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In Er**:Y,Si05, we demonstrate the selective optical addressing of the

89Y3+ nuclear spins

through their superhyperfine coupling with the Er®t electronic spins possessing large Landé g-
factors. We experimentally probe the electron-nuclear spin mixing with photon echo techniques and
validate our model. The site-selective optical addressing of the Y3T nuclear spins is designed by
adjusting the magnetic field strength and orientation. This constitutes an important step towards
the realization of long-lived solid-state qubits optically addressed by telecom photons.

Nuclear spins in solids represent excellent systems for
storing and processing quantum information because of
their long coherence lifetimes, coming from their limited
exposure to environmental fluctuations. During the last
decade, impressive progress has been made towards the
coherent manipulation of nuclear spins and the control of
their interaction with the environment, which is crucial
to achieve long-lived solid-state qubits [I]. For this pur-
pose, the superhyperfine interaction between an electron
spin and a neighboring ligand nuclear spin has known a
renewed interest since it offers an efficient way of access-
ing nuclear spins. Indeed, the two spins live in symbiosis.
The electron spin can be strongly excited by RF or op-
tical fields to produce well-defined quantum states in a
variety of different solid-state systems as NV [2, 3] or SiV
[4, [5] centers in diamond, quantum dots in semiconduc-
tors [6] and donors in silicon as phosphor [7], bismuth [§]
or the optically active selenium [9]. The information can
then be mapped into the ligand nuclear spin to realize
long-lived qubits memories with lifetimes up to minutes
in impurity-doped solids [2], [7]. Material purification in
order to avoid any other nuclear spins in the medium,
which would lead to decoherence of the stored qubits, is
though often required.

In this context, Er3T:Y,SiOj5 is particularly interest-
ing as it offers an environment with minimized magnetic
moments : %Y (I = 1/2) is the only nuclear spin with
a single stable isotope, making the surrounding nuclei
quite equivalent. Moreover, the electronic spin of Er3+
possesses a large Landé g-factors, enabling strong inter-
action with RF excitation, even in the regime where su-
perconducting qubits operate [10, [11]. Er®**-doped crys-
tals are also known because the 4115/2 — 4113/2 optical
transition falls in the telecom range, with homogeneous
linewidths narrower than 100 Hz [12]. Additionally, opti-
cal addressing of single Er ions has been recently achieved
in this material via the coupling with silicon nanopho-
tonic structures [I3]. The complexity comes from the
low symmetry of the Y5SiOj5 crystalline structure. Pre-
vious studies derived from electron paramagnetic reso-
nance (EPR) techniques [I4HI6] have indeed revealed a
profusion of inequivalent neighbor nuclear spins interact-

ing with the erbium spins [I7, 18], which is a major draw-
back to control the electron-nuclear coupling.

In this work, we demonstrate that a single class of yt-
trium nuclear spins can be optically addressed through
the erbium telecom transition, despite a large number
of surrounding yttrium ions. We theoretically calculate
the superhyperfine interaction from the relative positions
of the yttrium ions. A full mixing between electron
and nuclear states appears for specific orientations and
strengths of the external magnetic field, and at specific
locations in the crystalline cell. Because of this mixing,
the nuclear spin states form an optical A-system, an ac-
tively pursued feature in qubit design to perform optical
pumping or spin state initialization. We give a compre-
hensive analytical study of the electron-nuclear mixing in
the specific case of a low site symmetry where the Zee-
man g-tensor is highly anisotropic, and then experimen-
tally probe the superhyperfine interaction with photon
echo techniques. A strong modulation due to the Er-Y
coupling is analyzed and successfully compared with the
theoretical model. This work can be directly transposed
to other rare-earth Kramers ion doped crystals, some of
them being actively investigated for quantum informa-
tion [19] 20].

