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Er-doped Si is a promising candidate for quantum information applications due to its telecom wavelength
optical transition and its compatibility with Si nanofabrication technologies. Recent spectroscopic studies based
on photoluminescence excitation have shown multiple well-defined lattice sites that Er occupies in Si. Here we
report a measurement of the Zeeman and hyperfine tensors of a single 1S7Er"" jon in Si. All the obtained tensors
are highly anisotropic with the largest value principal axes aligning in nearly the same direction, and the trace
of the lowest crystal field level g-tensor is 17.78 & 0.40. The results indicate that this specific Er site is likely
to be a distorted cubic site that exhibits monoclinic (C;) symmetry. Finally, zero first-order-Zeeman fields are
identified for this site and could be used to reduce decoherence of hyperfine spin states in future experiments.
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I. INTRODUCTION

Er** ions have been widely used in classical optical
devices and networks thanks to the *I;5 /- 13 /2 optical transi-
tion at telecom wavelength. Recent studies on Er** ions have
demonstrated new prospects for quantum optics and quantum
computing with direct optical access to telecom fiber networks
and Si photonic cavities. Er’* is particularly attractive for
quantum applications because of the long coherence time
available on hyperfine or electronic spin states. For example,
hyperfine coherence time can exceed 1 s for Er** ions in
Y,SiOs [1] and a 23 ms electron spin coherence time has been
demonstrated for Er’* ions in a natural-abundance crystal,
CaWOy [2]. Further enhancement can be achieved by utilizing
hyperfine transitions at a zero first-order-Zeeman (ZEFOZ)
field that are protected from magnetic field fluctuations [3].
In addition, strong cavity coupling and coherent control of a
single Er** ion have been demonstrated by combining a Si
cavity with an Er-doped Y,SiOs crystal [4,5].

Si would be an obvious choice of host materials for Er**
ions due to the well-established Si nanofabrication technolo-
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gies. Also, the nuclear-spin free environment provided by
isotopically purified 28Si can significantly suppress decoher-
ence due to nuclear spins in the host crystal. One challenge
is that Er’* ions can form a range of sites in Si in contrast
to only two crystallographic sites that Er’* jons occupy in
Y,SiOs5 [6]. By choosing a suitable annealing condition and
Er concentration, a cubic Er site can become the dominant site
in float-zone Si with low impurity levels [7]. The typical struc-
ture of its photoluminescence (PL) spectra includes an optical
transition at 195.01 THz between its lowest levels of the *1;5 2
and *1;3, states. While complex spectra appear in Er-doped
Si under different annealing conditions or in the presence of
other dopants or implantation-induced defects [8], the spectral
structure of this cubic site is still observable. Analysis of
the fine structure suggests the Er’" ion sees a tetrahedral
crystal field [7,9]. Also, existence of a tetrahedral interstitial
Er site in Si was confirmed by emission channelling studies
[10], although there was no direct experimental link between
this result and earlier measurements. These findings are in
agreement with several theoretical studies that the tetrahedral
interstitial site is the most stable site for Er in Si [11-14], but
other studies found a tetrahedral substitutional site [15,16] to
be more stable or a hexagonal interstitial site when oxygen is
involved [12,15].
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The most direct evidence of a cubic site would be an
isotropic Zeeman g tensor, but the g tensor of the cubic Er
site in Si has not been determined due to the complex spec-
tra and limited resolution from PL or electron paramagnetic
resonance measurements. Another characteristic property is
the trace of the Z; g tensor, where Z; represents the lowest
crystal field level of the *I;5/, ground state. Crystal-field levels
of a cubic site can be either I'g quartet states or doublet states
of I'g or I'7, but only I'¢ and I'; Z; levels have been experi-
mentally identified in Er-doped crystals [17]. The trace of the
Z, g tensor for I'¢ and I'; is calculated to be 20.4 and 18.0
based on crystal field theory, and the measured values in two
cubic crystals are on average 20.27 + 0.12 and 17.79 £ 0.03,
respectively [17]. The small deviation from the calculated
value is usually explained by interactions with higher-lying
energy levels or the effects of covalency [18,19]. Er** ions can
also occupy a slightly distorted cubic site where the crystal
field distortion is small compared to the cubic crystal field.
As a result, the distortion on the trace of the Z; g tensor is
expected to be smaller than 0.3 [19] and the cubic crystal field
approximation is still valid [20].

