
Abstract. A brief review of recent studies of crystals doped with
rare-earth ions performed at the Institute of Spectroscopy of the
Russian Academy of Sciences (ISAN) using high-resolution
wide-range optical Fourier spectroscopy is presented. The re-
sults of a study of inhomogeneous broadening and the fine
structure of lines in the absorption and luminescence spectra
of crystals with rare-earth ions caused by random deformations,
the isotopic structure in luminescence spectra associated with
matrix isotopes, and anticrossings of the crystal hyperfine levels
in a magnetic field are discussed. It is shown that the hyperfine
structure in luminescence spectra can be used to implement a
luminescence thermometer for the region of ultra-low tempera-
tures.

Keywords: spectra of crystals with rare-earth ions, deforma-
tion splittings, hyperfine structure, level anticrossings, photo-
luminescence, high-resolution Fourier spectroscopy,
luminescence cryothermometer

1. Introduction

Since its foundation in 1968, the Institute of Spectroscopy of
the Russian Academy of Sciences (ISAN) has made consis-

tent efforts to master and develop the method of high-
resolution Fourier spectroscopy. The founder and first
director of ISAN, Sergei Leonidovich Mandelstam, while
still head of the Spectroscopy Laboratory at the Lebedev
Physical Institute, initiated work on creating the first Soviet
high-resolution Fourier spectrometer in 1958. At that time,
achievements in this area were only at the Aim�e Cotton
Laboratory in France (Pierre Jacquinot, Pierre and Janine
Connes). As a result of joint work carried out at the
Lebedev Physical Institute, the Commission on Spectro-
scopy, ISAN, and the Central Design Bureau of Unique
Instrumentation of the Academy of Sciences of the USSR,
the unique high-resolution infrared Fourier spectrometers
(0.005 cmÿ1) UFS-01 (1968) [1] andUFS-02 (1984) [2, 3] were
designed, manufactured, and installed at ISAN.

Fourier spectroscopy has a number of advantages over
scanning devices. The well-known advantages are: the multi-
plex (Fellgett's) advantage, the aperture ratio (Jacquinot's)
advantage, and the wavenumber accuracy (Connes's) advan-
tage [4]. Unlike the Fabry±P�erot interferometer, a modern
Fourier spectrometer has a virtually unlimited free dispersion
region. At the same time, frequency reference in the entire
spectral region is carried out using a well frequency-stabilized
laser, which eliminates the problems associated with fre-
quency calibration that arise in laser spectroscopy. All these
advantages are fully realized when recording extended spectra
rich in narrow lines. These are the spectra of atoms,
molecules, and rare-earth (RE) ions in crystals. In solid-state
research, high-resolution spectroscopy is in demand in the
study of materials for quantum information technology
devices, sensors, photonics, and photovoltaic devices. It
offers new possibilities in the study of phase transitions of
various nature and the search for and study of new materials
and new phenomena.

At ISAN, wide-range high-resolution Fourier spectro-
scopy is used to study the electron and phonon spectra of
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crystals with rare-earth ions and ions of transition metals,
including magnetic ones, hybrid perovskites, and diamonds
with color centers. The research is carried out in collaboration
with theoreticians (mainly, B Z Malkin's team at Kazan
Federal University). In this article, we will focus on recent
studies of dielectrics with rare-earth ions. Crystals doped with
rare-earth elements have a very small homogeneous and
inhomogeneous linewidth of 4f nÿ4f n optical transitions,
since the 4f n electron shell is well shielded from the influence
of the crystalline environment by filled 5s and 5p shells.
Narrow spectral lines allow probing the environment of a
rare-earth ion in a crystal, obtaining information about
defects, and studying subtle physical effects in crystals.
4f nÿ4f n transitions cover the entire visible and infrared
ranges, and the method of wide-range high-resolution Four-
ier spectroscopy is adequate for their study.

This article provides a brief overview of recent results on
the study of inhomogeneous broadening and the fine
structure of spectral lines caused by random deformations in
a crystal, effects in luminescence spectra caused by isotopic
disorder in the crystal lattice, and hyperfine interactions for a
crystal in amagnetic field. The first results on the temperature
dependences of the hyperfine structure (HFS) in luminescence
spectra are also presented, which can form the basis for the
creation of luminescence thermometers for remote measure-
ment of ultra-low temperatures. We use a unique experi-
mental facility of ISAN;more details about it are presented in
the next section.