We consider the interaction of the erbium ion elec-
tron spin with the most abundant surrounding nuclear
spins, namely %Y (I = 1/2). In a Er3*:Y,SiO5 crys-
tal, one naturally finds only 4.7% of 29Si, 0.04% of 17O.
The optical addressing of the nuclear spins will be me-
diated by the optical excitation of erbium ions on the
4115/2 —4 I3/ zero-phonon line. We specifically use a
low doping concentration (10 ppm) crystal to avoid the
so-called erbium spin flip-flops in the regime of small ex-
ternal magnetic fields [2I]. As a consequence, the spectral
diffusion is significantly reduced, allowing us to observe
optical coherence lifetimes up to 200 us even at magnetic
fields below 100 mT. This range is particularly interest-
ing because the superhyperfine interaction is here com-
parable to the nuclear Zeeman splitting, precisely leading
to a strong electron-nuclear mixing, as described in the
following. The response of the 'S7Er isotope (22% of
the dopant concentration, with a nuclear spin of 7/2) is



broadly spread over a large amount of possible hyperfine
transitions [22] and therefore can be neglected because of
the optical selection.

For a given state of the Er®* ion, labeled g or e for
respectively 4115/2 or 4113/2, the total 4 x 4 Hamiltonian
for the erbium spin coupled to a single yttrium nuclear
spin can be written as

HY% = —py.-B—py-B+H)TY (1)

where ugfe is the Er®t electronic spin in the ground or
excited state, py is the Y3+ nuclear spin, B the exter-
nally applied magnetic field, and H, ;re*Y the magnetic
dipole-dipole electron-nuclear interaction. The first term
of Eq. [1} the electronic Zeeman coupling of Er3* spins,
splits the ground and excited state doublets by several
GHz for B = 100 mT, with eigenstates {|+),|—)}, . as
shown in Fig. [T} Indeed, the gyromagnetic ratios of the
Er®t spins in the ground and excited states are excep-
tionally large, ranging from 15 to 150 GHz/T depend-
ing on the magnetic field orientation, which is 4 and
5 orders of magnitude larger than the yttrium nuclear
spin (2.1 MHz/T). Thus, we treat the last two terms
as perturbation and replace the erbium magnetic mo-
ment in Hy’t~Y by its expectation value (ug”) on the
{+), |—>}g’e eigenstates. In consequence, the perturba-
tion 2 x 2 Hamiltonian H !’]’e for the Y2t spin is given
by

H_t/],e:_“Y' (B_/J/O

(ge) o (g - 7) TD |

r3 rd
(2)

where po is the vacuum permeability and r the vector
joining the two spins (r is the distance).

The relevant parameter characterizing the optical ex-
citation of the Y3% nuclear spin is the branching ratio
R = 2B _ KuaP

E = (2P between the eigenstates of Hy .,

namely the superhyperfine levels |1) and |2) (resp. |3)
and [4)) in the ground state |—), (resp. excited state
|-).), as defined in Fig. We additionally introduce
the branching contrast p directly connected to R as

4R

P:m, (3)

which characterizes the degree of spin mixing that is pos-
sible to achieve optically. When p = 1, the two opti-
cal branches of the A-system are equally probable: the
Y3+ spin can be addressed optically and prepared in
an equally weighted superposition state ( % for in-
stance). As soon as the two transitions probabilities dif-
fer, p decreases.

The perturbative expansion is actually much more
than a formal simplification. Because the erbium spin
energy dominates the superhypefine and nuclear Zeeman
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FIG. 1. Relevant energy structure of the Er®" ion in the
Y2SiOs matrix. The application of a magnetic field lifts the
degeneracy of the doublets in the ground and excited states of
the zero-phonon line via electronic Zeeman interaction, lead-
ing to Zeeman coefficients of 43 and 16 GHz/T in respectively
the ground and excited states for a magnetic field oriented in
the D1-D> plane at 225° from D; (see main text). The super-
hyperfine coupling between Er®* and nuclear Y* spins splits
each Er®t state into a nuclear doublet at low field. The linear
behavior of the nuclear Zeeman interaction leads to avoided
crossings in the Y*T energy spectra Ey (B), as shown in the
insets for a specific Y*T ion for which r = 5.46 A.

