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B. Car,! J.-L. Le Gouét,' and T. Chaneliére ®2
' Laboratoire Aimé Cotton, CNRS, Université Paris-Sud, ENS-Cachan, Université Faris-Saclay, 91405 Orsay, France
2Univ. Grenoble Alpes, CNRS, Grenoble INP, Institut Néel, 38000 Grenoble, France

® (Received 9 June 2020; revised 17 August 2020; accepted 18 August 2020; published 10 September 2020)

We investigate the decoherence of Er*™ in Y,SiOs at low magnetic fields using the photon-echo technique.
We reproduce accurately a variety of the decay curves with a unique coherence time by considering the so-called
superhyperfine modulation induced by a large number of neighboring spins. There is no need to invoke any
characteristic time of the spin fluctuations to reproduce very different decay curves. The number of involved
nuclei increases when the magnetic is lowered. The experiment is compared with a model associating 100
surrounding ions with their exact positions in the crystal frame. We also derive an approximate spherical model
(angular averaging) to interpret the main feature the observed decay curves close to zero field.

DOI: 10.1103/PhysRevB.102.115119

I. INTRODUCTION

The interest for rare-earth doped materials has been re-
cently renewed by the quest for quantum technology devices.
The longest coherence times are generally observed in non-
Kramers ions (even number of electrons) because their spins
possess a nuclear spin character in low symmetry site as the
emblematic europium in Y,SiOs [1]. The research activity
on Kramers ions has been maintained, despite the generally
lower coherence times, because they cover an interesting
wavelengths panel in the infrared region. Erbium holds a lot
of promises in that sense because of the compatibility with
the optical fiber communication range. The large electron spin
undeniably induces decoherence but offers also significant ad-
vantages that have been reconsidered for quantum information
processing. The electron spin resonance (ESR) falls in the
GHz range, an actively investigated region to operate super-
conducting qubits, allowing a hybridization between quantum
circuits and spin ensembles [2]. The apparently detrimental
spin sensitivity appears as a major benefit when a very low
number of spins is targeted [3]. The interplay between optics
and microwave is fully exploited by the scheme of coherent
frequency conversion. Indeed, the transduction of quantum
states from the microwave to the optical domain appears as a
missing link in the quantum technology landscape [4,5]. The
potential of Kramers ion has been rapidly identified in this
context [6].

We focus on the low magnetic field region, typically below
100 mT. This offers fundamental interests beyond the experi-
mental advantage of using smaller magnets. First, the phonon
density is small at cryogenic temperature (2—4 K). Second, the
ESR transitions (potentially involving the hyperfine structure)
fall in the few GHz range and are then directly compatible
with superconducting high-Q resonators [4,5]. Early demon-
strations have already involved Er’* : Y,SiOs [7]. Optical
spin excitation can also be obtained conveniently with a single
laser modulated with modern electro-optics devices. Many
experiments are performed close to zero field in practice with
Er** or Yb** for example [8—11].
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Despite a clear interest for low magnetic field region, the
variation of the coherence time is essentially unexplored.
One has the tendency to dodge the issue by noting that
echos exhibit strong superhyperfine modulations induced by
neighboring ligands nuclei (sometimes called ligands inter-
action) making a complete analysis difficult because of the
diversity of modulation patterns. In any case, the erratic nature
of the measurements disappears close to zero field where
modulations are absent and the decay (exponential or not)
is extremely rapid although one does not expect any change
in the spin bath dynamics. This coherence collapse may give
the impression that a sudden change of regime is happening.
This is not the case. We will give a unified vision of the
decoherence at low field without invoking any change in
the spins dynamics and precisely explain the collapse of the
measured coherence time when field is reduced. Our analysis
is based on the superhyperfine coupling exclusively [12].
Again, we do not consider the ligand nuclear flip flops nor
the electron spin flip flops that induce a magnetic noise and
affect the coherence time of the impurity. We investigate a
different mechanism, static in the sense that we neglect the
spin dynamics.

We consider a large collection of yttrium surrounding an
Er** center. They all have different couplings to the dopant
electron spin because of the distance and the anisotropy of
the Er** dipolar field. The sudden excitation by the brief echo
measurement pulses of those multiple frequencies leads to an
apparent decay time that is much shorter that the coherence
time induced by the background spin flip flops observed at a
larger field [1,13,14]. This phenomenon has been discussed
early for ESR transitions [14,15]. It explains the shortness,
literally the collapse of the measured dephasing times for the
different Kramers ion (including Er’T) at zero field [13].