2. Research methods

All experimental results were obtained using a unique
research facility (URF), which has no analogues in the
world, created in the Laboratory of Fourier Spectroscopy
of ISAN on the basis of the Bruker IFS125HR [5] high-
resolution Fourier spectrometer. Recently, large-scale
research and development work has been carried out to
upgrade the URF. The facility makes it possible to record
absorption/reflection/polarimetry/luminescence spectra in
the terahertz, infrared, visible, and ultraviolet ranges (10±
50,000 cmÿ1) in the temperature range of 1.5 K (pumping
out helium vapor)±650 K with a resolution of up to
0.0006 cmÿ1 (18 MHz). A modern silicon photomultiplier
(SiPM) with low dark noise allows recording very weak
signals (Raman scattering, photoluminescence). In the
terahertz region, helium bolometers are used as detectors.
The Sumitomo SHI SRP092 closed-loop cryostat is designed
to conduct optical experiments at temperatures as small as
2.5 K in a magnetic field of up to 1.2 T. The vacuum three-
axis adaptation of the bellows-type allows for the high-
precision orientation of the cryostat in the optical beam.

3. Deformation fine structure of spectral lines

Real crystals always contain defects, either intrinsic or due to
specially introduced impurities. These defects, in addition to
local perturbation of the lattice structure, induce long-range
internal deformation fields. Random deformations signifi-
cantly change the magnetic, dielectric, elastic, and optical
properties of crystals. In particular, they affect the processes
that violate coherence in quantum information technology
devices [6]. In the spectra of crystals, lattice defects cause
inhomogeneous broadening. Inhomogeneous broadening has
been studied in detail experimentally and theoretically for

transitions between nondegenerate levels of impurity centers
[7±9]. In the fundamental study by Stoneham [10], a statistical
theory of the shape of an inhomogeneously broadened zero-
phonon line of a singlet-singlet transition in an activator
center of a crystal with a low defect concentration was
constructed in the elastic continuum approximation. In the
case of a non-Kramers degenerate energy level, deformations
that lower the symmetry of the center split the level. As a
result, in particular, a doublet was observed in the spectrum
of the CsCdBr3 :Pr

3� crystal instead of a hyperfine structure
of six components [11]. Interestingly, improvements in
growth technology made it possible to obtain a crystal in the
spectrum of which a well-resolved HFS appeared. The
increased central interval of the HFS indicated small residual
deformations [12]. Such an increased central interval of the
HFS was later observed in the spectra of scheelite
CaWO4 :Ho3� [13].

We have carried out a systematic study of the line shapes
of transitions involving degenerate levels in impurity RE
centers of different symmetries for non-Kramers and Kra-
mers RE ions in crystals. The deformation fine structure
(doublet, triplet) was observed in high-resolution optical
spectra of RE-activated crystals with scheelite [14, 15],
elpasolite [16], and zircon [17] structures. Figure 2 shows a
line in the absorption spectrum of an LiLuF4 :Pr

3� crystal
[18] corresponding to the transition from the ground singlet
state to an excited doublet. As in the above-mentioned case
of the spectrum of the CsCdBr3 :Pr

3� crystal, a doublet is
observed instead of a hyperfine structure of six compo-
nents.

Our colleagues from the Kazan Federal University
(B Z Malkin's team) constructed a distribution function of
random deformations induced by point defects in an
elastically anisotropic continuum and developed a method
for modeling the shape of spectral lines [15, 17]. The results
of modeling one of the lines together with the experimental
data are shown in Fig. 2. In recent papers [18, 19],
deformation splittings in the spectra of pseudocubic per-
ovskite LaAlO3 doped with Ho3� [18] or Tm3� [19] ions
were studied. A special feature of this crystal is the presence
of twin domains, the boundaries of which serve as an
additional source of random deformations. The recent
observation of deformation splittings in luminescence
spectra [19] opens the way to the creation of remote
luminescence deformation sensors.
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4. High-resolution spectroscopy
of LiYF4 :Ho3� crystals

Crystals of double lithium-yttrium fluoride with a scheelite
structure doped with rare earth ions, LiYF4 :RE3�, are used
as active media for multi-frequency lasers [20±23] and master
oscillators of high-power laser systems [24]; they are also
considered for applications in modern quantum technology
devices, such as quantum memory and quantum sensors [25±
32]. It should also be noted that LiYF4 :RE3� crystals are
known as model systems for studying various interactions
and quantum phenomena [3, 33±45], which is facilitated by a
record-low inhomogeneous broadening of the spectral lines
of rare-earth ions in these crystals [26, 44].

