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Electron paramagnetic resonance �EPR� spectroscopy of rare earth ions in crystals is a powerful tool to
analyze the hyperfine structure of the rare earth ground state. This can be useful for coherent spectroscopy and
quantum information applications where the hyperfine structure of the electronic levels is used. In this work,
we give a detailed analysis of the hyperfine structure of the ground state �4I15/2�0�� of Er3+ ions in Y2SiO5. The
electronic Zeeman, hyperfine, and quadrupole matrices are obtained from angular variations of the magnetic
field in three orthogonal crystal planes. An excellent agreement is obtained between experimental and simu-
lated magnetic field positions and relative intensities of EPR lines.
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I. INTRODUCTION

Hyperfine levels of rare earth ions are commonly used to
perform coherent spectroscopy experiments, like hole burn-
ing and photon echo, thanks to the long lifetime �up to min-
utes� of these levels at low temperature ��4 K�.1 They can
also exhibit a coherence time �T2� of the order of several
milliseconds, making these systems interesting for quantum
manipulations. For example, a hyperfine coherence lifetime
of 82 ms has been reported in Pr3+ :Y2SiO5.2 By the applica-
tion of a specific pulse sequence on a nuclear-quadrupole
transition of Pr3+ ions, an increase of up to 30 s has been
found for this coherence time.3 Rare-earth-ion-doped crystals
are thus promising candidates in the quest for macroscopic
quantum effects like quantum memories4 and quantum
repeaters.5 In both applications, quantum storage, which
aims at transferring quantum states of photons into atomic
ensembles, is necessary. This is possible with atomic species
in which a three-level � system can be built.6 A three-level
� system consists of two levels, which can both be coupled
by light fields to a third one. The photon to be stored is
resonant with one transition and a second light field with the
other one. Intensity variation of the latter allows photons to
be trapped and released by using electromagnetically in-
duced transparency �EIT� for example.6 To get efficient trap-
ping, the lifetime of the coherences �optical and hyperfine
coherences� between the three levels of the � system needs
to be long. The hyperfine coherence time defines the storage
time of the quantum memory. Storage has been demonstrated
for classical and quantum light in a number of systems.4,7,8 In
Pr3+ :Y2SiO5, light was slowed down and even stopped dur-
ing a time span greater than one second.9 In this case, the
three-level system is made of the hyperfine levels of the
ground 3H4 multiplet and of the excited 1D2 multiplet of Pr3+

ions.
Apart from the required long coherence time, the two op-

tical transitions between the two legs of the � should have
similar intensities. This condition is satisfied if the nuclear

spin projection MI is not a good quantum number since op-
tical transitions are limited by the �MI=0 selection rule. In
order to find an efficient three-level � system with hyperfine
levels of rare earth ions, some mixing between the �MI� states
has to occur. There are two ways to induce mixing in the
nuclear spin projections: �i� to find a host where the site
symmetry of the rare earth is low and/or �ii� to apply an
external magnetic field. In the former case, hyperfine inter-
action in low symmetry sites induces mixing between �MI�
and �MI±1� states and quadrupole interaction mixes state
�MI� and �MI±2�. In the latter case, in previous works on
Pr3+ and Tm3+ ions, we have shown theoretically and experi-
mentally that an external magnetic field can induce very dif-
ferent nuclear spin projections by mixing ground and excited
levels and thus relaxing the �MI=0 selection rule.10–12

In the future, quantum networks will be composed of pho-
tons as natural qubit carriers and atomic systems as nodes for
processing and storing the optical information. Finding suit-
able atomic systems and protocols meeting the current tele-
communication technologies appears as a crucial point. In
this perspective, Er3+ ion belongs to the family of rare earths
showing very sharp optical resonances with long-lived ex-
cited states and long optical coherence times. Among all the
rare earth ions, non-Kramers ions with an even number of 4f
electrons present the longest coherence lifetime without any
magnetic field.13 However, under an external magnetic field,
Kramers ions, like Er3+, can also be of interest. An optical
coherence lifetime of 4.38 ms has been obtained in
Er3+ :Y2SiO5 under magnetic field corresponding to the long-
est optical coherence time ever measured in any solid-state
material.14 Er3+ ion is an interesting Kramers ion as it emits
around 1.5 �m. The presence of telecommunication optical
fibers makes this wavelength suitable to transfer light qubits
over long distances. Moreover, Er3+ ions present a hyperfine
structure at zero magnetic field due to the 167Er isotope
�natural abundance 22.94%� with a nuclear spin I=7/2. A
three-level � system can be built between the hyperfine lev-
els of the ground 4I15/2 multiplet and of the excited 4I13/2
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multiplet around 1.5 �m. Y2SiO5 has a monoclinic structure
with C2/c space group. Er3+ ions lie on two crystallographic
sites with low-symmetry C1 with seven and six oxygen
neighbors. This low site symmetry induces strong mixing
between the different nuclear spin projections. For all the
above reasons, Er3+ :Y2SiO5 appears to be an interesting can-
didate for light processing and storing.

