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Abstract. Study of continuous wave electron paramagnetic resonance spectra of impurity erbium ions 
in yttrium orthosilicate Y2SiO5 on an ELEXSYS spectrometer with a dielectric resonator reveals unusual 
dependence of the shape of the resonance lines on the intensity of microwave excitation. At a relatively 
high intensity and partial saturation of the resonance transition, the shape of the line is a superposition 
of a usual line corresponding to the derivative of the resonant absorption and an anomalous line corre-
sponding to the resonance absorption itself. It is proposed that the appearance of the anomalous compo-
nent of the line is associated with the simultaneous excitation of magnetic dipole and electric quadrupole 
transitions in the coupled system of magnetic dipole and electric quadrupole oscillators of the electron 
spin system of erbium ions.

Keywords: electron spin resonance; Y2SiO5; Er3+; quadrupole resonance

DOI: 10.31857/S00444510240210e9

1. INTRODUCTION

Currently, impurity rare-earth (RE) elements in di-
electric crystals are considered as a promising material 
basis for the creation of solid-state quantum memory 
devices [1, 2]. Odd RE isotopes with non-zero nuclear 
spin allow to realize reversible coherence transfer from 
the optical band to electron-nuclear spin states pos-
sessing long coherence lifetime [3-6]. To increase the 
coherence lifetime of such states, special techniques 
of dynamical decoupling are used, in which the spin 
system is affected by special pulse sequences that ex-
cite resonance transitions between electron-nuclear 
spin levels [7, 8]. Therefore, of great interest is study 
the peculiarities of spin dynamics of impurity RE ions 
in  their interaction with external and internal mag-
netic and electric fields. The dynamics of  spin sys-
tems with spin = 1/2S  in an external magnetic field 
is described by the phenomenological Bloch equations 
[9, 10]. These equations are linear in the components 
of  the magnetic dipole moment (or  spin). However, 
it is known that for an adequate description of the spin 
dynamics of high-spin systems ( > 1/2)S  it is necessary 

to  consider higher spin multipole moments [11-14]. 
Therefore, the experimental study of the peculiarities 
of  the dynamics of  such systems seems to be a very 
important task. It should be kept in mind that there 
is a rule stating that multipoles are alternately forbid-
den for quantum systems in lower (ground) states. For 
example, electric monopole (charge), magnetic dipole 
and electric quadrupole are allowed [15].

Electron paramagnetic resonance (EPR) pres-
ents unique opportunities for determining the struc-
ture of impurity paramagnetic centers in crystals and 
studying the peculiarities of  spin dynamics of  their 
electron-nuclear levels [16-26]. In particular, 167Er ions 
in yttrium orthosilicate (Y2SiO5) attract great attention 
[27-31].

In this work we investigate the features of the line shape 
of continous wave (CW) EPR spectra of impurity ion  
167Er in single crystal Y2SiO5 (YSO) recorded by the 
conventional technique with magnetic field modulation 
on ELEXSYS E680 EPR spectrometer with dielectric 
resonator. An anomalous dependence of the resonance 
signal line shape on the microwave power value in the 
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resonator is  found. We  discuss the possible nature 
of the resonance lines of anomalous shape associated 
with resonant excitation of electric quadrupole transi-
tions between the electron-nuclear levels of  167Er ions.

