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Direct observation of rare-earth-host interactions in Er:Y,SiO;
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We report the direct observation of Er-Y and Er-Si interactions in Er:Y,SiOs by spin-echo measurements.
Modulations in the spin-echo decay of Er’* ions are due to magnetic interactions between the rare earth and the
host nuclear spins. The closest yttrium ions were found to be out of resonance compared to the yttrium ions
farther away from the rare earth. This strong “frozen core” effect around the Er’* ions suggests that the
influence of Y3* ions on the decoherence processes of erbium is weaker than what can be deduced from the

yttrium in the bulk.
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Rare-earth ion doped crystals are widely used as phos-
phors for display, ligthing, and scintillation and also as laser
and optical amplifier materials. Besides these well-known
applications, they have also proved powerful for radio fre-
quency optical processing' and are promising candidates for
quantum information.?? In these advanced fields, one takes
advantage of the extremely narrow homogeneous linewidth
(i.e., long coherence lifetime T,) of some rare-earth transi-
tions either in the optical or the radio frequency (RF) do-
main. For example, a homogeneous linewidth of only
0.03 Hz has been measured for a hyperfine transition of Pr**
in Y,SiO;5 using appropriate magnetic fields and RF decou-
pling pulses.* This was used to demonstrate light storage for
more than one second in this compound.? A two-qubit logical
gate,” and single-qubit arbitrary rotations were also demon-
strated in the same crystal.®

A 73 Hz wide transition was observed at 1536 nm in
Er**:Y,Si05 (Er:YSO), which is the narrowest optical line-
width ever recorded in a solid.” This result is especially rel-
evant for applications because of the strong development of
optical fiber telecommunications around 1.5 um. Er:YSO
has already been used for high resolution spectral analysis,'
laser stabilization,® and ultraslow light by coherent popula-
tion oscillations,” and is also investigated for quantum
storage.'”

The narrow linewidth of rare-earth transitions are mainly
due to the shielding of 4f electrons from the environment by
closed 5s and 5p shells. The mechanisms which contribute to
the linewidth are (i) the natural lifetime of the excited states,
(ii) the rare-earth—rare-earth interactions, (iii) the coupling to
phonons, and (iv) the rare-earth-host interaction mainly due
to nuclear and electron-spin fluctuations of the host lattice. If
one works with a rare earth having long radiative lifetime,
with crystals with low rare-earth doping level and at low
temperature (7=1.5 K), the first three mechanisms can be
strongly suppressed. Then, the remaining process broadening
the transition is the coupling between the magnetic moment
of the rare-earth ions and those of the host. To reduce this
contribution, hosts with no electronic moment and low aver-
age nuclear moment for all constituting elements have to be
chosen. For instance, the narrowest homogeneous linewidth
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was observed in Er:YSO with a 10 ppm Er concentration and
was obtained at 1.5 K under a high magnetic field to reduce
phonon-induced Er spin flips. The 73 Hz linewidth measured
this way is close to the 14 Hz limit given by the population
lifetime.® In Ref. 8, the author suggests that the remaining
difference with this limit is due to fluctuating yttrium nuclear
spins through resonant flip-flop mechanisms around the Er
ions. The study of this decoherence process is a complex
problem since the magnetic moment of the rare-earth ions
may shift the nuclear frequency of the closest host nuclei out
of resonance from the nuclear frequency of bulk nuclei, giv-
ing rise to a “frozen core” effect.'! Few studies, only per-
formed on Pr-doped compounds, addressed this particular
rare-earth-host interaction problem. Burum ef al. studied by
means of optically detected NMR the superhyperfine inter-
actions between Pr’* ions and fluorine ions in Pr:CaF,."?
Raman heterodyne experiments where a nuclear coherence
created by RF fields and read out by optical techniques were
performed on Pr:LaF;,'® Pr: YAIO5,'* and Pr:Y,SiOs."

This frozen core effect has a direct influence on the co-
herence lifetime of the rare-earth ion transitions: the spin flip
rate of nuclei in the frozen core is reduced since they do not
experience flip-flop processes with the nuclei of the bulk
material. This then reduces the magnetic field fluctuations
around the rare earth and increases the transition coherence
lifetimes. Direct measurements of the rare-earth-host interac-
tions are therefore important to study decoherence. More-
over, the analysis of rare-earth-host interactions is the first
step for quantum computing protocols using the spin-bus
concept. Indeed, the electron spin of Er** could act as a bus
qubit connected to a finite number of Y** nuclear spins play-
ing the role of client qubits.'®

In this paper we report the direct measurement by spin-
echo experiments of superhyperfine interactions between
Er** and Y3* ions in the case of Er:Y,SiOs. In some spin-
echo measurements, the intensity of the echo is modulated at
the nuclear transition frequencies of the interacting nuclei
leading to the electron spin-echo envelope modulation
(ESEEM) spectroscopy.!” These modulations allow us to de-
termine which particular ions of the host interact with the
rare earth.