Although early predicted in ESR [14,15] as an extreme
case of envelope modulation, the superhyperfine nuclear in-
duced decay regime is rarely observed in practice, because
the experiments are usually performed in the radio-frequency
X-band (~9 GHz). In that case, the magnetic field is
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already sufficiently large (=100 mT) to dominate the electron
spin dipolar field [16], so the superhyperfine modulations
are weakly contrasted (but visible in the Fourier spectrum).
Custom-made ESR spectrometers with a variable resonant
frequency are clearly more adapted [17]. Optical techniques
are intrinsically broadband and can be implemented close to
zero field without modification of the laser setup [18,19].
Using the photon-echo technique, we show that the rapid
decoherence of Er*" : Y,SiOs is well explained by the static
superhyperfine interaction with a collection of yttrium ions.

Historically, the superhyperfine interaction between a
Kramers ion and the ligand nuclei has been widely studied
starting from the seminal work of Mims on Ce** in CaWO,
[20]. It has been also evidenced later on in Er’* : Y,SiOs
using standard ESR techniques [16] or superconducting res-
onators [21]. Optical and RF measurements have allowed us
to characterize the superhyperfine interaction in a variety of
host crystals as YVO4 with Yb*> and Nd** [22,23], YLiF,
with Nd** and Er** [24,25], or CaWOy with Er** exhibiting
a remarkably high sensitivity [17].

Concerning Er** : Y,SiO5 because of the perspectives in
classical and quantum processing, advanced spectroscopic
studies have been used to accurately describe the dopant in
the crystal field [26,27], the different g tensors (in both substi-
tution sites of yttrium and in the ground and optically excited
state of Er**) [28]. The hyperfine tensors for odd isotopes are
also known [29,30]. This abundant literature is essential to
describe the superhyperfine coupling. In this study, we crudely
extract the Y3* positions from the crystal structure [31] and
calculate the couplings one by one generalizing our previous
approach in Ref. [19].

The paper is organized as follows. We first describe the
experimental apparatus and show typical photon-echo decay
curves between 0 and 133 mT. We analyze the curves by
extending the envelope modulation model to a cluster of 100
surroundings yttrium ions. We show that for a decreasing
magnetic field, the number of coupled nuclei increases. We
finally interpret the low-field collapse by assuming an equiva-
lent homogeneous spherical distribution of yttrium around the
rare-earth ion. This allows us to reproduce the main feature
of the observed decay curve and to introduce the notion of
an inflating sphere of influence of the Er’* ion when the
magnetic field is reduced.

II. EXPERIMENT
We perform two-pulse photon echo measurements on the
4115/2 - 4113/2

transition of Er** in Y,SiOs. The configuration is very similar
to our previous study of the superhyperfine coupling with a
single nucleus [19]. As a reference frame for the magnetic
field orientation, we use the optical frame (D;, D,, b) [26,31]
where D; and D, are the extinction axes. This is a natural
frame for optical measurements. Additionally, the axes are
perpendicular as opposed to the monoclinic crystal frame.
We roughly orientate the magnetic field B in the (Dy, D;)
plane at 50° from D; by rotating the crystal in the magnet
close to the previously studied configuration [19]. Staying
in the (Dy, D) plane simplifies the analysis because the so-

FIG. 1. Reduced crystal cell representing site 1 in the Y,SiOs
matrix: Erbium in green substitutes a yttrium in the six-coordinate
site. Color code: cyan—yttrium, red—oxygen, and yellow—silicon.
The yttrium ions are the five nearest neighbors with distances 3.40 A,
3.46 A, 3.51 A, 3.62 A, and 3.72 A from the erbium center. The
distances of the two represented silicons are 3.26 A and 3.51 A.

called magnetic subsites (related by a C, symmetry about b)
are equivalent. This aspect will be discussed in Appendix B.

We optically resolve the lowest to lowest spin state transi-
tion of site 1 (at 1536.38 nm, see Fig. 1 for a cell representa-
tion) allowing a well defined orientation of the Er’* magnetic
moment in both ground and excited states. We will also take
data at zero field (by zeroing the magnet current) where this
assumption fails. This aspect will be discussed in Sec. IV.
The sample is lightly doped (10 ppm, grown by Scientific
Materials Corporation) to avoid the so-called erbium spin flip
flops that may perturb the echo decay curve (in the regime
of small magnetic fields [32]). We cool down the crystal to
1.8 K. The light propagates along the b axis of the crystal and
the polarization is parallel to D, to maximize the absorption
and the photon-echo signal.