2. SAMPLE PROPERTIES AND 
EXPERIMENTAL CONDITIONS

The YSO crystal structure is  characterized 
by monoclinic symmetry I2/a, it has one axis of sec-
ond-order symmetry b and a sliding reflection plane 
perpendicular to it. In this setup, the unit cell param-
eters = 1.04a  nm, = 0.67b  nm, = 1.25c  nm [32]. Im-
purity erbium ions can substitute for yttrium in two 
structurally non-equivalent positions with point group 
symmetry 1C , denoted Y1 and Y2 [32], or Site 1 and 
Site 2 [33], respectively. Each of these positions has two 
magnetically nonequivalent positions, which become 
equivalent if  the external magnetic field is directed 
parallel or perpendicular to the axis b. We investigated 
samples YSO, monoisotopically doped with trivalent 
167 Er ions, which were grown in a weakly oxidizing at-
mosphere by the Czochralski method on an industrial 
unit “Crystall-3M” from melt with a relative concen-
tration of erbium 0.005 at. %. The degree of isotope 
enrichment 167 Er was 96.3 at. %. At the same time iso-
topically pure 28Si, without its own nuclear momen-
tum, was used. The investigated samples had the form 
of parallelepipeds with dimensions 32.5 2.5 2.5× × mm  
and 33 3 10× × mm  for measurements with dielectric 
and metal resonators, respectively. The facets of the 
parallelepipeds were perpendicular to the crystallo-
graphic axes 1D , 2D , b [34] with an accuracy of  1± .

The EPR spectra were measured in  the -X band 
in the CW mode with magnetic field modulation at 100 
kHz. Two spectrometers manufactured by Bruker were 
used: ELEXSYS E680 with cylindrical dielectric reso-
nator ER4118MD5-W1 and EMXplus with cylindrical 
metallic resonator ER4122SHQ. Both resonators were 
operated in  011TE -mode, where the magnetic compo-
nent of  the microwave field 1B  is centered along the 
cylinder’s central axis and the electric field lines follow 
circular paths perpendicular to the cylinder axis. Metal 
and dielectric resonators have fundamentally different 
distributions of the electric and magnetic components 
of  the microwave field inside the resonator. The di-
mensions of the inner cavity of the metal resonator are 
comparable to the wavelength of the X -band (3 cm). 
Therefore, the magnetic and electric fields inside the 
resonator are spatially separated [35]. The investigat-
ed sample has small dimensions and is located on the 

longitudinal axis of the resonator. Therefore, only the 
magnetic component of the microwave field acts on it. 
The dielectric resonator is a sapphire cylinder with in-
ner and outer diameters of 5 and 10 mm, respectively, 
and a height of 13 mm, which is much smaller than 
the wavelength. In such a resonator, the vortex electric 
field is zero at the resonator axis but has a significant 
intensity near the walls of the dielectric cylinder [36]. 
The investigated sample occupies a  significant part 
of the inner cavity of the resonator, so it is under the 
influence of both magnetic and electric components 
of the microwave field.

3. EXPERIMENTAL RESULTS

The 3Er +  ion has an electronic configuration 114 f  
with a ground multiplet 4 15/2I . It is a Kramers doublet. 
The energy of the first excited doublet is  1= 39 cmexW −  
[37]. The nuclear spin of  the 167 Er isotope = 7/2.I  
Therefore, the EPR spectra of  this isotope con-
tain (2 1) = 8I +  “allowed” resonance transitions 
between nuclear sublevels with the same projec-
tion of the nuclear spin Iz on the quantization axis  
( = 0m∆ ). In  addition, the “forbidden” transitions 
with = 1m∆  and = 2m∆  are registered on the spec-
tra. The orientation dependences of  the spectra are 
well described by the effective spin Hamiltonian used 
in [26], which takes into account the Zeeman ener-
gy of  the electron and nuclear spins in  the external 
magnetic field and the energy of the hyperfine inter-
action of the electron spin with the nuclear spin and 
with the nuclear electric quadrupole moment. Figure 
1 shows the EPR spectra of the 167 3Er + ion in the crys-
tallographic position Site 1 of the YSO single crystal, 
recorded on the ELEXSYS spectrometer at the orien-
tation of the external magnetic field B along the crys-
tallographic b-axis. The magnetic component of the 
microwave field was directed along the 1D -axis.