interaction, the nuclear spin mixing is solely explained
by the change of the expectation values (ugff) from the
ground to the excited state of erbium. (uy") and (u;")
are never exactly aligned because of the Er3* strongly
anisotropic g-tensors [23]. The perturbation Hamilto-
nian can indeed be alternatively rewritten from Eq.
as Hy . = —py - By (1) where By . is the total mag-
netic field seen by the Y®* spin (location r), including
the magnetic field generated by the Er3* spin of mo-
ment (u?i) Following this interpretation, the electron-
nuclear mixing appears when the total field is strongly
modified by the optical excitation of the Er3* ion. More
precisely, it is maximized when B, (r) L B, (r). Indeed,
the branching ratio is given by

R = tan? (a/2) , (4)

where « is the angle between B, and B., which gives p =
sin? (a) [24]. The appearance of avoided crossings on the
Y3+ spin spectra in Fig. occurring at different magnetic
field strengths for the ground and excited state of erbium
is actually the blueprint of the optically induced vectorial
tilt of B, and B,.. Eq. also reminds us that the
branching ratio does not depend on the gyromagnetic
factor of the nuclear spin but only on its position 7.
Because a large branching contrast p requires a maxi-
mum variation of the total magnetic field, it only appears
at certain specific locations r in the crystal cell. This
is the key idea leading to the optical selectivity of the
nuclear spin addressing. For a given magnetic field ori-
entation, the magnetic moment of erbium is fixed. The
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FIG. 2. Map of the maximum branching contrast pmax as a
function of the polar angle 6 and the azimuthal angle ¢ of r
in the (D1, D2,b) crystal frame [26]. We consider the external
magnetic field at 225° from Dy, and Er®* ions at site 1 and
orientation A [25]. The values of the g-tensors can be found
in [23]. The dots represent the positions of the fifteen nearest
Y** ions from the Er®T ion (distances from 3.40 A to 5.74 A).
The Y** ion with cartesian coordinates (-1.01,-5.11,1.64) A
is pinned in red.

branching contrast is then given by the magnetic fields
B, . following Eq. or equivalently by diagonalizing
the pertubative Hamiltonians H; . of Eq. (2).

We identify a particularly interesting configuration in
which Y3+ nuclear spins can be strongly coupled to Er3*
ions. This occurs when the magnetic field B is oriented
at 225° from D; within the (D;, D2) plane, D; and Do
being the optical extinction axes of Y5SiOs5. For given
angular coordinates of the Y3+ position r, the branch-
ing contrast p reaches a maximum ppn.x as a function
of the magnetic field strength. Fig. [2] shows the spatial
mapping (angular coordinates) of pmax for this specific
magnetic field orientation, and for Er®* ions of orienta-
tion (magnetic sub-site) A in site 1 [25]. The ppax map is
composed of well isolated peaks, highlighting the strong
selectivity of the Y2* ions optical addressing. The value
of pmax is independent of the Y3+ ion distance r from
the Er3* center but the field strength maximizing p cru-
cially depends on r. By slightly varying the orientation
or the strength of the field close to the maximum value
of the branching contrast, the optical addressing of the
Y3+ spins can be activated or inhibited.

After positioning the nearest Y37 ions [27] on the ppax
map, one can notice that only one Y3+ ion (r = 5.46 A) is
positioned close to a maximum of pyax (in red in Fig. [2)),
meaning that its flipping probability can be maximized
for an appropriate magnetic field strength (oriented at
225° from D). In the following, we experimentally study
the specific interaction of Er3T ions with this Y3 ion

using photon echo techniques in order to measure the
corresponding energy splittings and branching contrast.

For this purpose we cool down to 1.8 K a 10 ppm
Er3*:Y,SiO5 crystal grown by Scientific Materials Cor-
poration. The light propagates along the b-axis of the
crystal [28]. We perform 2-pulse photon echo measure-
ments on the lowest to lowest spin state (|—), < [—),)
transition of site 1 (1536.38 nm) to optically observe the
superhyperfine interaction with a kHz resolution. This
precision is much narrower than the typical inhomoge-
neous broadening (~ 500 MHz). The short pulse exci-
tation bandwidth should cover the superhyperfine split-
tings [28].