The first step toward coherent optical applications and
quantum manipulation in this system is the determination of
the hyperfine structure of the 167Er isotope in Y2SiO5. Be-
cause of the very low site symmetry of the rare earth, each
Kramers doublet of this isotope splits at maximum into 16
levels under the hyperfine and quadrupole magnetic interac-
tions even without any external magnetic field. The hyperfine
structure of Er3+ ions is thus very complex. As the hyperfine
splittings �few hundreds of megahertz� are usually smaller
than the optical inhomogeneous linewidth �few gigahertz�,
they can only be determined in the optical range by hole
burning spectroscopy. However, due to the high value of the
nuclear spin of the 167Er isotope �I=7/2�, hole burning spec-
tra are very complex. If we consider that the hyperfine split-
tings are inside the inhomogeneous linewidth and if all the
transitions are allowed, we have at maximum 2�120 side
holes and 2�28 800 antiholes. In this very complex case,
electron paramagnetic resonance �EPR� spectroscopy is a
powerful tool to analyze the hyperfine structure of the
ground Kramers doublet of the 4I15/2 multiplet. Although lim-
ited to the ground state crystal field level, this technique has
two main advantages over its optical counterpart. First, the
inhomogeneous linewidth of the Zeeman transitions in rare
earth ions is approximately three orders of magnitudes
smaller than those observed in the optical domain. This al-
lows one to observe very clearly splittings due to different
interactions as the hyperfine and quadrupole ones. Moreover,
by rotating a single crystal in the magnetic field, precise
information on the site symmetry �including ground state
irreducible representation�, and also on the orientation of the
different interactions can be easily retrieved. This can be
used in order to optimize the hyperfine states mixing and the
coherence time when an external magnetic field is applied.

Having determined the ground state hyperfine splitting by
EPR, hole burning spectroscopy could then be used to re-
trieve the excited state hyperfine structure. Apart from the
determination of hyperfine splittings for quantum applica-
tions, the EPR of Er3+ ions in Y2SiO5 provides an interesting
case for the study of low-symmetry effects in electron para-
magnetic resonance. Indeed, low-symmetry EPR data are
difficult to interpret as the different interactions, the Zeeman
interaction, the hyperfine interaction and the quadrupole in-
teraction have noncoincident principal axes.15 Moreover, un-
der low site symmetry, second-order effects of hyperfine and
quadrupole interactions can strongly modify the splitting be-
tween hyperfine transitions. To our knowledge, it is the first
time that such a complete study of EPR spectra of Er3+ ions
in low site symmetry is reported. Indeed, in the literature,
very few examples of this type are studied. Only the g factor
and the hyperfine interaction A are determined and very of-
ten the quadrupole interaction is neglected.16

The paper is arranged as follows. In Sec. II, we present
the spin-Hamiltonian approach which is used to analyze the

hyperfine splittings of the ground state of erbium as well as
the fitting procedure used in this work. In Sec. III, the results
and the spin-Hamiltonian parameters are presented and dis-
cussed.

II. SPIN HAMILTONIAN AND FITTING PROCEDURE

The free Er3+ ion has a 4f11 configuration with a 2S+1LJ
= 4I15/2 ground state. S, L, and J are the spin, orbital, and total
momenta, respectively. In a crystal field of C1 symmetry, the
J=15/2 level splits into eight Kramers doublets �KDs�
�MJ�=15/2, 13/2, 11/2, 9 /2, 7 /2, 5 /2, 3 /2, and 1/2, MJ
being the z component of J. Since only the lowest doublet is
populated at liquid helium temperature, the system can be
described by a fictitious spin S=1/2. Erbium has five even
isotopes 162Er, 164Er, 166Er, 168Er, and 170Er, with nuclear
spin I=0 and a total natural abundance of 77.05%, and one
isotope, 167Er, with nuclear spin I=7/2 �natural abundance
22.95%�. The EPR spectrum of Er3+ ions is expected to be
composed of an intense central line due to even isotopes and
a hyperfine pattern composed of at least eight “allowed”
transitions for the odd isotope; “allowed” means that the
EPR transition has the selection rules �MS= ±1 and �MI
=0. As the low site symmetry mixes all the nuclear spin
projections, MI is not a good quantum number anymore;
however, it is simple to describe the EPR spectrum by means
of allowed ��MI=0� and forbidden transitions ��MI