Recent high-resolution photoluminescence excitation
(PLE) measurements on Si waveguides [22,23] and bulk
Si [24] have both shown multiple well-defined Er sites.
The inhomogeneous linewidths are of the order of 1 GHz,
which is comparable to that of Er’*t :Y,SiOs, and some
sites show homogeneous linewidths below 1 MHz. These
studies reinforce the promise of Er in Si, but for applications
where long coherence times are required, extensive studies
of the Zeeman and hyperfine interactions of the Er sites in
Si are also required. The Zeeman interaction defines the
preferred magnetic field direction to suppress electron spin
relaxation due to spin-lattice coupling. Further, hyperfine
transitions at a ZEFOZ field are protected from magnetic
field fluctuations and thus allow extended spin coherence
times [25]. The Zeeman splitting can be observed for some Er
sites using PLE, but the resolution is limited by the ~1 GHz
inhomogeneous linewidth and may be further limited by
multiple site orientations [24].

The inhomogeneous broadening can be avoided by look-
ing at only one ion. The hybrid electrical/optical single ion
detection enables the high spectral resolution study of the Zee-
man and hyperfine interactions on a single ion level [26,27].
Recently, a time-resolved single ion detection technique was
demonstrated [21] by detecting the ionization of a single trap
as opposed to multiple traps in the previously used time-
averaged measurements [26,28]. The time-resolved detection
has the advantage of allowing a wider range of experimental
conditions and faster repetition of the single ion detection
than the time-averaged detection [21]. While the earlier stud-
ies with time-averaged detection revealed a large number of
optical transitions from 193.5 THz to 197.0 THz [24], optical
transitions at approximately 195.04 THz are frequently ob-
served in devices showing single trap ionization with and
without oxygen co-implantation, as shown in Table 1.

Here we investigate the Zeeman and hyperfine interactions
of a single '’Er’" ion in Si. This Er site has a zero-field
optical transition frequency of 195036.7 GHz (1537.107 nm)
which closely matches the previously reported cubic site in Si
[7]. A spin Hamiltonian model is used to fit the spectra from

TABLE 1. List of devices in which Er*" transitions were ob-
served by detecting the ionisation of a single trap.

Device Transitions (THz) Note
194.05, 195.03

1(Er)
195.07, 196.02

2(Er+-0) 195.03

3(Er+0) 195.04, 195.94

4(Er+-0) 195.04, 195.99 The present paper

5(Er+-0) 195.07

6(Er+-0) 195.12

7(Er+0) 195.15

8(Er+0) 195.35 Ref. [21]

field rotation measurements. The fitting gives the Zeeman
interaction g tensors and the hyperfine interaction A tensors
for the lowest crystal field level in the 4115/2 manifold and a

crystal field level in the Tis /2 manifold of the 167Er3+ ion.

II. SPIN HAMILTONIAN MODEL

Er forms a trivalent state in most semiconductors with a
4f'! electronic configuration. The telecom wavelength optical
transitions arise from the 4115/2 ground-state multiplet and
the *I;3 /2 first optically excited state. Under the action of a
crystal field, the 2/ 4 1 degeneracy in these levels is partially
or wholly lifted. For example, the *1;5/> state splits into five
levels for the special case of the cubic site and eight levels for
low-symmetry sites.