There are 8 intensive single lines on the spectra, 
corresponding to “allowed” transitions. Between them 
there are weaker lines corresponding to “forbidden” 
transitions with = 1m∆ . The doublet structure of the 
“forbidden” transitions is  due to  the contribution 
of electric quadrupole interactions [26]. It can be seen 
that the shape of the lines on the spectra depends sig-
nificantly on the value of power P. At  < 100P  μW the 
line shape corresponds to  the usual for CW EPR 
spectra derivative of the absorption line contour. At 

= 300P  μW the line shape of “allowed” transitions 
becomes asymmetric, and at  > 1P  mW  there ap-
pears a noticeable contribution of the line of anoma-
lous shape characteristic for the resonance absorption 
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itself. For “forbidden” transitions, the line shape also 
changes its shape at slightly higher power. The analysis 
of the line shape has shown that the experimentally 
observed line shape can be approximated by the sum 
of two lines: the normal for CW EPR derivative of the 
absorption line and the anomalous line representing 
the inverted absorption line. Examples of such a de-
composition of the resonance line into two compo-
nents, performed using the EasySpin software package 
[38], for one “resolved” transition are shown in Fig. 2. 
The spectra were normalized by the amplitude of the 
normal component of the resonant lines. It turned out 
that the normal and anomalous components of  the 
lines have a shape close to the Lorentzian one. At high 
microwave power, the amplitude of the “allowed” res-
onance transition line decreases due to  saturation, 
and the “forbidden” transitions with = 2m∆  become 
visible on  the spectra next to  the “allowed” transi-
tions. The probability of these “forbidden” transitions 
is small, so for them the line shape does not depend 
on the microwave power.

When the EPR spectra of this sample were mea-
sured under the same conditions on an EMXplus spec-
trometer with a metal resonator, the shape of the res-
onance lines did not depend on the microwave power. 
Fig. 3 shows the microwave power dependence of the 
amplitudes of  the normal and anomalous compo-
nents of the resonance lines for one “allowed” transi-
tion in the magnetic field of 47.8 mT when measured 
on  the ELEXSYS spectrometer and the amplitude 
of the normal signal when measured on the EMXplus 
spectrometer.

Fig. 1. Experimental spectra of  +167 3Er  in  YSO, recorded 
on an ELEXSYS spectrometer with dielectric resonator at different 
microwave power P , indicated in the right part of the spectra. The 
numbers in  the left part show the relative increase in  the scale 
of the spectrum.

Fig. 2. Line shape of the “allowed” resonance transition of the 
+167 3Er  ion when measured on the ELEXSYS spectrometer with 

different microwave powers, shown in the right part of the spectra. 
The circles are experiment, the dashed and dot-dashed lines are 
the contributions of the normal and anomalous components, re-
spectively. The solid line is the sum of two components.

Fig. 3. Dependence of the amplitude of the resonance lines on the 
microwave field amplitude. Filled squares correspond to the nor-
mal component of the “allowed” transition measured on the EL-
EXSYS spectrometer. Empty squares correspond to the anomalous 
component of this transition. Crossed out empty squares corre-
spond to the anomalous line of positive sign. Asterisks correspond 
to the intensity of the resonance transition measured on the EMX-
plus spectrometer. Thick lines are the calculation taking into ac-
count the partial saturation of the resonance transition. Thin lines 
connect experimental points with each other.

The results of measurements on the two spectrom-
eters are normalized by the maximum of theoretical 
dependences. It can be seen that at low power P  one 
observes a linear dependence of the amplitude of lines 
of the usual shape on the power on a logarithmic scale. 
This is typical for resonant absorption in the absence 
of saturation. As P increases, the resonance transition 
becomes saturated, the population difference between 
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the two Zeeman levels decreases, and the dependence 
of the line amplitude on the value of P becomes non-
linear. Such dependences are characteristic for satu-
ration of the inhomogeneously broadened resonance 
transition taking into account the processes of spec-
tral diffusion [39]. To calculate these dependences, 
we modified expression (2.12) in [39] to emphasize the 
dependence of the signal amplitude on the microwave 
field magnitude expressed in relative units 1 =B P : 

	
( ) ( )