= ±1, ±2�. The spin Hamiltonian developed by Pryce17 and
Abragam and Pryce18 using a modified perturbation theory is

Heven = �eB · g · S �1�

for even isotopes and

Hodd = �eB · g · S + I · A · S + I · Q · I − �ngnB · I �2�

for the odd isotope. �e is the electronic Bohr magneton, B is
the external static magnetic field, g is the g-factor matrix, A
is the hyperfine matrix, and Q is the electric quadrupole ma-
trix. The quadrupole interaction is a symmetric traceless ma-
trix. �n is the nuclear magneton, and gn is the nuclear g
factor. gn=−0.1618 for Er3+ ions.

The crystal used in our experiments is supplied by Scien-
tific Materials Inc. A cube of 1 mm3 is oriented by Laue
x-ray diffraction along the three orthogonal optical extinction
axes, b, D1, and D2.14 It is doped with 0.005 at. % of Er3+

ions. The EPR spectra of erbium-doped Y2SiO5 are shown in
Fig. 1 for B parallel to b for example. The signals from the
erbium ions in site 1 and site 2 are gathered. We use the
notation of Refs. 14 and 19 site 1 �site 2� corresponds to Er3+

ions characterized by the 1536.48 nm �1538.90 nm� vacuum
wavelength for the lowest 4I15/2 to 4I13/2 transitions.

The EPR spectra are composed of a narrow central line
corresponding the even isotopes. A hyperfine pattern of 2I
+1=8 allowed hyperfine transitions ��MI=0 transitions
which are indicated by a stick diagram on Fig. 1� is seen
around the central line. Between each allowed hyperfine
transition, pairs of forbidden transitions ��MI= ±1 transi-
tions, stick diagram on Fig. 1� are clearly observed. In a site
of C1 symmetry, the principal axes of each interaction g, A,
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Q are not coincident. The determination of g, A, and Q
matrices with respect to a reference axis set is obtained from
the angular variations of the experimental EPR spectra in
three orthogonal crystal planes: �b ,D1�, �b ,D2�, and
�D1 ,D2�. In the general case, g and A are asymmetric.20 The
asymmetric part of the g matrix can be eliminated by special
spin operator transformation.21 However, such an asymmetry
has not be seen in our spectra and all matrices are taken
symmetric. We have thus to determine 17 spin-Hamiltonian
parameters: six for the g matrix, six for the A matrix, and
only five for the Q matrix, which is a traceless matrix. The
six g-factor matrix elements are obtained from the angular
study of the central EPR line �Eq. �1��. The other 11 param-
eters are obtained from angular variations of the allowed and
forbidden transitions. Contrary to what is usually done, we
cannot use a perturbative approach to analyze the hyperfine
structure in the case of Er3+ :Y2SiO5. As the intensities of
some forbidden hyperfine transitions are of the same order of
magnitude as the allowed transitions �Fig. 1�, the quadrupole
interaction cannot be treated as a perturbation of the hyper-
fine interaction. It means that we have to perform a complete
diagonalization of the spin Hamiltonian of Eq. �2� to retrieve
the A and Q matrix elements.

Due to the narrow linewidth of transitions �the linewidth
of the central EPR line is 1.4 G for site 1 and 7.2 G for site
2 when B is parallel to b, 2.6 G for site 1 and 0.6 G for site

2 when B is parallel to D1, 1.5 G for site 1 and 10 G for site
2 when B is parallel to D2�, the splitting of the forbidden
transitions into two lines is observed �Fig. 1�. To our knowl-
edge, it is the first time in the literature that such a splitting
has been reported for rare earth elements. These splittings are
due only to the quadrupole interaction Q and allow us to
retrieve the five independent quadrupole matrix elements.