Figure 1(a) shows a generic energy level diagram of the
low-symmetry Er site investigated in this paper. The crystal
field levels of *Iys)> (*Ii3/2) are labeled as Z; up to Zg (Y
up to Y57) in order from the lowest energy to the highest. For
a low-symmetry site, the electron and nuclear spin quantum
numbers are not necessarily good and in general do not re-
fer to the same directions in the ground and excited states.
Here, an effective spin model with § = 1/2 and I =7/2 is
used to describe the system. Each crystal-field level has a
twofold electron spin degeneracy (Kramers doublet) which
can be lifted by a magnetic field. For a 1676 jon with a
nuclear spin of I = 7/2, each crystal field doublet splits into
16 hyperfine sublevels. The Zeeman and hyperfine splittings
of a crystal-field level can typically be described in low field
by a spin Hamiltonian [6,29,30],

H=pB-g-S+1-A-S+1-Q-I—pg.B-I, (1)

where B is the external magnetic field, S is an effective spin
vector, I is a nuclear spin vector, g, A, and Q are the Zeeman,
hyperfine, and quadrupole tensors, ©, and u, are the Bohr
and nuclear magneton, respectively, and g, ~ —0.1618 is the
nuclear g factor.

At liquid helium temperatures, only the lowest crystal-field
level Z, is populated, and optical transitions between Z; and
multiple crystal field levels Y; can be observed. When the
electronic Zeeman splitting is much larger than the hyperfine
splitting, the transitions between Z; and Y; can be split into
four transition groups a,b,c,d as shown in Fig. 1(a). The four
transition groups are well separated in transition frequency,
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FIG. 1. Spectroscopic measurement of a IS7B"" jon. (a) A generic energy-level diagram of a 7B’ jon in a high magnetic field. mg and
my; represent the spin projection quantum numbers of the electronic and hyperfine spin states, respectively. (b) A schematic of the FinFET
device and its electrical and optical connections. The laser beam is focused on the channel region of the device doped with 7B jons.
(c) Two typical current-time traces measured under resonant (red) and nonresonant (black) illumination.

and each group contains eight hyperfine spin preserving peaks
with Am; = 0. When the Zeeman splitting and hyperfine
splitting become comparable, hyperfine sublevels from differ-
ent Zeeman branches start to mix.

III. SETUP AND SPECTROSCOPY

The experimental setup and the device used in this work
are illustrated in Fig. 1(b). The device was a Si fin-field-
effect transistor (FinFET) consisting of three terminals and
a nanowire channel (35nm width x 80 nm length x 60 nm
height). '*’Er and O were implanted into the device followed
by a 700°C annealing to repair the implantation damage.
The estimated concentration of Er and O in the channel
is 1 x 107 cm™ and 1 x 10" cm™3, respectively. Addition-
ally, the p-type channel had a B doping concentration of
3 x 10" cm~—3. The device was installed on the cold stage of a
liquid helium-free cryostat operating at a base temperature of
3.6 K. The cryostat is equipped with a 6-1-1 T superconduct-
ing vector magnet, which can provide a magnetic field up to
1 T in any direction. The device was placed at the center of the
magnet, and the field homogeneity is for the X and Y axes and
0.1% for the Z axis over a 1 cm diameter of spherical volume.

A fiber-coupled frequency-tunable laser (Pure Photonics
PPLC550) was used to excite the optical transitions. The
laser light was split into two beams. One beam was sent
to a photodetector (PD) and a wavemeter (WM) for power
and wavelength monitoring. The specified repeatability of the
wavemeter (Bristol 621A-NIR) is +6 MHz. The other beam
went through a polarization controller (PC) and optical fibers
and reached the cold stage. The light was focused onto the
device surface by a two-lens objective [31] and the spot size
was approximately 2 pm.

Single Er*" ion spectra were measured with an optical-
electrical hybrid method [21,26]. The FinFET was biased
under a subthreshold gate voltage [32] so single quantum dots
(QDs) form in the device channel. These QDs can work as
sensitive charge sensors and detect the loss or gain of a single
electron in its vicinity. After the Er** ion was excited into the

Tis /2 excited state by resonant light, it would relax back to
the *I;5 /2 ground state via either a radiative process by photon
emission or nonradiative processes.