4.1 Hyperfine and isotopic structure
in luminescence spectra
Interest in the hyperfine structure in crystal spectra caused by
the interaction of electrons with the magnetic dipole and
electric quadrupole moments of the nucleus has recently
revived due to the prospects of using the HFS in quantum
technologies, in particular, for constructing L-systems for
quantum memory [46, 47]. The HFS was previously studied
in detail in absorption spectra (see, e.g., [3, 12, 14, 41, 48±
53]). The HFS in luminescence spectra opens new possibi-
lities, for example, for creating remote sensors. Recently,
we were able to observe an HFS in the luminescence
spectrum of a crystal for the first time [32, 54]. The HFS
has been observed at many luminescent transitions in the
LiYF4 :Ho3� crystal.

Figure 3a shows the spectral region of transitions in
absorption (upper spectrum) and luminescence (lower spec-
trum) between the ground 5I8 and the first excited 5I7
multiplets of the Ho3� ion. A well-resolved hyperfine
structure of the lines is visible. The hyperfine structure of the
absorption spectra of the LiYF4 :Ho3� crystal was studied in
detail earlier [3, 41, 48, 49]. The wave functions of the crystal-
field energy levels of the Ho3� ion are transformed according
to one-dimensional G1 and G2 and two-dimensional G34

irreducible representations of the S4 point symmetry group
of the position of holmium substituting for yttrium in LiYF4.
In a zero magnetic field, the G34 levels have an eight-
component equidistant hyperfine structure arising from the
interaction of the 4f electrons and themagneticmoment of the
holmium nucleus with spin I � 7=2. Each hyperfine compo-
nent is doubly degenerate: states jG3;mi and jG4;ÿmi have
the same energy (here, m is the component of the nuclear
moment I along the crystallographic axis c,ÿ7=24m4 7=2)
[3, 48]. For nondegenerate electron states G1 and G2, a
magnetic hyperfine structure is forbidden in the first approx-
imation. Electric quadrupole and pseudo-quadrupole (mag-
netic dipole in the second approximation) hyperfine interac-
tions split singlets G1 and G2 into four nonequidistant
hyperfine sublevels and lead to the nonequidistant hyperfine
structure of levels G34 [41].

It should be noted that in LiYF4 :Ho3� luminescence is
also observed at transitions between excited multiplets, which
expands the scope of its application. Thus, luminescence at
transitions 5I5! 5I7 and

5F5! 5I6 falls into the U and S ranges
of optical fiber transparency, respectively, and can be used to
create remote sensors. In the transition 5I6 ! 5I7, which cannot
be studied in absorption, record-breaking narrow lines with a
width at a half maximum of 0.002±0.003 cmÿ1 are observed.

Previously, a fine structure of hyperfine components was
discovered in the absorption spectra of LiYF4 :Ho3� and it was
shown that it is caused by isotopic disorder in the lithium
sublattice [42, 45]. Due to the difference in the masses of lithium
isotopes, the amplitudes of their zero-point vibrations differ,
which leads to different equilibrium positions of the nearest
fluorine ions (due to the anharmonicity of vibrations) and, thus,
to the dependence of the crystal field for the Ho3� ion on the
isotopic composition of lithium in its immediate environment.
The same fine structure of hyperfine components is also
observed in the luminescence spectra: examples are given in
Fig. 4. Isotopic disorder in the crystallinematrix also contributes
to the inhomogeneous broadening of lines [26, 43, 44, 56].

4.2 Luminescence of 7LiYF4 :Ho3� crystals
in a magnetic field. Remote magnetic field sensor
Doubly degenerate hyperfine levels are split in an external
magnetic field B directed along the c-axis of the crystal by the
value gjjmBB, where mB � 0:4669 cmÿ1 Tÿ1 is the Bohr
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magneton and gjj is the g factor of the doublet. Note that the g
factor is proportional to the hyperfine interval DHFS:
jgjjj�2g0DHFS=AJ, where g0 is the Lande factor and AJ is
the magnetic hyperfine constant [3]. The intensity map in
magnetic field±wavenumber coordinates in Fig. 5 for the
luminescent transition from the lowest energy level of the 5I7
multiplet (5152.3 cmÿ1, G2) to the ground level (5I8, 0 cmÿ1,
G34) clearly shows how the HFS line behaves in a magnetic
fieldBjjc. Since the initial level of the transition is a singlet, the
observed HFS (DHFS � 0:148 cmÿ1) and g-factor (gjj � 13:4)
reflect the corresponding parameters of the ground level.
Luminescent transitions from singlets to the ground doublet,
which has a large g-factor, can be used for remote sensing of
themagnetic field. An even larger g-factor can be obtained for
doublet-doublet transitions by adding up the g-factors of the
levels participating in the transition. The line 6085.85 cmÿ1 is
attractive, falling into the U-range of transparency of optical
fibers. It corresponds to the transition 5I5 G34�11241:6� !
5I7 G34�5155:75� and is split according to the sum of the
g-factors gjj�11241:6� � gjj�5155:75��8:1� 6:8 � 14:9. Esti-
mates show that it can be used to measure the magnitude of
the magnetic field with an accuracy of dB�17 mT [32] (for
comparison, Earth's magnetic field is 30±50 mT, depending
on latitude).