In the following, we neglect the response of the '*’Er iso-
tope (22% of the dopant concentration, with a nuclear spin of
7/2) that is broadly spread over a large amount of possible hy-
perfine transitions [29] and therefore can be neglected because
of the optical selection [19]. Concerning the nuclear spins
present in the matrix, 89y is the most abundant (100% natural
abundance with a 2.1 MHz,/T nuclear magnetic moment). 2°Si
is also present with 4.7% abundance and a 8.5 MHz/T mag-
netic moment [33]. It is important to keep in mind that the nat-
ural abundance scales the modulation contrast which cannot
be larger than 4.7% for 28 [34]. In any case, the 2Sj nuclear
modulations are typically ~20 times weaker than the Y. Ad-
ditionally, because of a larger magnetic moment, >°Si nuclear
modulations would appear at a four times larger frequency (as

115119-2



SUPERHYPERFINE INDUCED PHOTON-ECHO COLLAPSE ...

PHYSICAL REVIEW B 102, 115119 (2020)

— 83mT
5 041 0.3
&
>
3 0.2
8 0.2
=
B 0.1
(8]
(NN}
0.0 1 . . 0.0 1 . :
0 25 50 0 25 50
— 50mT 0.100 4
.
s 02 0.075 1
z
g 0.050 1
£ 01+
° \J 0.025 -
O
(NN}
0.0 1 . : 0.000 . :
0 25 50 0 5 10

t12 (p1s) tia (ps)

FIG. 2. Echo decay curves for B = 133, 83, 50, and 0 mT ex-
hibiting different modulation patterns. We fit data by an exponential
decay (red dashed line) for B = 133 and O mT and find decay times of
63 s and 6.9 us, respectively. The meaning of theses characteristic
times will be discussed in details.

the ratio of nuclear moments) making them difficult to observe
at our measurement time scale. That is the reason why we
focus on yttrium nuclei exclusively in the following.

We plot the decay curve of the photon-echo signal as a
function of #,,, the delay between the two pulses, for different
values of the magnetic field (see Fig. 2). It is important
to note that we cannot obtain the echo intensity for 7, <
2 us because the signal is overwhelmed by the strong pulse
free-induction decay. At B = 133 mT, the envelope (~63 us
decay time) is clearly modulated. Below this value, the pattern
is erratic. At B =0 mT, we retrieve a smoother but faster
decay curve which could be interpreted as an exponential
decay at first sight with a characteristic time of 6.9 us. These
characteristics have been already reported in the literature
even if the intermediate region (between 0 and 100 mT) is
usually not considered because of the erratic aspect of the
curves and the difficulty to model the envelope modulation.
We will tackle this problem and fit data by assuming a single
value of coherence time, common to the different curves (from
0 and 133 mT in our case).

III. MODEL

As discussed in the introduction, we won’t consider the
spin dynamics that induce decoherence on a longer timescale
that the one we observe at larger fields. This 75 is an upper
limit of our echo decay time. As we will discuss later, there is
no reason for the 7, to vary within our measurement range.
On a shorter timescale, the echo decay is driven solely by
the superhyperfine coupling with a multiplicity of Y3* ions.
To reproduce the experimental photon-echo curves, we need

to account for a collection of surrounding yttrium ions. The
difficulty in Y,SiOs comes from the low symmetry of the host
matrix. Indeed when the Er®™- Y3+ interactions are consid-
ered, the different positions of the surrounding yttrium ions
do not exhibit a symmetrical structure that would simplify the
analysis. Nevertheless, since the Y3+ positions is known from
the crystal structure [31], one can add their contributions using
the historical ESR formula [34,35]. This is sufficient to obtain
a very satisfying theoretical agreement. This approach has
also been successful to describe ESR in glassy materials, with
a profusion of disordered sites, which exhibit less contrasted
modulations or even rapid decays induced by the multiple
modulation frequencies which can still be used to extract
a characteristic coupling [34,36]. This work is a substantial
basis for our analysis. The change of the electron spin dipole
moment orientation between ground and excited state of the
Er** center modifies the magnetic field seen by given Y3+
ions. The modulation comes from the electron-nuclear spin
mixing excited during the echo sequence. For multiple cou-
pled nuclei, the envelope modulation is obtained as a product
of single superhyperfine modulations:

Vi =[ [ Vi (1)

where V; is the modulation due to the yttrium numbered i
which reads as

Vilti) =1— %[1 —cos (Ait)][1 — cos(Ajti)],  (2)

where p; is the branching contrast (using the terminology de-
veloped in Ref. [19]), A; and A} the superhyperfine splittings
in the ground and excited states of erbium, respectively (low-
est spin states of ‘s 2 and ‘I3 ,2)- This gives the modulation
of the echo field. As we measure the intensity (as opposed to
ESR), the decay should be proportional to

2

2 4
Vot (t12)]° X exp 7 ) 3)

including an exponential decoherence decay and the superhy-
perfine modulations. A calculation of the parameters p;, A;,
and A} in Eq. (2) has been detailed in Ref. [19] for a given
yttrium position, a given orientation, and magnitude of the
magnetic field. This calculation will be briefly summarized
as a reminder in Appendix B. We consider a cluster of 100
nearest yttriums positioned in the crystal frame [31] and
repeat the calculation for each ion i to evaluate Vi [Eq. (1)].
Each experimental curve can then be fitted by Eq. (3). Per
curve, there are only two fitting parameters: a vertical scaling
factor (normalization) and the 7, value. The term [Viy(t12)]
is completely fixed by the magnetic field and the tabulated
yttrium positions.

One can even further constraint the fitting parameters by
keeping the same value of the coherence time 7, within our
measurement range 0-133 mT. The 75 is induced by the
background spin flip flops (electronic or nuclear depending
on the dopant concentration) that should not vary much in
our case. For our magnetic field orientation, the maximum
electron spin Zeeman splitting is ~9 GHz in the ground state
at 133 mT (with a g factor of 4.8 for this orientation), still
much smaller than the temperature (1.8 K ~ 36 GHz). In
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FIG. 3. Echo decay curves of Fig. 2 (blue line) superimposed
with the theoretical formula Eq. (3) (orange dashed line). The co-
herence time is the same, 7, = 58 us.

the absence of net spin polarization, the Er** flip-flop rate
should not change. The nuclear spins are even less affected by
such a weak magnetic field. So the spin dynamics as a whole
is essentially unchanged in our range and as a consequence,
the 7, should be constant. So we keep the 7, as a free
fitting parameter but constrained to be the same for all the
curves in the measurement range. We simply introduce a
factor of normalization (scaling) between each theoretical and
experimental curve.

The match is very satisfactory (see Fig. 3 and the comple-
mentary measurements in Appendix A). We reproduce well
the different modulation patterns. The theoretical curves serve
as normalization and equal 1 at #;, = 0. All the fitting curves
share the same coherence time value 7, = 58 us despite the
disparity of decay patterns. Because we cannot measure the
echo intensity for #j, < 2 us, we miss a very rapid decay (at
the us timescale) that is well predicted by Eq. (3). At zero
field, despite the precautions that should be taken when the
magnet current goes to zero (see Sec. IV), what we interpret
as an apparent 6.9 ps decay in Fig. 2 seems to be the result
of the superhyperfine modulations acting on a much longer 7
decay. We interpret this discrepancy at low field between the
decoherence and the apparent times as the interaction with the
increasing number of coupled nuclei.

IV. QUALITATIVE INTERPRETATION

The superhyperfine induced decay can be interpreted by
reconsidering Eq. (2) for the different yttriums. We plot the
key parameters p;, A;, and A} as a function of the distance
from the electron spin in Fig. 4.