Our previous studies have demonstrated that a nonradiative
relaxation of an Er** ion can cause a nearby trap to ionise
[21], and afterward, the trap resets by capturing an electron.
These processes can be seen from a typical current-time trace
(red) in Fig. 1(c) measured under resonant illumination. The
current through the QD switches between two discrete lev-
els due to ionisation and reset events. In contrast, the black
current-time trace was measured with a nonresonant laser
frequency and the current stays at the background level. The
spectra presented in this paper were measured under continu-
ous wave laser excitation and the spectral signal was defined
as the number of ionisation events per unit time per unit power
in a long current-time trace. In principle, a longer current-time
trace gives a more accurate spectral signal at each frequency,
and a finer frequency step size leads to more data points for
the peak fitting, but both will lead to longer measurement
times. Therefore, a trade-off was made between these two
parameters, and a frequency step size of 20 MHz and a trace
length of 5 s were used in this paper.

IV. FIELD ROTATION MEASUREMENT

To determine the anisotropic spin Hamiltonian tensors,
we used the vector magnet to apply fields along different
directions while holding the field magnitude fixed at 0.4 T.
For a low-symmetry site, high anisotropy is expected for
the g tensors, and resonant frequencies of the four transition
groups vary considerably as the field rotates. Therefore, we
started with a preliminary measurement to determine a simpli-
fied spin Hamiltonian with only the electronic Zeeman term,
which can be used to identify a suitable laser frequency scan-
ning range for each field direction. First, the four transition
groups were measured by rotating the field in a circle within
the three orthogonal planes (XOY,YOZ, ZOX) of the labo-
ratory frame. Second, spectral scans were performed in high
magnetic fields along the Z axis to identify the ground electron
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FIG. 2. Field rotation Zeeman spectroscopy. (a) A subset of the selected magnetic field directions. The peanut shape contour shows the
Zeeman splitting amplitudes of the Z, level when the magnetic field points in different directions and the colored dots on the contour surface
denote the selected field directions. Each dot indicates a magnetic field vector direction from the origin O to the dot, and its color is used to
highlight different groups of directions and its brightness comes from the 3D lighting effect. Three sets of spectra are shown as examples in
(b)—(f), and the Roman numeral on the top right corner of each figure denotes the magnetic field direction in use and corresponds to the Roman
numerals in (a). The colored spectral peaks in (b)—(f) were used for the spin Hamiltonian fitting.

spin level of Z; and to assign the a,b,c,d optical transition
groups to the corresponding Z; and Y; electron spin levels.
In addition, the results suggest that the measured Y; level is
likely to be the Y| level. (See Appendix B for details.) Finally,
the fitting results gave the Z; and Y; g tensors, and both turned
out to be highly anisotropic with similar orientation.

The preliminary g tensors were then used to select the di-
rections for the field rotation measurement. The peanut shape
contour in Fig. 2(a) shows the Zeeman splitting amplitudes
of the Z; level when the magnetic field is along different
directions, and the colored dots on the contour surface denote
a subset of the selected field directions while the full set can be
found in the Supplemental Material [33]. Each dot indicates a
magnetic field vector direction from the origin O to the dot
and its color is used to highlight different groups of directions
and its brightness comes from the 3D lighting effect.

To help the understanding of the field direction selec-
tion strategy, three sets of spectra are shown as examples in
Figs. 2(b)-2(f). Only the spectral peaks that can be properly
assigned to energy levels and show good peak contrast were
used for the final spin Hamiltonian fitting, such as the orange
and red spectral peaks in Figs. 2(b)-2(f). Multipeak fitting
with Lorentzian functions was used to determine the peak
positions. The full width at half maximum of the isolated
peaks was approximately 32 MHz [34]. Since the spectra were
measured with a finite step size of 20 MHz, the apparent
peak heights in Figs. 2(b)-2(f) show arbitrary fluctuations and
the highest points do not necessarily correspond to the fitted
peak heights or center frequencies.