2 1
1 2 2

2 1 2 1
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The value of  1K  is determined by the parameters 
of the spin system. The dependence of the amplitude 
of  the resonance line on the value of  1B  at constant 
temperature is determined only by the parameter 
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where α defines the ratio between the microwave pow-
er and the value of 1B , g  is the spectroscopic splitting 
factor, Bµ  is the Bohr magneton, xS  is the matrix el-
ement of the resonance transition between two levels 
of a spin system with arbitrary spin [40, 41], 1ω  is the 
spin-lattice relaxation rate, Dω  is the spectral diffusion 
rate. The value β reflects the role of spectral diffusion 
in spin dynamics processes. In the absence of spectral 
diffusion = 0β . The optimal values of the coefficients 
for the best description of the experimental data are 
summarized in the table. The thick lines in Fig. 3 rep-
resent the theoretical calculation of the dependence 
of the amplitude of the normal line components on the 
microwave power at these coefficients.

Table 

Spectrom-
eter 1K  2K  β 

ELEXSYS 1.6124 2.0559 0.3712 

EMXplus 2.2929 0.3005 0.7348 

Within the framework of this paper, we do not dis-
cuss the magnitude and physical nature of the param-
eters in (1) and (2). We only note that the influence 
of spectral diffusion processes on the saturation pro-
cesses of resonance transitions is much stronger when 
measured on the EMXplus spectrometer. The small 

value of  the parameter 2K  at  measurements on  the 
EMXplus spectrometer is a consequence of a much 
smaller value of the magnetic component of the mi-
crowave field in the metal resonator at the same mi-
crowave power compared to the dielectric resonator.

4. DISCUSSION

Fig. 2 shows that the shape of the resonance lines 
is the sum of two components. These are the usual for 
CW EPR line, representing the derivative of the reso-
nance absorption by the magnetic field, and the anom-
alous component, representing the resonance absorp-
tion line. At low microwave power, a small anomalous 
component of positive sign is present in the decompo-
sition of the experimental line shape. We believe that 
the appearance of this component is caused by a small 
asymmetry of the resonance transition line shape. The 
amplitude of  this line is approximately proportion-
al to the amplitude of the normal component of the 
resonance line. We attribute the appearance of intense 
resonance lines of anomalous shape at high microwave 
power to the excitation of electric quadrupole transi-
tions in the spin system. These transitions are excited 
by the oscillating gradient of the electric component 
of the microwave field, which is always present in the 
dielectric resonator of the EPR spectrometer [36].

This phenomenon was first detected by us when 
studying the EPR spectra of  impurity 3Ho +  para-
magnetic centers in synthetic forsterite [42, 43]. Lat-
er, resonance lines were detected in the EPR spectra 
of  impurity 3Yb + ions in  2 4Mg SiO  [44] during mea-
surements on an EPR spectrometer with a dielectric 
resonator. We believe that the observed changes in the 
shape of the resonance lines are a spectroscopic man-
ifestation of the interaction between the magnetic di-
pole and electric quadrupole subsystems of the high-
spin system. Evidence that the observed changes in the 
line shape of the EPR spectra are indeed due to the 
resonant excitation of electric quadrupole transitions 
is given in [43]. This paper is mainly devoted to a new 
interpretation of  the nature of physical interactions 
leading to the observed effect.

The following was found in [42, 43].
1. Electric quadrupole transitions are excited by the 

gradient of the electric component of the microwave 
field in a dielectric resonator.

2. There is a strong dependence of the amplitude 
of  the anomalous component of  the EPR spectrum 
on the power of microwave field the resonator, which 
has a threshold character.
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3. The power threshold at  which the anoma-
lous component appears decreases with decreasing 
temperature.

4. The phase of the anomalous component is shift-
ed with respect to  the phase of  the normal compo-
nent, coinciding with the phase of the magnetic field 
modulation.

5. The anomalous signal has a different phase for 
resonance transitions with different sign of the deriv-
ative of  the dependence of  the resonance frequency 
on the magnetic field.

In order to explain the appearance of anomalous 
lines in the EPR spectra, we must consider the algo-
rithm of operation of the receiving path of the EPR 
spectrometer in the mode with magnetic field modu-
lation. It consists in the fact that in each half-period 
of modulation the signal coming from the microwave 
detector of  the spectrometer is  integrated, and the 
output signal is the difference of the integrals of two 
half-periods. If  the amplitude of  the magnetic field 
modulation is  much smaller than the width of  the 
resonance transition line, the line shape on the EPR 
spectra represents the derivative of the resonance ab-
sorption line by the magnetic field.