By varying the delay t12 between the excitation pulses,
we observe strong modulations in the emitted echo inten-
sity revealing the strong spin mixing, as shown by Fig.
Following Mitsunaga’s theory [30] restricted to a single
nuclear spin coupling, the echo intensity can be written
as

I (ti2) =Iy exp [_2 (%)w]

X {1 - g [1 — cos (2rAgt12)] [1 — cos (277Aet12)]}2
()

where T5 is the optical coherence lifetime and x the Mims
exponent, which accounts for spectral diffusion processes
[21]. The parameters A, and A, are respectively the
superhyperfine splittings of the states |—)  and |—), re-
spectively (see Fig. [1)).

Fig. 3] shows the experimental echo decays for B = 40
and 67 mT. The strong echo modulations are well repro-
duced by Eq. [f] allowing to extract p as a fitting param-
eter. The Mims exponent is fixed to x = 1.5, accord-
ing to previous studies [2I]. For B = 40 mT, we find
Ay =49 kHz and A, = 33 kHz. At B = 67 mT, both
splittings become almost equal to Ay = A, = 41 kHz.
We also observe an underlying fast modulation, which is
attributed to the interaction with an Y2+ ion located at a
distance of 3.72 A, and for which we calculate Ay =260
kHz and A, = 231 kHz, with p = 0.19. In order to vi-
sualize our spectral resolution, we calculate the Fourier
transforms of our experimental data, as well as the fit-
ting models, as shown in the insets of Fig. [3] We identify
the presence of one main peak for B = 67 mT when both
splittings are almost equal, and two peaks at B = 40 mT.

We experimentally follow the variations of Ay, A, and
p as a function of the external magnetic field strength B.
The comparison with the theoretical predictions is shown
in Fig. Ié—_ll The width of the solid lines (theoretical cal-
culation) accounts for the uncertainties in the magnetic
field orientation and strength, as well as for the estimated
inhomogeneities along the 8 mm long crystal. The good
agreement validates our model of the superhyperfine in-
teraction that leads to a strong electron-nuclear mixing.
Moreover, as expected the branching contrast drastically
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FIG. 3. Modulated 2-pulse photon echo on the [—) <« [—),

transition of Er®T ions of site 1. The temperature is 1.8 K and
the magnetic field is oriented at 225° from D; with strength
of (a) 40 mT and (b) 67 mT. The experimental data are fitted
using Eq. |5| (red lines) to extract the superhyperfine transition
frequencies Ay . and the branching contrast p. The insets
show the corresponding spectra, i.e. Fourier transforms of
our experimental echo decays (blue dots) and of the models
(red lines).

varies with the magnetic field strength. Thus, we demon-
strate here the possibility to effectively tune the Er-Y
coupling by changing the external magnetic field by only
a few tens of mT, which is experimentally easily achiev-
able.

The homogeneous optical linewidth Iy, = 1/ (7 T3),
also extracted from the fit of Eq. [f] and shown on Fig. [4]
is a key parameter for the observation of the superhy-
perfine coupling. Benefiting from the low concentration
of our sample, we measure linewidths between 1.4 kHz
and 2.4 kHz, so always much smaller than the observed
splittings. This allows the optical selective excitation of
the Y3* nuclear spins.

Our case may be perceived as particular because of
the exceptionally large g-factor of erbium, but together
with the small nuclear moment of Y3*, the induced en-
ergy shifts are typical of the superhyperfine interaction
in solids such as chromium electron spin coupled to alu-
minum in Ruby [31], N-V center coupled to a nearby
13C in diamond [32] or rare-earth paramagnetic impurity
coupled to non-Kramers rare-earth ligands [18]. There-
fore, our observations also point out the interest of opti-
cal measurements to investigate the electron-nuclear cou-
pling, usually interrogated via Electron Spin Echo Enve-
lope Modulation (ESEEM) [14] [15] [I7] and Pulsed elec-
tron nuclear double resonance (ENDOR) techniques [16]
derived from EPR. Optics totally relaxes the constraints