The two ends of the peanut shape contour in Fig. 2(a)
correspond to the principal axis of the g tensor with the largest
g value, defined as g.. A typical set of spectra in this region is
shown in Figs. 2(b) and 2(c) and its field direction is denoted
by the red square I in Fig. 2(a). Specifically, Fig. 2(b) shows
the transition group b which comprises eight strong hyperfine
peaks corresponding to Am; = 0 in the central region and
two sets of seven weaker hyperfine peaks corresponding to
|Amy;| =1 in the two side regions. Figure 2(c) shows the

transition group a with a lower overall signal than group b.
Group a also consists of eight stronger Am; = 0 peaks but
the weaker |Am;| = 1 peaks distribute between the Am; = 0
peaks. These features show up similarly when the magnetic
field points in most directions except the waist region of
the peanut shape contour, where the two transverse principal
axes lie, with smaller g values, defined as g, and g,. In this
transverse field region, the Zeeman splitting becomes compa-
rable to the hyperfine splitting. Some |Am;| = 1 and Am; =0
hyperfine peaks start to overlap, and some |Amy;| = 1 peaks
become stronger due to the mixing of spin states. These phe-
nomena can be seen from spectra II and III in Figs. 2(d)-2(f),
and the field directions are denoted by the red squares II and
IIT in Fig. 2(a), respectively.

In total, 181 different field directions were selected into
two categories. One category covers the entire space as the
magnetic field follows a three-dimensional (3D) spiral path.
These field directions can be seen in the Supplemental Ma-
terial [33] and three of them are denoted by the red squares
in Fig. 2(a). The other category focuses on the transverse field
region with three field rotational scans within the three orthog-
onal planes (XOY,YOZ, ZOX) of the laboratory frame, as
indicated by the blue, green, and purple dots in Fig. 2(a). The
spectral information in this region is critical for improving
the fitting accuracy of the smaller values in the Zeeman and
hyperfine tensors. Due to the level mixing and anticrossing
in this region, intensities of transitions become equivalent and
hyperfine peaks are unevenly spaced, as can be seen in spectra
IT and III [29].

V. SPIN HAMILTONIAN FITTING

Using the method described above, 5788 hyperfine tran-
sition peaks were identified from the 181 spectral scans
and were used for the spin Hamiltonian fitting. For a low-
symmetry Er site, the principal axes of the g- and A-tensors
of different crystal field levels may deviate from each other.
Therefore, each tensor has six independent variables, i.e.,
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TABLE II. Principal values and Euler angles for all tensors.

Principal values Euler angles (deg)

a =137.50 £ 0.13
B = —66.036 = 0.099
y =—1557 £ 20

g = 14.846 £ 0.028
g =238 £ 0.18
g =0.55 + 0.19

Zi(*lisp) A, =1.558 + 0.019 o=1388 £ 48
A, =0.56 £ 0.21 (GHz) B=-663 % 69
A, =030 £ 0.16 y =—65 + 47
g. = 13.100 £ 0.023 o =129.74 £ 0.11
g =0.59 + 0.17 B =—7187 + 0.11
g =0.16 £ 0.16 y = —161 £ 25
Y,(*li30) A, =1.773 £ 0.023 a=1274 £ 66

A, = 0.42 £ 0.14 (GHz)
A, =0.07 £ 0.16

B=-722+15
y =—101 % 55

three principal values and three Euler angles. Euler rotations
followed a z —y" — z” sequence. A diagonal matrix M, de-
fined in the coordinate system of the principal axes (x,y, z)
can be transformed to a matrix M defined in the laboratory
frame (X, Y, Z) by the following relation:

M =R".M, R, )

where R = R/ (y) - Ry (8) - R;(a), and R; represents a rota-
tion matrix of an angle («, 8, or y) about the axis i. Here y', 7"
are the new axes after the first and second rotations.