EPR measurements were performed with an X-band
Bruker Elexsys E 500 spectrometer equipped with an Oxford
Instruments variable temperature device. The crystal was
mounted on a small Perspex sample holder to allow its ori-
entation with respect to the magnetic field. Angular varia-
tions were obtained by rotating the crystal by steps of 10°.
For each orientation, the positions of the allowed and forbid-
den transitions are determined manually from the recorded
spectra. By a complete diagonalization, performed on a 16
�16 matrix �2�2I+1��2�2I+1��, the calculated positions
are compared to the experimental ones and the spin-
Hamiltonian parameters are determined by minimizing the
following rmsnorm parameter taken as the figure of merit for
the simulation:

rmsnorm = � 1

N − 11�
i=1

N 	Bi
expt − Bi

calc

Ei

2�1/2

= 	 1

N − 11
�2
1/2

�3�

where Bi
expt and Bi

calc are the experimental and calculated
magnetic field positions. �2 is the �2 statistic. To get a quan-
titative measure of the goodness of fit, errors �	i� have to be
taken into account. For each experimental position, the errors
are determined by assuming an ±1° accuracy for crystal ori-
entations. The subscript “norm” emphasizes the use of nor-
malized experimental data �i.e., by taking their errors explic-
itly into account�. Fitting normalized data is necessary to
ensure that positions measured with the same accuracy have
the same weight in the fit. The sum runs from 1 to N where
N is the number of experimental data points. To optimize the
11 parameters corresponding to the hyperfine and quadrupole
interactions, 1109 and 1059 experimental positions are used
for sites 1 and 2, respectively.

The fitting procedure is performed in two steps. To first
obtain a set of starting spin-Hamiltonian parameters, the al-
lowed hyperfine transitions are fitted by only taking into ac-
count the hyperfine interaction A. The quadrupole splitting is
then fitted by fixing these previous A values and varying the
quadrupole Q interaction. This procedure is equivalent to
analyzing the EPR spectra by a perturbative approach. Then,
with this starting set of parameters, the complete fitting pro-
cedure is performed. The positions of the allowed transitions
and of the quadrupole splittings are simulated by taking into
account both A and Q interactions. In the spin Hamiltonian
of Eq. �2�, we consider the nuclear Zeeman interaction. It
does not influence the position of the allowed and forbidden
transitions but it influences their intensities. It is of particular
importance if one wants to reproduce the experimental EPR
spectra. A home-made program based on MATLAB software is
used for the simulation.

FIG. 1. Experimental and calculated EPR spectra at 7 K of Er3+

in Y2SiO5 for sites 1 and 2 with the magnetic field B parallel to the
b axis. The spectra were recorded at 9.5 GHz with a microwave
power of 20 mW.
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III. RESULTS AND DISCUSSION

A. Electronic Zeeman interaction study

The determination of the electronic Zeeman interaction is
performed by following the angular variations of the mag-
netic field position of the central EPR line of sites 1 and 2
and by diagonalization of the Hamiltonian of Eq. �1�. Figure
2 gathers the angular variations in the three orthogonal
planes as well as the calculated curves. When the magnetic
field B has an arbitrary orientation, each site splits into two
magnetic inequivalent sites. Indeed, in Y2SiO5, for each
crystallographic site, there are four sites with different orien-
tation in the primitive cell related to each other by a C2 axis
parallel to the b axis and an inversion operation. The sites

related by the inversion operation give the same EPR signal
whereas the sites related by the C2 axis give two EPR signals
for a general orientation of the magnetic field. In the �b ,D1�
plane, when the magnetic field is parallel to the b or to the
D1 axis, only two different EPR signals are observed, corre-
sponding to the two different crystallographic sites; the mag-
netic inequivalency disappears. When the magnetic field de-
viates from these axes, each EPR signal splits into two
magnetically inequivalent signals related by the C2 axis.
These two inequivalent sites have the same angular varia-
tions with the same extrema �Fig. 2�. We take into account in
the simulation this property of symmetry by applying to the
Hamiltonian of Eq. �1� the C2 symmetry operation. As the C2
axis is perpendicular to the �D1D2� plane, each site gives
only one EPR signal in this plane �Fig. 2�. In the �b ,D2�
plane �Fig. 2�, when B is parallel to the D2 axis, each site
gives only one signal. However at 90° from D2, the signals
are not superimposed. Contrary to what it is observed in the
�b ,D1� plane, the angular variations of each inequivalent site
are slightly different with different extrema. This effect,
which is clearly seen for site 2 �Fig. 2�, indicates that we are
not exactly in the �b ,D2� plane but rather in a �b� ,D2� plane.
We have simulated independently site 1 and site 2 and we
have found for each site the same angle of misalignment: the
b� axis is at 1.1° from the b axis in the �b ,D1� plane. This
angle can be attributed to an error in the facet orientation of
the crystal or to a slight misalignment of the crystal with
respect to the magnetic field direction. This angle is taken
into account in the following simulations.