In Y,SiOs, Er** ions lie on two crystallographic sites with
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FIG. 1. Energy level diagram for an electron spin S=1/2
coupled with a nuclear spin /=1/2. For the eigenstates, |+,—) cor-
responds, for example, to mg, m; values of +1/2 and —1/2. |M]|
(IM{) are the allowed (partially forbidden) transition matrix
elements.

low-symmetry C;. In this work, we will focus on site 1
which is the site of interest for applications.!® In Y,SiOs,
Er** ions can only interact with the nuclear spins of Y** ions,
Si** ions, and O% jons. Y>* ions have one 100% abundant
isotope with a nuclear spin /=1/2 and a nuclear g-factor
g,=—0.2748. Due to their low isotopic natural abundances,
contributions of 7O (0.038%) and >’Si (4.67%) isotopes will
be negligible compared to the ones of Y** ions. As in the
following we only perform experiments on Er isotopes with
no nuclear spins, the spin Hamiltonian for an Er-Y pair is

H:BeB'g'S_BngnB'I+Him’ (1)

with B, the electronic Bohr magneton and S, the nuclear
magneton. B is the external static magnetic field and g is the
3 X3 g-factor matrix. S refers to the electronic spin of Er**
ions and I refers to the nuclear spin of Y** ions. At helium
temperature, Er** is well described by a 1/2 electronic spin.
H™ represents the interaction between the Er’* ions and the
host nuclei. A magnetic dipole-dipole interaction between Er
and Y gives the following form for H":
pu’ 3™ -R)(u"-R)

Hinz= R3 _ RS , (2)

where P and uY are the electronic and nuclear magnetic
dipole moments of Er and Y written as u*=8,g-S and uY
=0,g,1, respectively.

Figure 1 shows the energy level diagram of an Er-Y pair
corresponding to an electron spin S=1/2 coupled with a
nuclear spin /=1/2.

The first part of the spin Hamiltonian of Eq. (1) (elec-
tronic Zeeman interaction) splits the fourfold degenerate lev-
els of the pair into two doublets, |—,*) and |+,*), separated
by the electronic frequency w,. The nuclear Zeeman interac-
tion (8,g,B-I) and the dipole-dipole interaction H™ split the
two doublets into two singlets separated by the superhyper-
fine frequencies w; and w,.

The crystal used in our experiments is supplied by Scien-
tific Materials Inc. A cube of 1 mm? doped with 0.005 at. %
of Er** ions is oriented along the three orthogonal optical
extinction axes (b,D;,D,). Electron paramagnetic resonance
(EPR) measurements were carried out using a Briiker EL-
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FIG. 2. (a) Field-swept Er** EDEPR spectrum at 4 K in Y,SiOs
collected with a two-pulse echo sequence 7/2— 7— 7— 7—echo with
/2 pulse length of 16 ns, and 7=200 ns. The spectrum is obtained
for an external magnetic field in the (b,D;) plane oriented at 43°
from the b axis. Hyperfine transitions are due to 1$7Er. (b) Electron
spin-echo decay of site 1 at 4 K with B=268 mT in a three-pulse
experiment as a function of the time 7 between the second and the
third pulse with the same magnetic field orientation. In three-pulse
ESEEM experiments 7 was set to 136 ns.

EXYS E580 pulsed EPR spectrometer in the X band at 4 K.
All the experiments were performed in the (b,D;) plane with
the external magnetic field oriented at 43° from the b axis.
This magnetic field orientation was chosen to avoid an over-
lap between the EPR spectra of sites 1 and 2 and to ascertain
that only site 1 was excited by the microwave pulses.!® To
check this orientation, an echo detected EPR (EDEPR) spec-
trum was collected using a two-pulse echo sequence /2
—7—m—7 echo while sweeping the magnetic field
[Fig. 2(a)].

ESEEM experiments at 4 K performed on site 1 at a mag-
netic field of 268 mT are obtained by recording the echo
intensity generated by a three-pulse sequence (stimulated
echo sequence) m/2—7—m/2—T—m/2—7 echo.'”? Two
nonselective /2 pulses, which excite all electronic transi-
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tions, separated by time 7 are applied and followed by a third
nonselective 77/2 pulse after time 7. The stimulated echo is
observed at time 7 after the third pulse [Fig. 2(b)]. The echo
intensity of the three-pulse ESEEM experiment for an Er-Y
pair with a fixed time 7 and a variable time T is given by!7-?