In principle, the quadrupole interaction term Q can be de-
termined by the field rotation Zeeman experiment. However,
its most significant impact on the identifiable spectral peaks
was found to be smaller than 10 MHz. This impact could not
be measured accurately due to the 6 MHz repeatability of

the wavemeter. Therefore, the quadrupole interaction term
was not included in the fitting. The final spin Hamiltonian
model includes 12 free parameters for each of the Z; and Y;
levels and another free parameter for the optical transition
frequency. The Hamiltonian fitting used a global optimisation
technique, basin-hopping, to minimize the root-mean-square
deviation (rmsd) calculated from the residuals as follows:

rmsd =

o e im)2

N 2 BT =) 3)
k=1

where f,fim and f,f"p are the simulated and measured center
frequency of spectral peak k, and N is the total number of
peaks in the fitting.

The fitting gives an rmsd value of 83 MHz. Table II shows
the fitting parameters. Only absolute values are quoted for the
principal values. All four tensors are highly anisotropic, with
one principal value (g;) much larger than the other two (g,
and g, ), consistent with low site symmetry. The misalignment
between the Z; and Y; g tensors indicates that the Er site has
monoclinic (C;) symmetry.

The previously reported cubic Er site in Si has an op-
tical transition frequency of 195.01 THz [7], which closely
matches the C; Er site in the present paper. Also, the trace
of Z, g tensor is 17.78 £ 0.40, which matches the expected
value for a I'y Z; state. This match reveals that the cubic
crystal field approximation holds for this C; Er site in Si
[19,20]. Overall, these properties suggest that this C; Er site
is likely to be a distorted cubic site. Parameter uncertainties in
Table II are calculated using the Markov chain Monte Carlo
sampling method. The four tensors’ largest principal values
(g2, A;) have smaller uncertainties than the transverse prin-
cipal values (g, g, Ay, A,) due to the challenges associated
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FIG. 3. Field rotation measurement results and fittings within the three orthogonal planes of the laboratory frame. Measured (colored dot)
and calculated (colored line) spectral peak positions are plotted as a function of the field rotation angle as the magnetic field rotates within (a)
X OY plane, (b) YOZ plane, and (c) ZOX plane. Red dots and lines correspond to the eight Am; = 0 transitions in group a. Orange dots and
lines correspond to groups b and c. Since the spacing between adjacent hyperfine peaks in groups b and c is too small to be presented together
with group a, only the fourth lowest energy transition among the eight Am; = 0 hyperfine transitions of group b (and ¢) is plotted. Due to state
mixing in the anticrossing regions, the calculated Am; = O transitions may become weaker than other transitions, e.g., |Am;| = 1, so dashed

lines are used in these regions.
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FIG. 4. Field strength vs the maximum curvature of the ZEFOZ
fields found for the '’Er’ " ion. The red and green points correspond
to ZEFOZ fields in weakly and strongly mixed regimes, respectively.

with the high anisotropy of the tensors. First, the electron spin
quantization axis i = B - g/(|B - g|) remains close to the z
direction for a wide range of field directions as a result of
the high anisotropy of the g tensor, except in the transverse
field region. This means that the transverse field region is
critical for determining the transverse principal values, g, and
gx; however, only a limited number of spectral peaks can be
identified in this region due to spin mixing. Second, the hyper-
fine splitting is similarly impacted by the high anisotropy of
both A and g tensors, as primarily determined by |A - fi| [6].
Overall, the uncertainties may be underestimated because of
the large number of fitting parameters [6]. In addition, the final

position of the device may change slightly during cooldown
due to thermal expansion and contraction, and consequently,
the actual magnetic field at the Er*" ion might deviate from
the set field especially for X and Y axes because of the field
inhomogeneity.

To evaluate the fitting in the transverse field region, mea-
sured and calculated spectral peak positions of groups a,b,c
from the three in-plane field rotation scans are presented
in Fig. 3. The eight red spectral lines in the upper sec-
tions of Figs. 3(a)-3(c) correspond to the eight calculated
Amy; = 0 hyperfine transitions of group a, and the red dots
represent the measured peaks that can be identified and
were used for fitting. The spacing between adjacent hyper-
fine peaks in groups b and ¢ is much smaller than group
a. For clarity, then, only the fourth lowest energy transi-
tion among the eight Am; = 0 hyperfine transitions of group
b (and c) is plotted in Fig. 3, and the orange dots and
lines represent the measured and calculated peak positions,
respectively.

