, which aligns with the note of different g factors
of axial and compensation sites in [12]. However, when we
compare the relative difference of principal g factors of other
vacancy-compensation sites from Table III there is some in-
consistency. For instance, site 2 g3 would be close to 4, which
is quite different from the axial 1.263, while other reported g3
values are similar to their axial site. Additionally, we identi-

fied with an EPR scan for B || b a peak at 8.4 corresponding
to g, of site 1 and a dip approximately at a g factor of 2,
which could be g, of site 2. Finally, if we compare these
symmetry considerations with the naive geometrical picture
drawn in Sec. III, only set 3 has nonaxial relations to the
Er** incorporation site. Especially the different and nonaxial
orientations of anticrossings and extremes in the b-c plane
require a geometrical relation similar to set 3.

Site 3 shows also a total of four transitions, which merge

into two transitions for B || ¢. The outer transitions in the
b-c plane appear less pronounced compared to the inner two.
In contrast, the o polarization in the a-b plane shows all
transitions with a similar intensity. Additionally, a crossing
is visible in the b-c plane at approximately £18° off the ¢
axis. In the a-b plane four main crossings are visible at —120°
and every additional 90°. We identified the crossing again by

comparing the measurement at a lower temperature [see

Fig. 5(b)]. Furthermore, this yields that for B || aor B || b
the lowest and the third lowest transitions belong to the g~
state while the other two transitions belong to the g* state.
Moreover, in the m polarization the upper and lower transi-
tions cross sharply at around 120°, while this crossing is not
apparent in the o polarization. Furthermore, only half of the
transitions are clearly visible in the 7 polarization.

From symmetry and polarization we conclude that again,
two times the same two transitions are present with a dif-
ferent oriented dipole for the m polarization. Both sets of
two transitions merge to one another under a 90° rotation
in the a-b plane. However, in the b-c plane, they seem to

reach a maximum of distinction for B || b, while they become

indistinguishable for B || c. This indicates that the two sets
are perpendicular to each other, with one oriented more along
the a axis and the other more along the b axis. The crossings
also suggest that the two involved transitions have, in addi-
tion to a different ground state, a different excited state. For
instance, the transition combinations A and D or B and C are
possible. However, the combination of A and D would require
that all transitions merge into one, which we cannot observe.
Hence, the visible transitions must be two sets of the B and

C transitions. With this g, > g, for B || b and g, > g, for

B || ¢ explain the curves and clean crossing in the b-c plane.
Finally, from the naive geometrical picture, sets 1 and 2 have
each two sites along and perpendicular to the b axis in the a-b
plane. However, in the b-c plane, set 2 has one angle to the ¢
axis while set 1 has two different angles. Unfortunately, both
orientations can, in principle, cause a symmetry as seen in the
b-c plane.

V. DISCUSSION

In general, both site 2 and 3 show absorption spectra with
symmetries similar to reported REIs or Fe’* incorporation
in CaWOy, experiencing charge compensation at nearby Ca’*
sites (see Sec. II).
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Both sets of site 2 repeat in a 180° symmetric fashion
in b-c and a-b plane. Thus, we would conclude a rthombic
spectrum. As we are not certain about the orthogonality of
their principal axis, a rhombiclike spectrum is likely the most
precise description. However, given that the spectra are not
aligned with any crystal axis, the crystallographic point group
of the Er**-vacancy complex is probably C1.

The two sets of site 3 show a 180° symmetry in the b-c
plane and are aligned with the crystal axis. This indicates
that one principal axis is aligned along [001], whereas the
other two lie in the (001) plane. As site 3, however, shows
a sawtoothlike asymmetry, it does not agree as well as site
2 with a rhombic spectrum. Nevertheless, there is still some
rhombic character in the spectrum. For the crystallographic
point group, we conclude as well C1.

For comparison, we added the predictions of our principal
axis to the literature summary in Table III.

Additionally, a slight misalignment of the crystal with re-
spect to the magnetic coils of up to 5° is likely for the a-b
plane scans and could explain the wiggles of our axial site
present in Fig. 4.

Finally, we could not observe nonzero field splitting of sites
2 or 3. In contrast, the two not yet identified but Er’t-like
peaks (bl and b2) from [1] and [6] seems to own a nonzero
field splitting. Thus, we believe that the origin of our sites and
the EPR peaks reported in [1,6] is different.