I(7,7) = 5[V + V2] (3)

with

Vi=1- g[l —cos(w, ) {1 = cos[w;(7+ T)]},

VZ=1- g[l —cos(w; )1 = cos[w,(7+ T)]}. (4)

k is called the modulation depth parameter and is linked to
transition probabilities between the two allowed and the two
partially forbidden electronic transitions: k=4|M,,|*|M 4> 2! If
one of the transitions is strictly forbidden, i.e., |M f|:0, no
modulation appears. In the case of N interacting Y>* ions,
Eq. (3) becomes?!

N N
1<T,T>:§[Hv;+nv3}, (5)
i=1 i=1

with Vi1 and V? defined by Eq. (4). Equations (3)—(5) are
valid provided one can neglect the nonsecular terms of Eq.
(2) proportional to S, and S, operators. This is the case in our
system where w, around 10 GHz is large compared to w,; and
w, around 1 MHz.

Figure 2(b) presents the decay at 4 K of the echo ampli-
tude as a function of the time 7 between the second and the
third pulse. Shallow modulations are observed in the echo
amplitude decay [Fig. 2(b)]. The Fourier transform (FT)
spectrum [Fig. 3(a)] consists of a pattern centered around
0.56 MHz. This frequency corresponds to the nuclear fre-
quency of Y** ions far from erbium ions [term 3,g,B-I in
Eq. (1)]. By considering the crystal structure and Er-Y pair
distances and orientations, the pattern around this central fre-
quency is unambiguously attributed to Y** ions around Er**
ions. The position of the lines are calculated by assuming a
magnetic dipole-dipole interaction [Eq. (2)]. To calculate
H™, the g matrix associated to Er’* ions in site 1 with re-
spect to the three orthogonal optical extinction axes
(D,,D,,b) was determined by a cw-EPR study.'” The Er-Y
distances and orientations are fixed by the crystallographic
positions of each ion. The calculated modulation frequencies,
obtained without any adjustable parameter, allow us to at-
tribute each modulation line to a particular Y** ion. Each
Er-Y pair gives two modulation lines which correspond to
the frequencies w; and w, of Fig. 1. The intense lines are due
to the nearest Y** ions [Fig. 3(a)]. The broad structure
around 0.56 MHz is due to Y>* ions located at distances
ranging between 4 A and 6 A around the central Er** ion.
The Y>* ions at R>6 A do not bring any contribution to the
spectrum due to their very low modulation depth parameter
values. Small modulation peaks at higher frequencies be-
tween 1.8 and 3.5 MHz are due to Si** ions.
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FIG. 3. (a) Magnitude-FT three-pulse ESEEM spectrum of
Er:Y,SiOs. Time-domain data of Fig. 1(b) were baseline corrected
by a biexponential decay, apodized by a Hamming window, and
zero filled up to 2'* points. For Y nuclei, the first index indicates the
site and the second classifies the ions by increasing distances. To
obtain the calculated spectrum, lattice distances are converted to
dipolar coupling using Eq. (2) and then entered into Egs. (3)—(5).
The horizontal lines in (b) represent the uncertainties on the calcu-
lated frequencies w; and w, (see text).

For the four closest Y** ions at R<4 A, the frequency
shifts from the nuclear frequency of bulk yttrium ions
(0.56 MHz) are ranging from 280 kHz to 370 kHz. These
detunings are much larger than the 35 Hz linewidth of yt-
trium NMR transitions.?? Such detunings give rise to a fro-
zen core effect and the Y** ions in the frozen core have a
weaker effect on the homogeneous linewidth of Er** ions as
they are detuned from bulk yttrium.

Figure 3(b) gathers an expanded view of the experimental
spectrum in the range 0—1.4 MHz along with a calculated
spectrum using Eq. (5). The uncertainties on the calculated
modulation frequencies [see the horizontal lines in Fig. 3(b)]
are due to an experimental accuracy of +£1° for the crystal
orientation in the EPR cavity. The intensities of the main
peaks are well reproduced by the calculation. Some discrep-
ancies are observed for the broad structure around
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0.56 MHz. This can be due to error in the baseline correction
of the time-domain data where a biexponential decay is as-
sumed and/or to instrumental dead time (around 88 ns)
which are not taken into account in the calculated
spectrum.?

In conclusion, rare-earth-host superhyperfine interactions
in Er:Y,Si05 were directly observed by spin-echo experi-
ments. Well-defined temporal modulations were analyzed in
terms of magnetic dipole-dipole interactions between Er’*
ions and particular Y3* ions of the structure. This study re-
veals a strong frozen core effect around the Er’* ions which
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suggests that the influence of Y** ions on the decoherence
processes of erbium is weaker than what can be deduced
from the resonant yttrium of the bulk. Moreover, it is a first
step toward quantum computing protocols based on the spin-
bus concept where an Er** ion connected to a finite number
of Y** nuclear spins can constitute a local processing unit.
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