The curves appear erratic because of the superhyperfine
interaction anisotropy. Indeed, for the same distance, certain

133mT 133mT
< = 600 grd
o 0-107 T — exc
c ~—
5 ED 400
£ 005 £
= M‘N‘ £ 2004
(%]
0.00 T 0 r
0 10 0 10
83mT 83mT
- — | grd
< 0.15 n 600 o
o0 X
o =
% 0.10 1 o 400 4
= £
o B
& 0.051 £ 2001
[%2]
0.00 T 0 T
0 10 0 10
50mT
< 021 T 6001
&0 =
£ g 400
é 0.1 i _‘: E
5 , 2 200
n
0.0 L g 0
0 10 0
omT
0.2 — grd
~ 600 1
:5 I —— exc
o =
= o 400
S 0.1 o
s b
s 2 2001
(%]
0.0 T 0 r
0 10 0 10

distance r (A) distance r (A)

FIG. 4. We plot the modulations parameters p; (left), A; (right,
orange), and A] (right, green) as a function of the nucleus distance
from the dopant for the different values of the magnetic field previ-
ously considered. We here represent 500 ions ranging 3.4 A (nearest
neighbor distance) to 18.5 A. As a reminder, in modeling Fig. 3,
we only use 100 ions (from 3.4 A to 8.6 A). The red dashed lines
at 50 mT serve for the approximate spherical model that will be
discussed in Sec. V where we assume an effective constant branching
contrast (50 mT, left) and a truncated dipolar splitting decay (50 mT,
right).

yttriums have very different angular coordinates, so they may
have very different splittings. Despite the irregular nature of
the branching contract (left column of Fig. 4) and the splittings
(right column of Fig. 4), the plots can be analyzed as follows.
The total magnetic field contains two contributions. First, the
dipolar field generated by the Er** which globally decreases
as 1/r® (neglecting the orientational dependency in a first
approach). Second, the constant bias field so the splittings
tend asymptomatically at large distances to the nuclear spin
Zeeman splitting (2.1 MHz/T) whatever the dopant in the
ground or excited state. The branching contrast can only be
significant if the dipolar field dominates the bias field [19,37]
(see also Appendix B 1). In a sense, the bias magnetic field
screens the area of influence of electron spin. At a certain
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distance, the magnetic field becomes larger than the Er’*
dipolar field, so the branching of distant yttriums is very weak.

One could for example define a screening radius within
which the Er** field dominates the bias field and leads to a
large branching contrast. The broadband excitation of the Y3+
ions under the influence of Er** (namely with a significant
branching contrast) explains the collapse of the echo signal.
The number of yttriums increases as the magnetic field is
reduced (thus reducing the screening). This will be discussed
quantitatively in Sec. V.

At the extreme, the sphere of influence covers the whole
space as the magnetic field goes to zero. The number of
nuclei diverges with a relatively low average branching value
(typically ~0.1 with large fluctuations). Even though there is
no singularity in the modulation pattern because the splittings
decay rapidly by following a 1/r law (at 0 mT, see Fig. 4).

As mentioned earlier, we have extended the results of our
model to O mT in Fig. 4 with a satisfying agreement with the
data set in Fig. 3. Nonetheless, this zero-field analysis should
be handled with precaution. In our model, we indeed assume
that the lowest spin states of *I;s/» and *I13,, are selectively
addressed. The magnet current is reduced to zero to obtain
the O mT curve. The spin state transitions are not optically
resolved anymore, so our model doesn’t strictly apply. In any
case, the expectation values of the Er’* dipole moment are
only well defined (see Appendix B for details) if the magnetic
field is present to align the spins. Even when the magnet
current is reduced to zero, one cannot exclude the presence
of a remanent field because of a magnetization of the sample
holder parts or the earth magnetic field. Nevertheless, there
is no reason for this remanent field to be aligned with the
bias magnetic field used in Sec. IIl. So the extension of the
model for a given dipole moment orientation at zero field and
the fortunate agreement with the measurement should deserve
more investigations.

V. APPROXIMATE SPHERICAL MODEL

The goal of this section is to move away from the accurate
heavy calculations and to give some physical content to the
different parameters, primarily p;, A;, and A in Eq. (2).
There are two features that we would like to put forward by
focusing on one set of data in Fig. 3 at 50 mT. First, the
rapid initial decay time is a consequence of quasicontinuum
of superhyperfine splittings when a large Y+ ensemble is
excited by the echo sequence. Second, at low fields, the decay
curves exhibit a series of revivals, that cannot be qualified
as a pure oscillation, as observed in Fig. 3 at 50 mT (two
revivals between ¢, = 0 and 25 us) and in the complementary
measurements in Fig. 6 at 17 mT (a single revival in the range
t1p ~ 25 us). Both aspects can be addressed analytically by
introducing a continuous distribution of superhyperfine split-
tings and defining a Er*" sphere of influence whose radius
depends on the magnetic field as we will see now.