From the simulations of the angular variations of the EPR
central line, we have built the following matrices for the
electronic Zeeman interaction:

g1 = � 2.92 − 3.08 − 3.68

− 3.08 8.19 5.96

− 3.68 5.96 5.52


�D1,D2,b�

�4�

for site 1 and

TABLE I. Principal values and Euler angles of the g factor of
Er3+ ions in Y2SiO5 for sites 1 and 2.

Principal values

Euler angles
�deg�


 � �

Site 1

�gx�=0.00�5�
�gy�=1.79�3� 207�1� 53�1� 247�1�
�gz�=14.83�1�

Site 2

�gx�=0.55�5�
�gy�=1.70�3� 261�1� 100�1� 103�1�
�gz�=15.54�1�

FIG. 2. Angular variation of the position �in mT� of the central
line of the EPR spectra of Er3+ in Y2SiO5. The magnetic field B
varies in three orthogonal crystallographic planes: �b ,D1�, �D1 ,D2�
and �b� ,D2�. See text for definition of b�. The two crystallographic
sites as well as the inequivalent magnetic sites are shown. Calcu-
lated curves using Eq. �1� are represented by solid lines.
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g2 = � 14.75 − 2.02 2.62

− 2.02 1.89 − 0.93

2.62 − 0.93 0.05


�D1,D2,b�

�5�

for site 2. After diagonalization, the principal g values and
the Euler angles 
, �, and � of the principal axes with re-
spect to the crystallographic axes �D1 ,D2 ,b� are calculated.
The results are given in Table I. Since the trace of a tensor is
invariant with respect to rotations, the relative signs of the
principal g values are deduced from the diagonalization of
matrices of Eqs. �4� and �5�. For site 1, the principal g values
have the same sign and for site 2, the gx value and the gy, gz
values have opposite signs.

Our values agree with the g values given in Ref. 22 where
only the maximum and the minimum g values were deter-
mined because the authors could not investigate the complete
angular dependence of the resonances with respect to the
magnetic field. They found a maximum value of 14.80±0.01
and 15.46±0.01 for sites 1 and 2, respectively; and a mini-
mum g value smaller than 0.8 for both sites. Some small
discrepancies are found with Ref. 14 probably due to small
misalignment of the crystal in their experiments. As we can
see from Table I, the principal axes are not oriented along the
optical axes. The errors are given in parenthesis. For ex-
ample, the Euler angles are given in degrees with a ±1° error.

B. Hyperfine and quadrupole interactions study

The angular variations of the eight allowed hyperfine tran-
sitions are shown in Figs. 3–5 with the calculated curves
using the Hamiltonian of Eq. �2�. For the sake of clarity, in
the �b ,D1� and �b� ,D2� planes, the angular variations of the
magnetically inequivalent sites are shown on different fig-
ures. For some magnetic field orientations and in particular

FIG. 3. Angular variation of the positions �in mT� of the eight
allowed hyperfine transitions for Er3+ in Y2SiO5. The magnetic field
B varies in the �D1 ,D2� plane. The two crystallographic sites are
shown. Calculated curves are represented by solid lines.

FIG. 4. Angular variation of the positions �in mT� of the eight
allowed hyperfine transitions for Er3+ in Y2SiO5. The magnetic field
B varies in the �b ,D1� plane. The two crystallographic sites are
shown. Calculated curves are represented by solid lines.

FIG. 5. Angular variation of the positions �in mT� of the eight
allowed hyperfine transitions for Er3+ in Y2SiO5. The magnetic field
B varies in the �b� ,D2� plane. See text for definition of b�. The two
crystallographic sites are shown. Calculated curves are represented
by solid lines.
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when the EPR signal is going toward high magnetic field, we
could not obtain accurate experimental data. For these orien-

tations, it was not possible to distinguish between the al-
lowed and forbidden transitions. Their intensities become
equivalent and the allowed transitions were not longer
equally spaced, contrary to the spectra shown in Fig. 1.
These behaviors are the combination of two effects: �i� for
some orientations, the quadrupole interaction is of the same
order of magnitude of the hyperfine interaction and �ii� the
hyperfine and quadrupole principal axes are not coincident.15