Formally, to obtain an anomalous form of the EPR 
signal, it is necessary to replace the difference of the 
integrals of the absorption signal for two modulation 
half-periods by their sum in the algorithm of the re-
ceiving tact of the EPR spectrometer. The equivalent 
operation consists in inverting the sign of the integral 
in one of the two modulation half-periods of the mag-
netic field. For resonance transitions in EPR spectros-
copy, this can be at oscillations of resonance absorp-
tion and resonance emission of the electromagnetic 
field synchronous with the magnetic field modulation. 
In  physical systems such a  situation is  realized for 
an oscillator oscillating at its own frequency 0ω  and 
under the action of an external periodic force modu-
lated in frequency 0= sin( )m tω ω ω ⋅ , where mω  is the 
modulation frequency. In the modulation half-peri-
od, when 0>ω ω , the phase of the external force will 
be ahead of the oscillator phase, and the energy of the 
external force will be absorbed by the oscillator. In the 
other half-period, the phase of the external force will 
lag behind the phase of the oscillator, and the energy 
of the oscillator will be radiated [15]. Thus, synchro-
nously with the frequency of the magnetic field mod-
ulation there will be an oscillation of the sign of the 

yS  component of the spins in the rotating coordinate 
system. In [42, 43], we assumed that these two coupled 
oscillators are the magnetic dipole moment and the ex-
isting electric quadrupole moment of the electron shell 

of the impurity ion, which are simultaneously excited 
by the magnetic and electric components of the micro-
wave field in the resonator of the EPR spectrometer.

At the same time, no convincing explanation was 
given for the threshold character of  the appearance 
of resonance lines of anomalous shape and the depen-
dence of the magnitude of this threshold on tempera-
ture. This can be done on the basis of the results of [41], 
where it was shown on the example of the electron spin 

= 1S  that selective excitation of one resonance tran-
sition in a three-level spin system leads to a reversible 
transformation of the components of the magnetic di-
pole moment into the components of the electric quad-
rupole moment. This leads to a change in the absolute 
value of the dipole moment of the spin system and the 
associated transformation of the dipole polarization 
of the spin system into a quadrupole alignment.

In this case, the gradient of the electric component 
of the microwave field interacts with the resulting dy-
namic quadrupole moment. In this case, the magnetic 
dipole moment and the electric quadrupole moment 
are related by  the master-slave relation. When the 
magnetic field is increased during the magnetic field  
modulation, the precession phase of  the transverse 
components of the magnetic dipole moment is ahead 
of the precession phase of the transverse components 
of  the electric quadrupole moment, and when the 
magnetic field is decreased, the phase of  the trans-
verse components of the magnetic dipole moment lags 
behind the phase of the electric quadrupole moment. 
As a  result, there appears an oscillating alternating 
phase shift between the transverse components of the 
magnetic dipole moment and the electric quadrupole 
moment. The sign of this shift changes twice during 
the modulation period, and the energy exchange be-
tween these two oscillators oscillates with the frequen-
cy of the magnetic field modulation. As a result, the 
signal at the output of the receiving path of the EPR 
spectrometer takes the form of the resonance absorp-
tion line rather than its derivative.

The rate of conversion of the dipole moment into 
a quadrupole moment is determined by the frequen-
cy of “nutation” of the zS -component of  the dipole 
moment in the rotating reference frame at resonant 
excitation. This rate is proportional to the amplitude 
of the magnetic component of the microwave field 1B . 
The magnitude of the generated quadrupole moment 
depends on the ratio of two competing processes: the 
nutation of spins at resonance excitation and the re-
laxation processes tending to return the spin system 
to  an  equilibrium state. The degree of  conversion 
of the dipole moment into a quadrupole moment can 
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be judged by the deviation of the value of the zS -com-
ponent of the dipole moment from the equilibrium val-
ue at a given temperature in the absence of resonance 
excitation. Here there is a complete analogy with the 
well-known phenomenon of  saturation of  the reso-
nance transition, where there is also a threshold value 
of the microwave power, at which the intensity of the 
resonance line ceases to depend linearly on the mi-
crowave power due to a decrease in the value of the 