To conclude, we found good agreement of rhombiclike
spectra at our sites 2 and 3 with literature findings. As the
large majority of these findings suggest certain neighboring
Ca*t vacancy sites, we conclude that our sites are also Er’t-
vacancy complexes. Additionally, in the naive geometrical
picture, we suggest that our site 2 corresponds to the third
nearest neighbor and site 3 to the nearest neighbor or next-
nearest neighbor Ca®* site vacancy set. Finally, we could
work out some projections of principal axes and g factors.

For future work, ab initio calculations of magnetic proper-
ties [33], crystal-field splittings [33,34], and defect formation
energies [35] would significantly improve the microscopic
understanding of vacancy-compensated Er centers in CaWOj.
Such an investigation, however, lies beyond the scope of the
present study.

Additionally, optical photon-echo measurements for sites
2 and 3 have not yet been performed in the present study.
However, based on the observed signal strengths, such
measurements appear feasible and are planned for the near
future.
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APPENDIX
1. Sample and setup

The measurements are performed on a 10ppm Er’*-
doped CaWOy. The CaWOQy, crystal was grown by a hybrid
Czochralski-Flow-Zone approach by SurfaceNet. The mea-
surements were taken inside an AttoDry2100 cryostat with a
3-9 T vector magnet. The sample was mounted on top of an
in-house fabricated mirror with a reflectivity of approximately
95% at room temperature. The laser was stabilized using
a wave meter (HighFinesse WS7IR). The collimated laser
was guided through the sample, reflected back at the mirror,
guided back through the sample, and coupled to a polarization
maintaining fiber. The fiber coupled signal was split into four
channels of an SNSPD system from Single Quantum. To fur-
ther improve our noise level, we installed a noise and blackout
box around the cryostat, which additionally shielded the setup
from air fluxes and kept it at an equilibrium temperature.

2. Site concentration estimation

It is possible to obtain a coarse estimate of the relative
site concentrations from the measured absorption strengths,
provided several assumptions are made.

a. Comparable depopulation times

Our previously reported excited-state depopulation times
[11] vary only between 5.8 and 6.1 ms for the different sites.
For a coarse estimation, we therefore treat them as equal, i.e.,

(a) site2at1.76 K (b) site 3at 1.76 K

pE—— ===

o
w

0.0F

splitting in nm/T

90 -60 -30 0 -90 -60 -30 0
angle magnetic field in degree
FIG. 5. Symmetry of Zeeman split transitions of site 2 (a) and 3

(b) in the a-b plane measured in o polarization (—90° to 0°) at 0.5 T
at 1.76 K.
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splitting in nm/T
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FIG. 6. Overlayed Fig. 3 with fitted and assigned optical
transitions.

b. Similar nonradiative decay rates

‘We assume that the nonradiative contribution I'™ does not
differ significantly between sites 1-3.

c. Comparable polarization behavior of the relevant transition

The absorption of the Z; — Y transition in sites S1, S2,
and S3 is, to a good approximation, similarly unpolarized
[11]. The absorption profiles used here were recorded in «
polarization. For site S1, the transition is allowed as both an
electric- and magnetic-dipole transition. For S2 and S3, which
have effectively C; symmetry, all transitions are in principle
allowed as well.

Under these conditions, we may use the relations between
absorption, oscillator strength, radiative lifetime, and concen-
tration described by Xie, et al. [36]. For completeness, the
relevant expressions are

4 e 1
ED = —ﬂ Omec —_ E/QED(V)dIL

4 mez N x
4reomec 1 1
Y =—=—=— [ «°(v)av,
' we= N ny
ED
1 27‘[62 Jji.g
B0 T Comee K 3520
rad,q 0fTte 0

transitions:

splitting in nm/T

-90 00 90
Blla Bllb Blla

-180
Bllb

180
Bllb

angle magnetic field in degree

FIG. 7. Overlayed Fig. 4 with fitted and assigned optical

transitions.
a . b .
(9) site 1 a-pol. (®) site 2 a-pol.
T T T Py T T T ot
o g| 4
fit set a-2
—fit
** 2
=
—
O
-05 o 1 1 1 0 1 1 1
© 0 90 180 270 360 0 90 180 270 360
HCIJ_) Blic Bllb Blic Bllb Bllc Blic Bllb Blic Bllb Bllc
o (g) site 2 o-pol. (2) site 2 n-pol.
] I I I set on-1 [ I I set on-1
O
uqz‘, 2 seton-2| 2 set on-2
()
1 1
0 1 1 1l 0 1 1l
-180 -90 0 0 90 180
Bllb Blla Bllb Bllb Blla Bllb

angle magnetic field in degree

FIG. 8. Fitted and calculated effective g factors. (a) Site 1 with
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d. Similar electric- and magnetic-dipole contributions
for all sites