Indeed, if we try to simulate the positions of the allowed
transitions by considering the quadrupole interaction as a
perturbation of the hyperfine interaction, we find a good
agreement between the experimental points and the calcu-
lated ones when the EPR signals are in the low-field part of
the spectra. However, when the signals are going towards the
high-magnetic-field part of the EPR spectral range, the
agreement is poor with at least 10% discrepancy between the
experimental and the calculated curves. Figures 6–8 gather
the six quadrupole splittings of the forbidden transitions as
function of the magnetic field orientation with the corre-
sponding calculated curves. For sake of clarity, some part of
the calculated curves are not shown. By fitting simulta-
neously the positions of the allowed transitions and the quad-
rupole splittings we have built the following matrices for the
A and Q interactions:

A1 = � 69.35 − 580.73 − 248.83

− 580.73 696.30 682.49

− 248.83 682.49 495.54


�D1,D2,b�

, �6�

Q1 = � 21.40 − 8.18 − 15.27

− 8.18 3.79 0.60

− 15.27 0.60 − 25.20


�D1,D2,b�

, �7�

for site 1 and for site 2

FIG. 6. Angular variation of the six quadrupole splittings �in
mT� of forbidden hyperfine transitions for Er3+ in Y2SiO5. The
magnetic field B varies in the �D1 ,D2� plane. The two crystallo-
graphic sites are shown. Calculated curves are represented by solid
lines.

FIG. 7. Angular variation of the six quadrupole splittings �in
mT� of forbidden hyperfine transitions for Er3+ in Y2SiO5. The
magnetic field B varies in the �b ,D1� plane. The two crystallo-
graphic sites are shown. Calculated curves are represented by solid
lines.

FIG. 8. Angular variation of the six quadrupole splittings �in
mT� of forbidden hyperfine transitions for Er3+ in Y2SiO5. The
magnetic field B varies in the �b� ,D2� plane. See text for definition
of b�. The two crystallographic sites are shown. Calculated curves
are represented by solid lines.
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A2 = �− 1521.40 178.11 − 141.76

178.11 172.09 212.54

− 141.76 212.54 199.01


�D1,D2,b�

, �8�

Q2 = � − 3.50 − 19.84 24.22

− 19.84 50.40 6.73

24.22 6.73 − 46.90


�D1,D2,b�

. �9�

A and Q are given in megahertz. On 1109 and 1059 experi-
mental positions, we found a rmsnorm value of 0.9288 and
2.0319 for sites 1 and 2, respectively. The rmsnorm value is
higher for site 2 than for site 1 because in site 2 we probably
underestimate the errors. Indeed, in each plane, the position
of the EPR signal attributed to site 2 is always more sensitive
to a misalignment of the crystal with respect to the magnetic
field direction as we have already seen in Fig. 2 for the
�b� ,D2� plane. However these errors are difficult to estimate,
we have thus decided to keep this rmsnorm value for site 2. As
a conclusion, the higher value of rmsnorm for site 2 reveals a
higher sensitivity of the EPR signal positions to the magnetic
field orientation.

After diagonalization of matrices of Eqs. �6�–�9�, the prin-
cipal A and Q values and the Euler angles 
, �, and � of the

principal axes with respect to the crystallographic axes
�D1 ,D2 ,b� are calculated. The results are given in Table II
and the orientation of the principal axes of the different in-
teractions are shown in Fig. 9. The errors are obtained from
the estimated covariance matrix of the standard errors in the
11 fitted parameters by taking the square root of the diagonal
elements of this matrix. The covariance matrix is obtained
from the Hessian matrix as described in Ref. 23.

From the Euler angles, we determine by a scalar product,
the angles between the principal axes of the different inter-
actions. For site 1 and from Tables I and II, we find that the
g and A interactions are quasicoincident with the gx, gy, and
gz principal axes oriented at 3.2°, 2.4°, and 2.3° with respect
to the Ax, Ay, and Az principal axes �Fig. 9�. The quadrupole
interaction Q is not coincident with the hyperfine interaction
A. The Ax, Ay, and Az principal axes are oriented at 66.1°,
33.9°, and 62° with respect to the Qx, Qy, and Qz principal
axes.