300
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FIG. 4. Superhyperfine transition frequencies Ay . and
branching contrast p as a function of the magnetic field
strength B for B oriented at 225° from D;. Experimental
points and their error bars were extracted from the fit of echo
decays (Eq.[5)) and the shaded areas labeled (a) and (b) high-
light the values corresponding to Fig. [3[ (B = 40 and 67 mT).
The solid lines are the calculated values. The homogeneous
linewidth T', x 100 of the Exr®* ion optical transition is repre-
sented by the red empty circles.

on the magnetic field values and allows to precisely in-
vestigate the region where the mixing between electron
and nuclear spin states is maximum, usually well below
the EPR X-band. Not relying on population difference in
the spin states, the present all-optical method can be im-
plemented more easily than optically-detected magnetic
resonance (ODMR) techniques in the case of structures
smaller than the optical inhomogeneous broadening.

To conclude, we achieve an optically selective excita-
tion of nuclear spins in the Y2SiOs; matrix via super-
hyperfine interaction with Er3* ions. A good under-
standing and control of the superhyperfine interaction is
demonstrated. The electron-nuclear mixing is revealed
by strong modulations in photon echo measurements,
with modulation frequencies and amplitude matching our
theoretical calculations. Despite the complexity of the
low symmetry Y2SiOs crystal, we accurately model the
interaction between an electron spin qubit and neighbor-
ing nuclei. Moreover, the understanding of the interac-
tion between impurities and ligands, an underlying phys-
ical ingredient of the futur solid-state quantum devices,
will support the identification of the sources of decoher-
ence for both the electron and nuclear spins [33] [34]. We
anticipate the nuclear spin coherence lifetime to be di-
rectly limited by the Er spin relaxation, for which values
as long as 4 s has been observed [35]. Several techniques
can be implemented in order to reduce spin decoherence,
as suggested for silicon or diamond nuclear spin bath:
dynamic nuclear polarization [36] B7] or advanced mate-
rial development [38]. Finally, this work paves the way
for the optical control of long-lived solid-state qubits in
Er3*:Y,SiO5. The interplay between the optical and the
spin properties in erbium doped materials also opens the



perspective of a unit quantum efficiency modulator to
coherently up-convert microwave photons to the optical
telecom domain [39-42]. This latter appears as a can-
didate to link local quantum processing nodes [43] and
quantum communication channels [44].
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Supplemental Materials: Selective optical addressing of nuclear spins through
superhyperfine interaction in rare-earth doped solids

DERIVATION OF THE BRANCHING RATIO

We derive here the expression of R and p, respectively the branching ratio and contrast for the optical addressing
of Y3T spins, as a function of the angle o = (B,, B.) between the two total magnetic fields, one in the case of the
Er3* spin in the ground state (B,), and the other in the case of the Er3T spin in the excited state (B.). When the
Er3* spin is in |-) ;» the eigenstates |1) and |2) of the perturbative Hamiltonian Hy are calculated in the orthonormal

frame (%,j’, I%) with % || By, as quantization axis. Similarly, when the Er®* spin is in |—),, the eigenstates |3) and |4)
of H/ are calculated in the orthonormal frame (%’ Lk ) with &’ || Be. Then, to change basis, we use the Wigner
D-matrix, which, for a 1/2 spin, is given by

e~1/2 ¢og g) e~ /2 _emie/2gin g ei/2

D1/2 —
(avﬁvfy) eia/zsin (g) efify/Q eia/QCOS (g) ei’)’/Q )

(S1)

where «, 3, v are the Euler angles of the rotation. Thus, we can write the eigenstates |3) and |4) as function of |1)
and |2), as follows

13) =e /2 cos (g) e"/2|1) — e/ 2 gin (g) e/?|2) | (S2)
|4) =e'/2 sin <§> e 1) 4 €/2 cos <§) e/2)2) . (S3)
Then, one can see easily that
[23) 7 [(4)
R = amp ~ Taayp — 0 59

The Euler angle 3 is actually the angle between k and &', so 8 = o, and R = tan? (a/2). Finally, for the branching
contrast, we obtain p = sin? ().