As discussed qualitatively in Sec. IV, we observe that
the dipolar field globally decreases as 1/r® in both ground
and excited states up to a point where it is dominated by
the bias field (so the splittings tend to the nuclear Zeeman
values). This defines a screening radius for the Er’* dipolar
field. We can then make a crude assumption. Let’s assume

that all the nuclei for which the dipolar field dominates the
bias magnetic field have a nonzero branching contrast. On
the contrary, when the bias field dominates, the branching
is zero. This defines a hard sphere of influence of the Er**
ion. In other words, out of a certain screening radius, Y3+
are assumed completely decoupled from the electron spin.
The Er** ground and excited dipolar fields cannot be strictly
equal otherwise the branching contrast would be zero [19,37]
(see also Appendix B 1). In other words, the ground and
excited dipolar fields are equal to the lowest order but slightly
misaligned to generate a weak branching contrast to the first
order as observed in Fig. 4 (50 mT) with p; < 1.

In practice, we write the splittings of the Y+ numbered i at
the distance r as A; >~ A} =~ A which follows the 1/ decay
law as

_ I"3
A(r) = Ag-2, “4)
r

where ro = 3.4 A, the nearest neighbor distance and A the
corresponding splitting. We then assume the branching con-
trast to be constant p; >~ p up to the screening radius rg and
zero elsewhere for r; > rg.

We will keep Ay, p, and rg as free parameters for the
approximate model. Nevertheless, we expect Ag and p to be of
the order of Ay ~ 2 x 600 kHz and p ~ 0.1 as observed in
Fig. 4 (50 mT). Concerning the screening radius rg, we expect
that the dipolar splitting A(rs) at the distance rg defined as

_ s
A(rs) = Ao = As (5)

Ts

to be of the order of “XB with uy/h the Y?* nuclear
(isotropic) dipole moment (expressed in Hz/T). In other
words, rg corresponds to a compensation between the dipolar
field and the bias field B.

The superhyperfine modulation envelope can now be eval-
uated. Equation (3) can be simplified when the branching
contrast is small as

Vet (012)]* == exp (— > " hll —cos (A,m)]2>. (6)

The discrete sum is replaced by a continuous integral in the
spherical model:

Voot (112)]1* == exp (— / ' pll — cos(A(r>rlz)]24nr2nydr),
° )

where ny = 1.83.10%2 at/cm? is the yttrium density. The ex-
pected modulation pattern calculated as a continuous integral
in Eq. (7) is truncated to rg where the branching contrast is
assumed to be zero.

The superhyperfine decay can be rewritten as

8 Aoti2/2 gin*
exp (——nyerAonz / 2¢d¢) ®)
3 Astin/2 ¢

using the change of variable ¢ = (Aot} /2):—§ where we have

introduced the value of Ay defined in Eq. (5). The integral

Aot12/2 sin* ¢

term f Astia/2 7d¢ oscillates as a function of ¢, and modu-
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FIG. 5. Revivals of the echo decay (blue line) at 50 mT [as in
Fig. 3, the orange dashed line is the theoretical formula Eq. (3)].
The qualitative shape is reproduced by introducing a screening of the
superhyperfine interaction in Eq. (8) (screened superhyperfine decay
in red line, see text for analysis).

lates the exponential decay term given by %”ny rapAotiz. Ina
sense, the latter gives a characteristic decay time of

8rnyripAg”

This expression can phenomenologically reproduce0 the
oscillating decay curve at 50 mT. To do so, we leave Ay, Ag,
and p as free parameters and fit the experimental data (blue
line in Fig. 3, 50 mT). The agreement in Fig. 5 is qualitatively
satisfying.

The best fit gives reasonable values of Ay =2m X
635 kHz and Ag = 0.85*B for the screening splitting, and
p = 0.11 for the contrast as expected from the analysis of
Fig. 4 (50 mT). More importantly, the value Ay = 0.85*B
corresponds well to our expectation. When the splittings
are larger than Ag, the dipolar field coarsely dominates the
nuclear Zeeman term. This is the way we have defined the
screening sphere of the Er’t influence. From Ag, we can
extract the value of the screening radius rg = 6.7 A using
Eq. (5). This should be compared to ry = 3.4 A, the nearest
neighbor distance.