This assumption is the main unknown. However, adopting
it allows us to estimate relative site concentrations directly
from the ratio of absorption integrals:

N Jaa(v)dv
N [ai(vydv

The integrals are obtained from the areas of Lorentzian fits
to each transition. This yields

S2 S3
— =0.24, — =0.40.
S1 S1
Assuming that the nominal Er concentration of 10 ppm is
distributed among the three observed incorporation sites, we
obtain

Ps1 ~ 6.1 ppm,
ps2 ~ 1.5 ppm,
ps3 ~ 2.4 ppm.

These values should be regarded as order-of-magnitude
estimates.

3. Temperature dependence

Figure 5 shows additional rotation scans for site 2 and 3
in o polarization at 1.76 K. In combination with the scans
at 10K in Figs. 4(c) and 4(e) we can distinguish between
transitions connected to different ground states. More on this
in the main text.

4. Color map with fitted transitions

In order to provide more clarity about our interpretations,
we added fitted transitions or transition traces as overlays to
Figs. 3 and 4 and present them in Figs. 6 and 7. For site 1, we
identified transitions A - D. For site 2, we identified two sets
of either C and A or D and B. Additionally, we cannot identify
which set in the « polarization belongs to which set in the o
or w polarization, thus, we named them set a-1, set «-2, set
om-1, and set or-2. For site 3, we also identified two sets of
C and B transitions. However, we cannot with certainty assign
which C and B transitions belong together. We believe that
transitions C and B belong together, which shows the extremes

effective g factor in #

N 84 43 2.0
I T T T

X

£

2 20t

C

2

()

S 0

=

E

S 20}

()

>

g

3 -40p

.9 1 n 1 " 1 n

S 0.1 0.2 0.3 0.4

magnetic field in T

FIG. 9. EPR measurement recorded at 1.76 K for B || b at f; =
5.402 GHz with a microwave cavity of Q = 270. The inset shows
the crystal inside the PCB microwave cavity on top of our cryogenic
piezoelectric stage tower.

at the same orientation. This would mean black C and green
B as well as cyan C and orange B belong together.

5. Effective g-factor fits

In Fig. 8 we provide the effective g factors of site 1 ground
and excited state as well as the effective ground state g fac-
tor of site 2, as interpreted in the main text. For site 1 we
used the transitions identified under « polarization and fitted
with Eq. (3). For site 2 we used the fitted transition trace
and calculated according to Eq. (1) the corresponding g,.
Set omr-2 of Fig. 8(d) has only a small data set behind the
transition fits; thus, its effective g factors are less accurate
compared to the other sets. In addition to the optical measure-
ments, we used a microwave cavity to investigate the ground
state splitting using EPR measurements. Figure 9 shows such
a EPR measurement for B || b with the inset showing the
setup. In general, we can identify features at approximately
an effective g factor of 8.4, 4.3, and 2.0. The g factor of
8.4 aligns with g, | of site 1 (see Table II). The g factor of
2.0 is around what we expect for g, | of site 2 according
to Fig. 8. The effective isotopic g factor of 4.3 aligns well
with the signature of Fe®" in a Ca®* site with vacancies at
neighboring Ca sites [1,6,21], as outlined in Sec. II. The purity
of our CaWOy is with 99.9999 at% even better compared to
the precursors CaCO3 99.999 at% and WO3; 99.998 at% [37]
of the study reported the outstanding electron spin coherence
time of 23 ms [1]. On this undoped crystal, they reported a
ratio of [Fe]/[Er] of 16 from EPR measurements. The lower
purity of our doping precursor Er,Oz with 99.9 at% should
be negligible, as only 10 ppm of the Er** is doped. Thus,
it seems likely that our Fe-peak originates as well from the
few remaining Fe atoms with vacancy compensation centers
close to.
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