In the region where electronic and hyperfine spins are
highly mixed, spectral peaks are generated between sorted
hyperfine levels in the Z; and Y, states similar to hyperfine
transitions outside this region. Due to state mixing, these
calculated transitions may become weaker in the anticrossing
region, so dashed lines are used in this region.

The four tensors have very similar o and 8 Euler angles,
which determine the direction of the z principal axes of the
four tensors. The similarly orientated A and g tensors lead to
nearly identical hyperfine spectra outside the transverse field
region, similar to spectrum I in Fig. 2(b). This phenomenon
can also be seen from the left parts of Figs. 3(a) and 3(c), even
though the three scans in Fig. 3 focus on the transverse field
region.
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FIG. 5. 3D view of the ZEFOZ fields with a field strength below 5 T. (a) ZEFOZ field vectors. Each colored dot represents a ZEFOZ field
vector, and the red and green points represent ZEFOZ fields in weakly and strongly mixed regimes, respectively. The colored solid and dashed
lines indicate the directions of the principal axes of the Z, level g tensor and A tensor, respectively. (b) Directions of the ZEFOZ fields. The
peanut shape contour shows the Zeeman splitting amplitudes of the Z; level when the magnetic field points in different directions. The colored
dots on the contour surface denote the field directions, and each dot indicates a magnetic field vector direction from the origin O to the dot.
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To locate the ZEFOZ fields for the '7Er’ " ion, we follow
the calculation procedures described in Ref. [25] using the
fitting results. The hyperfine spin transitions between any
two of the sixteen hyperfine sublevels of Z, are considered
in the calculation. The curvatures at all ZEFOZ fields are
calculated and plotted into two groups (red and green) in
Fig. 4. The red group contains field directions close to the
largest value principal axis of the Z; g tensor. This is a weakly
mixed regime, where the electronic Zeeman term dominates
and the electron spin is close to a good quantum number.
ZEFOZ fields of the green group are either in the transverse
field region of the peanut shape contour or so weak that the
electronic Zeeman splitting is smaller than or comparable
to the hyperfine splittings. Due to the state mixing, ZEFOZ
transitions in this strongly mixed regime tend to have stronger
transition strengths than those in the weakly mixed regime.
Furthermore, these ZEFOZ fields cluster around particular
directions, as shown in Fig. 5, and additional figures of the
ZEFQZ fields can be found in Appendix C.

The decoherence rate induced by magnetic noise at ZEFOZ
fields can be estimated as S>(AB)?, where S, is the curvature
of ZEFOZ transition and AB is the magnetic field fluctuation.
To give an estimation on the decoherence, we consider an
experimental condition of sub-Kelvin temperatures and 1T
magnetic fields, which can be provided in commercial vector
magnet cryogenic systems. The magnetic field fluctuations

experienced by 167Er jons in natural Si are dominantly due
to the flipping of nearby *’Si nuclear spins and other Er**
electron spins. From Monte Carlo simulations [35], AB for
an Er doping concentration of 1 x 107 cm~ in natural Si
is dominated by the flipping of ?°Si nuclear spins and is

estimated to be 0.01 mT. The results suggest that 167> spin
coherence times in ZEFOZ fields of about 1 T in natural Si can
potentially reach 1 s in the strongly mixed regime and 1 min
in the weakly mixed regime. The estimation is indicative and
decoherence suppression is also expected from the frozen core
effect [1,36,37], as the moderate field and low temperature
considered here can freeze most electron spins in the crystal.