For site 2, the gz principal axis is nearly coincident with
the Az component with an angle of 5.3° �Fig. 9�. The gx and
gy principal axes are oriented at 60.7°, and 119.6° with re-
spect to the Ax and Ay principal axes. The Ax, Ay, and Az
principal axes are oriented at 129.9°, 122.3°, and 109.2° with
respect to the Qx, Qy, and Qz principal axes.

For site 1, the Ay value and the Ax, Az values have oppo-
site signs; the Qz value and the Qx, Qy values have opposite
signs. For site 2, the Az value and the Ax, Ay values have
opposite signs; the Qz value and the Qx, Qy values have
opposite signs.

To validate our set of spin-Hamiltonian parameters, two
tests have been performed. First, we check if the minimum
found by our program, which minimized the difference be-
tween the experimental and calculated magnetic field posi-
tions, was true. We have repeated the simulation several
times by generating random sets of initial parameters. The
program always converges to the same final set of spin-
Hamiltonian parameters. A second test has been performed
by testing the wave functions obtained from the diagonaliza-
tion of the Hamiltonian of Eq. �2�. For this, we have calcu-
lated the EPR spectrum of Er3+ ions for a very general ori-
entation of the magnetic field and we have compared this

TABLE II. Principal values and Euler angles of the hyperfine and quadrupole interactions of Er3+ ions in
Y2SiO5 for sites 1 and 2.

A interaction Q interaction

Principal
values �MHz�

Euler angles
�deg�

Principal
values �MHz�

Euler angles
�deg�


 � � 
 � �

Site 1

�Ax�=43.6�3� �Qx�=28.55�3�
�Ay�=319.1�3� 208�1� 55�1� 249�1� �Qy�=1.29�3� 100�1� 17�1� 117�1�
�Az�=1536.7�2� �Qz�=29.85�3�

Site 2

�Ax�=6.3�3� �Qx�=56.9�1�
�Ay�=398�3� 264�1� 95�1� 137�1� �Qy�=2.7�1� 287�1� 27�1� 358�1�
�Az�=1555�2� �Qz�=59.6�1�

FIG. 9. Orientations of the principal axes of the g, A, and Q
interactions with respect to the �D1 ,D2 ,b� axis set for sites 1 and 2
of Er3+ in Y2SiO5.
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spectrum to the corresponding experimental one. For ex-
ample, Fig. 1 gathers the calculated and the experimental
spectra for B parallel to the b axis. The positions of the lines
as well as their intensities are well reproduced. For each site,
the relative intensities within the allowed and forbidden hy-
perfine patterns agree rather well with the experimental spec-
trum. Some differences are nevertheless observed. In particu-
lar, the forbidden transitions characterized by �MI= ±2,
which appear on both sides of the allowed hyperfine transi-
tions, are sometimes more intense in the computed spectra
than in the experimental spectra. This discrepancy can have
two origins. First, the linewidth of the hyperfine transitions
are not the same along the whole hyperfine pattern. We try to
consider this effect in the simulation. For example, for site 2,
the linewidth of the lowest allowed hyperfine transition is
half of the linewidth of the highest allowed hyperfine transi-
tion. Second, as the different transitions are very narrow,
some scan speed or over modulation effects can still be
present in our experimental spectra.

IV. CONCLUSION

We have characterized by EPR spectroscopy the hyperfine
structure of the ground state of Er3+ ions in Y2SiO5 for both

crystallographic sites. The low symmetry of these sites im-
plies that the electronic Zeeman g, the hyperfine A, and the
quadrupole Q interactions are not coincident. Contrary to
what it is usually done in the literature, the spin Hamiltonian
of the system cannot be treated by perturbation theory as the
quadrupole interaction is for some orientations of the mag-
netic field of the same order of magnitude as the hyperfine
interaction. A good agreement is obtained between experi-
mental and simulated magnetic field positions and relative
intensities of EPR lines. The agreement is better for site 1
than for site 2 with rmsnorm’s of 0.9288 and 2.0319, respec-
tively.

We can expect in this material a strong nuclear spin pro-
jections mixing which will imply an efficient three-level �
system within the hyperfine levels as the transitions between
the two legs of the � will be allowed. Having determined the
ground state hyperfine splitting by EPR, hole burning spec-
troscopy will be performed to retrieve the hyperfine splitting
of the excited state. EPR spectroscopy in the 4I13/2 excited
state under optical excitation in site 1 or site 2 can also be
performed to obtain by an equivalent study the spin-
Hamiltonian parameters of the excited state.
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