Equation (5) is plotted with the fitted parameters in Fig. 4
(50 mT, right column, dashed red line) for comparison with
the accurate model of Sec. III between ry = 3.4 A and rg =
6.7A. The fitted value of the branching p = 0.11 is also
represented in Fig. 4 (50 mT, left column, red dashed line).
Theses effective values of the splittings and the branching
contrast allow us to reproduce satisfyingly our case of study
at 50 mT.

As the magnetic field is increased, the radius decreases
thus reducing the number of interacting nuclei. This justifies
the need to apply a minimal magnetic field. Indeed, the
superhyperfine induced decay regime can be eliminated by
increasing the field to a point where the screening radius is
comparable to ry so a very limited number of Y3* are still
interacting. Additionally, when a few ions are in the Er** area
of influence, the anisotropy of the electron spin can be used to
turn on or off the interaction with isolated nuclei [19].

VI. CONCLUSION

We have used the photon-echo technique to investigate the
decoherence of Er’*t : Y,SiO5 at low field. The collapse of

the coherence time is not due to a modification of the electron
or nuclear spins dynamics that is essentially unaffected at
low field. Instead, the decay curves are accurately explained
by the superhyperfine modulations that involve an increasing
number of nuclei as the field is reduced. The low-field decay
can be reproduced analytically by considering a spherical
model (angular averaging) and introducing a cutoff of the
Er*t dipolar field, thus defining a screening radius of the
electron spin influence.

The term decoherence for the superhyperfine induced col-
lapse is actually questionable. During the frue coherence time,
T, = 58 us in our case, the evolution of the spin ensemble
(Er** and a large collection of nuclei) is indeed unitary
and potentially reversible. This is a striking feature of the
mesoscopic ensemble evolution (cluster of Y>* around Er®™).
One may wonder if the rapid superhyperfine decay can be
canceled thus exploiting the reversibility of the process. There
is no obvious solution except extending the pulse duration or
reducing the power to perform a spectral selection [38—40].
This is an interesting approach to gain understanding on the
system but this constrains the apparent decay to the experi-
mental parameters (pulse duration for example).

This doesn’t necessarily mean that the superhyperfine in-
duced collapse should be considered as a hard limit. One
could on the contrary consider the repetition of short pulses to
compensate for the dephasing induce by the inhomogeneous
superhyperfine couplings. Despite a clear analogy with the
dynamical decoupling technique, the term dynamical is not
appropriate because the apparent decay is not driven by the
dynamical fluctuations of the environment. Additionally, the
transposition of this RF technique to the optical domain is not
direct because repeated coherence refocusing would trigger
the emission of multiple photon echoes. Still, our analysis
shows that the application of sub-us pulses would compensate
for the superhyperfine collapse. They are not technically
accessible in our case because a large peak power is needed
to maintain a significant pulse area. This nevertheless draws a
stimulating perspective to compensate for the superhyperfine
coupling to a large nuclear spin ensemble at low field.
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APPENDIX A: COMPLEMENTARY MEASUREMENTS

We complement the experimental measurements of Fig. 2
with different magnetic field values. The fitting procedure was
explained in Sec. III, so Fig. 6 is analogous to Fig. 3. All the
curves (Figs. 3 and 6) are fit with a unique coherence time
T, = 58 us.
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FIG. 6. Complementary experimental measurements echo decay
curves (blue line) with different magnetic field values than Fig. 2.
As in Fig. 3, we have superimposed the theoretical formula Eq. (3)
(orange dashed line). The fit is normalized to one at #;, = 0. We have
adjusted the vertical scale to draw the attention on the experimental
data.

APPENDIX B: CALCULATION OF THE MODULATION
PARAMETERS

We first remind the general reasoning to calculate the
modulation parameters of Eq. (2) in Appendix B 1. The cal-
culation has been already detailed in Ref. [19]. We also treat
the inequivalent site orientations, sometime called magnetic
subsites, present in the Y,SiOs matrix. The fit agreement
in Fig. 3 is obtained when the magnetic doesn’t exactly
lie in the (Dy, D,) plane but slightly offset. In that case,
the two possible site orientations (called orientations I and
Il in Ref. [28] and related by a C, rotation about b) are
not equivalent and have to be treated independently (see
Appendix B 2).