VI. CONCLUSION

We investigated the Zeeman and hyperfine interactions of
the lowest crystal-field level Z; in the s ;2 manifold and a

crystal field level Y; in the 113 ;2 manifold for a single I67Er3+
ion in Si. The hyperfine spectra were measured in different
magnetic field directions and the identified peak frequencies
were used to fit both the Z; and Y; spin Hamiltonians. All four
tensors in the spin Hamiltonians are highly anisotropic, with
the largest value principal axes in nearly the same direction.
The results suggest that the Er*" ion occupies a distorted
cubic site with monoclinic (C;) symmetry. The ZEFOZ fields

calculations for this site suggests '7Er’ " spin coherence times
above 1 s could be achieved at ZEFOZ fields of about 1 T in
natural Si.

The high field Zeeman splitting spectra show that the split-
ting between Z; and higher levels in the “Iis /2 manifold is
much larger than 419 GHz (Appendix B). This suggests that
the spin Hamiltonian model is valid for the field range consid-
ered in locating the ZEFOZ fields. Nevertheless, identification

51 —— 13.8B;+0.45B2
—— —13.8B;+0.45B2
4
— 3-
Ll
N
Q
2.
1.
O.

-50 25 0 25 50 75
Frequency detuning [GHz]
FIG. 6. The Zeeman splitting as a function of magnetic field
along the Z axis. The spectra are offset vertically by the corre-

sponding magnetic fields. The solid lines are fittings with linear and
quadratic Zeeman shifts.

of other crystal-field levels could allow establishing a more
sophisticated model with the crystal field theory. The accuracy
of the spin Hamiltonian parameters could be improved by
introducing an on-chip magnetic field sensor. On the other
hand, the high anisotropy of the specific Er site leads to larger
uncertainties in the transverse properties of the tensors and,
consequently, in the transverse ZEFOZ fields. Smaller fitting
uncertainties are expected on cubic or other higher symmetry
sites, which can be investigated using the field rotation Zee-
man method presented in this paper.

The data that support the findings of this study are available
from the corresponding author upon reasonable request.
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APPENDIX A: THE TENSORS IN THE CRYSTAL
COORDINATE SYSTEM

The three axes X, Y, Z in the laboratory frame are aligned
with the crystal directions of [001], [110], [110], respectively.
As a reference, the fitted tensors in Table II are converted
into the following matrices in the crystal coordinate system
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| —0.48 —0.08 1.34 |
[ 0.68 —0.12 —0.54]
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APPENDIX B: THE HIGH FIELD ZEEMAN

SPLITTING SPECTRA

The two-electron spin-preserving transition groups were
measured in magnetic fields ranging from O to 4.9 T along the
Z axis, as shown in Fig. 6. In high fields, the lower frequency
branch becomes much weaker while the higher frequency
branch becomes stronger, due to the change in the thermal

population of the two electron spin states. This indicates that
transition b has a higher energy than transition ¢ in a magnetic
field along the Z axis, as shown in Fig. 1(a).

The observed nonlinearity can be fitted with linear and
quadratic Zeeman shifts, as shown by the solid lines in Fig. 6.
We didn’t observe higher-order Zeeman shifts or strong bend-
ing due to mixing between relatively closely-spaced crystal
field levels [27]. This indicates that the Zeeman splitting of the
crystal field levels is much smaller than the spacing between
the crystal field levels in the magnetic fields considered. At the
highest field of B; = 4.9 T, the electron Zeeman splittings of
the Z; and Y; levels are 419 GHz and 280 GHz, respectively.
As a result, the spacing between Y; and Y;y; (if it exists)
would be much larger than 280 GHz. Also, the observed Z,
- Y; transition energy of 195.04 THz matches the typical fre-
quency range for Z; - Y, transition in Si [7-9]. Therefore, the
measured Y; level is likely to be the Y level for this Er’t site.

APPENDIX C: ADDITIONAL FIGURES
OF THE ZEFOZ FIELDS

Figure 7 shows the hyperfine spin transition frequencies
and the electron Zeeman splittings at all ZEFOZ fields found

for the '7Er’" ion. The electron Zeeman splittings are much
smaller than the expected crystal field splitting (Appendix B),
and therefore the spin Hamiltonian model is valid for the field
range considered in locating the ZEFOZ fields.
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