SIMULATIONS FOR ER?*" IONS OF SITE 1, ORIENTATION B

In this work we focus on Er3* ions at the so-called substitution site 1 of the Y5SiOs matrix, whose optical transition
at 1536.38 nm is well separated from the other crystallographically inequivalent site 2 [S3], allowing one to probe
only one site. Each Er®* site has two orientations A and B (sometimes called magnetic sub-sites) with different
g-tensors connected by a Cs-rotation around the b-axis of the crystal. The Er®* orientations are said magnetically
equivalent when the magnetic field is applied in the D — D5 plane, so they show the same electronic Zeeman splittings,
same frequency shift on their optical transitions and therefore are probed simultaneously. We focus on this case for
simplicity but also to maximize the total absorption. The magnetic moments of the two orientations are nonetheless
oriented differently, leading to very different couplings with their respective surrounding Y3+ ions. For the specific
orientation of the external magnetic field chosen here (225° from D), each of the Er3* orientations is coupled in the
exact similar way to one Y37 ion.



big
2
(2]

FIG. S1. Map of the maximum branching contrast pmax as a function of the polar angle 6 and the azimuthal angle ¢ of r
in the (D1, D2,b) crystal frame ﬂSﬂ We consider the external magnetic field at 225° from D;, and Er’®?T ions at site 1 and
orientation B (see main text for definition). The values of the g-tensors can be found in [S2]. The dots represent the positions
of the fifteen nearest Y** ions from the Er®* ion (distances from 3.40 A to 5.74 A). The Y*T ion with cartesian coordinates
(1.01,5.11,1.64) A is pinned in red.

In the main text, we show the map of the maximum branching contrast pyax for the external magnetic B oriented
at 225° from D; in the D; — D5 plane, considering the Er®* ions of site 1, orientation A. Here, Fig. Shows the map
of pmax for the same magnetic field configuration but considering the Er3t ions of site 1, orientation B. Comparing
the two maps of ppax, one can notice the similarity of the peaks distribution, in fact related by the transformation
0 — 7 — 0 (Co-rotation around the b-axis). The same Y3* ions are positioned on the map, and now the Y3+ ion with
coordinates (1.01,5.11,1.64) A (pinned in red) is located in a region where the branching contrast is potentially large.
This Y3+ ion is at the same distance (r = 5.4572 A) from the Er®* ions than the YT ion identified in the main text
(orientation A). Therefore, the interaction between these two Er®*-Y3* pairs is the same, and the branching contrast
is maximum for the same external magnetic field strength, leading to the exact same transition frequencies A, and
A, and probabilities. This situation is exceptional because these two particular Y3+ ions are the only ones being
linked by a Cy-rotation around the b-axis among the twenty closest Y2+ ions. In consequence, in the experimental
part where we perform photon echo measurements, we optically probe the two Er®t orientations that undergo the
same coupling, each with one Y3% spin. T'wo similar echo signals add up to give a total signal that can be interpreted
as coming from a single class of Er®* ions interacting with one Y37 spin.

PHOTON ECHO MEASUREMENTS

The crystal is 10 ppm Er?*:Y,SiO5, grown by Scientific Materials Corporation, and with dimensions of 8 x4 x 3 mm?.
A liquid helium cryostat with variable temperature insert was used to cool down the crystal to 1.8 K. The magnetic
field within the (D1, D) plane of the crystal and at 225° from D, is generated via a superconducting magnet. The
light is propagating along the 8 mm dimension, parallel to the b-axis, and we adjust the polarization along Ds to
maximize the absorption [S4].

We use an extended cavity diode that is amplified by an EDFA (Manlight), and temporally shaped by an acousto-
optic modulator driven at 80 MHz to create two gaussian monochromatic pulses with duration of 110 ns (rms duration),
separated by a varying time t15. At t = 2t15, the optical coherences rephase and an echo is emitted. The echo is
filtered out from the strong excitation pulses using a gated acousto-optic modulator and detected by an avalanche
photodetector (Thorlabs APD110C).
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