1. General approach

For a given Y** spin whose location is r referenced from
the dopant, the effect of the Er*" electron spin can be treated

in a perturbative manner by introducing the Hamiltonian

Hg/’e = —My- Bg,e(r) (B1)

depending if the Er’* is in the ground or the optical excited
state (written with subscripts g or e), respectively [19]. wy is
the Y3 nuclear (isotropic) dipole moment. The field

B,.(r) =B+ B, (r) (B2)

is the total magnetic field seen by the Y3+ ion including the
bias field B and the dipolar field generated by the Er** spin at
the location r of the nuclear spin. The latter takes the general

form
Er Er)\ . .
@ |:<”“g,e> _3 (<”‘g,e> r) ri| ’ (B3)

4z | #3 r
where (;L?‘e) is the Er’* electron spin dipole moment (ex-
pectation value), written p = (u}") (ground) and p’ = (u;")
(excited) in the text.

This is sufficient to extract the parameters of interest in
Eq. (2), namely A and A’ the superhyperfine splittings when
the erbium is in the ground or excited state as the eigenvalues
of H, and H,, respectively. Finally, the branching contrast

Er __
Bg,e -

o has the simple geometrical interpretation as p = sin’ (9)
where 6 = (B,, B.), the angle between the total magnetic
fields.

The dipole moments g and u’ are not aligned with the
magnetic field B. This is a consequence of the local site
anisotropy as revealed by the anisotropy of the g tensor
tabulated in Ref. [28] Table III.

2. Considering the two possible magnetic orientations

If the magnetic field B is contained in the (D, D;) plane
or parallel to b, then there is no need to bother with the

TABLE 1. Y3+ positions for orientation I A).

Y3+ number Distance r D coord. D, coord. b coord.
1 3.40 —0.66 3.23 —0.81
2 3.46 —3.45 0.28 0.00
3 3.51 —1.66 —1.88 2.45
4 3.62 2.27 —2.24 —-1.72
5 3.72 —1.79 2.15 2.45
6 4.15 —-2.79 —2.95 —0.81
7 4.70 3.93 -0.37 2.55
8 4.95 —1.66 —1.88 —4.27
9 5.10 —-1.79 2.15 —4.27
10 5.19 5.06 0.71 —-0.91
11 5.46 —1.01 —5.11 1.64
12 5.46 1.01 5.11 1.64
13 5.50 3.27 2.86 -3.36
14 5.50 3.27 2.86 3.36
15 5.74 3.93 —0.37 —4.17
16 5.93 2.27 —2.24 5.00
17 6.14 —2.44 5.38 1.64
18 6.27 2.92 —5.47 —-0.91
19 6.48 —-5.71 2.52 —-1.72
20 6.48 5.71 —2.52 —-1.72
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two different site orientations because they are equivalent. In
short, the magnetic subsites have the same dipoles moments p
and u'.

Otherwise, the orientations I and II have to be treated in-
dependently. There is no special difficulty. The corresponding
g tensors are related by a C, rotation about b as tabulated in
Ref. [28] Table III. The values of u now written p; and py; are
calculated independently (same for u’). We do not obtain the
same values for Bgr in Eq. (B3), obviously because the u; and

py are different (same for BE" with p) but also because the
relative positions of the surrounding Y3* are different: The
C, rotation has to be applied to r for each yttrium. We give
the explicit positions of 100 ions in C that may serve to the
reader for further analysis.

We finally calculate the parameters p;, A;, and A} in Eq. (2)
for an ensemble of 100 ions (labeled i) per orientation and
obtain the modulations V! and VI for each orientation. We
sum the two contributions in a coherent manner to evaluate

the final ensemble modulation
Vi T Vi

Vtot = )

(B4)

TABLE II. Y?** positions for orientation II (A).

Y3+ number Distance r D coord. D, coord. b coord.
1 3.40 0.66 —3.23 —0.81

2 3.46 3.45 —0.28 0.00

3 3.51 1.66 1.88 2.45

4 3.62 —2.27 2.24 —-1.72

5

3.72 1.79 —2.15 245

APPENDIX C: POSITIONS OF THE Y3+ IONS

We here give the Y3* positions used to calculate the
superhyperfine splittings in orientation I. We write the first
20 ions (sorted by distance from the Er*" center) in Table 1.
The coordinates are given in the frame D;, D,, and b. The
complete set of 100 ions used for the calculation is given as
Supplemental Material [41] in the form of a text file.

We also give the first five Y* ions in orientation II in
Table II. They are simply deduced from the positions for the
other site by a C, rotation about b.
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