zS . The threshold value of  the microwave radiation 
intensity in both cases is determined by  the equal-
ity of the rate of change of the zS -component of the 
dipole moment at resonance excitation and the rate 
of  relaxation of  the spin system to  the unperturbed 
state. According to (2), the threshold value 1B  depends 
on the spin-lattice relaxation rate, which for the 3Er + 
ions in YSO rapidly increases with increasing tempera-
ture [45]. Therefore, the magnitude of the microwave 
power threshold at which the anomalous line shape ap-
pears, as noted in [42, 43], also increases with increas-
ing temperature. Fig. 3 shows that the anomalous line 
in the EPR spectra and the saturation effect appear 
at approximately the same microwave power.

Note that electric quadrupole transitions caused 
by  the resonant interaction of  the oscillating gradi-
ent of the electric field with the quadrupole moment 
of the electron and nuclear spins have been previously 
observed. In [46], electric quadrupole transitions were 
excited by a traveling electromagnetic wave in a mag-
netically ordered spin system 2 2 7Sr CoGe O . Electric 
quadrupole transitions with a change in the projection 
of the nuclear spin on the quantization axis = 2zI∆ ± ,  
forbidden by the selection rules for dipole transitions, 
were observed in an oscillating capacitor electric field 
for nuclear spins 75 As,69 Ga, and 71Ga in a GaAs sin-
gle crystal [47]. When magnetic dipole and electric 
quadrupole transitions were co-excited on the nuclei 
75As, 69 Ga, and 71Ga, the effect of electric quadrupole 
transitions on the intensity of resonance lines of mag-
netic dipole transitions was observed [48]. In [49], in-
tense acoustic oscillations were excited in NaCl to cre-
ate an oscillating electric field gradient on the nuclear 
23 Na spins. In [50, 51], nuclear spin echo signals ex-
cited by a combination of resonant electromagnetic 
and acoustic pulses were recorded on nuclear spins 
127 I in CsI. In this case, electromagnetic pulses excited 
magnetic dipole transitions and acoustic pulses excited 
electric quadrupole transitions.

5. CONCLUSIONS

In the conventional technique of studying the CW-
state EPR spectra of impurity 167 3Er + ions in 2 5Y SiO  
single crystal on the ELEXYS E680 EPR spectrometer 
with dielectric resonator, an anomalous dependence 
of the shape of resonance lines on microwave power 
was found. At  low microwave power, the resonance 
lines in the spectra have the usual shape of the deriva-
tive of the resonance absorption line. At increasing mi-
crowave power and partial saturation of the resonance 
transition, the shape of the lines changes and represents 
a superposition of the usual derivative of the resonance 
absorption line and an anomalous line having the form 
of the resonance absorption line itself. The appearance 
of the anomalous line shape under intense resonance 
influence on the high-spin system is explained by the 
transformation of the magnetic dipole moment of the 
electron spin system into the electric quadrupole mo-
ment and the formation of a system of coupled magnetic 
dipole and electric quadrupole oscillators. We assume 
that in the dielectric resonator of an EPR spectrome-
ter, the microwave electromagnetic field simultaneously 
excites two types of resonance transitions. The magnet-
ic component excites magnetic dipole transitions, and 
the gradient of the electric component excites electric 
quadrupole transitions in the dynamic quadrupole sub-
system created by the intense resonance excitation. The 
anomalous component of the resonant line is a con-
sequence of  the oscillatory phase shift between the 
coherences of the dipole and quadrupole subsystems 
arising in this case with the frequency of the magnetic 
field modulation. The possibility of excitation of elec-
tric quadrupole transitions in high-spin systems should 
be taken into account when studying and interpreting 
the EPR spectra of such systems using spectrometers 
equipped with dielectric resonator.
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