4.3 Anticrossings of hyperfine levels
Anticrossings play an important role in physics. This is a
phenomenon when two eigenvalues of the Hamiltonian,
depending on a continuous real parameter (for example, the
magnetic field strength), cannot become equal in value
(`intersect'). Anticrossings are induced by the interaction of
different subsystems and are manifested in the appearance of
a gap in the excitation spectrum of the system. Anticrossings
are accompanied by the formation of coupled modes, energy

renormalization, and the appearance of new branches in the
excitation spectrum. An important example from solid state
physics is the coupled states of an electromagnetic field and
the excitations of the medium itself (excitons, phonons,
plasmons) [57, 58]. Anticrossings caused by electron±pho-
non interactions have been observed in a variety of experi-
ments using Raman scattering and infrared absorption and
reflection [59±63], as well as neutron scattering [64]. The
anticrossing effect due to the interaction of magnon and
electron transitions between the crystal-field levels of rare-
earth ions (Tb3�) was observed in the far infrared region of
the spectrum of garnet Tb3Fe5O12 [65].

The first observation of hyperfine level anticrossings in
the optical spectrum was reported in Refs [32, 45]. The
phenomenon was observed in the absorption [45] and
luminescence [32] spectra of LiYF4 :Ho3� crystals in a
magnetic field. Examples of anticrossings are given in Fig. 6.
Gaps from 0.01 to 0.06 cmÿ1appear at points where hyperfine
levels with nuclear spin projections differing by jDmj � 2 and
jDmj � 0 converge.

Anticrossings jDmj � 2 are due to the magnetic hyperfine
interaction in the second order:
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energy separations between the given level G34 and the levels
G2 and G1, respectively. In the case of the G34 levels
5155.75 cmÿ1 (5I7) and 8685.9 cmÿ1 (5I6), the luminescent
transitions from which are shown in Fig. 6a, c and b, d,
respectively, there are close levels of both G2 and G1 [32] and
the gaps at anticrossings Dm � 2 and Dm � ÿ2 are compar-
able in magnitude. At the anticrossing points and their
vicinity, we have a superposition of wave functions of the
form ajG�34;mi � bjGÿ34;m� 2i. From such a superposition
state, transitions to singlet levels with projections of the
nuclear moment m and m� 2 are allowed. If these levels are
sufficiently separated (in a sufficiently strong magnetic field),
then a four-component structure is observed [45], as inFig. 6d.

The gaps observed at Dm � 0 crossings are of a different
nature: they are caused by random lattice deformations
always present in the crystal and reflect the quality of the
crystal (see Section 3). By studying the anticrossings of
hyperfine levels in a magnetic field, extremely small deforma-
tion splittings can be observed, which can be used to develop
high-precision methods for crystal quality control.

5. Luminescence cryothermometry

In recent years, remote temperature measurement based on
temperature-dependent luminescence characteristics (inten-
sity, position and width of bands, decay times) has become
widespread in such areas as chemical reactions, catalysis,
microfluidics, micro- and nanoelectronics, photonics, and
especially biology and medicine [66±68]. Color centers in
diamonds, quantum dots in semiconductors, organic and
hybrid phosphors, and micro- and nanocrystals of inor-
ganic compounds containing rare-earth ions or transition
metal ions are used as luminescence sources. The tempera-
ture range near room temperature and above, which is
important for biology and chemistry, is well mastered in
luminescence thermometry. However, for modern quantum
technologies, aerospace research, and crystallographic
measurements on a synchrotron, cryotemperature measure-
ment is relevant.

In the low temperature region, the positions and widths of
the luminescence lines change little, but their relative
intensities can change significantly due to the redistribution
of populations of levels close in energy. Therefore, the most
adequate method for measuring cryotemperatures is Boltz-
mann ratiometric thermometry [69]. In this method, excited
levels 1 and 2 are selected, separated in energy by the interval
DE � E2ÿE1. Their equilibrium populations obey the Boltz-
mann distribution

n2�T �
n1�T � �

�
g2
g1

�
exp

�
ÿ DE

kT

�
;

where g2 and g1 are the degeneracy factors of levels 2 and 1,
respectively, and k is the Boltzmann constant. The line
intensity ratio (LIR) is measured for the luminescence from
the selected levels:

LIR�T � � I2�T �
I1�T � �

W2n2�T �
W1n1�T � � C exp

�
ÿ DE

kT

�
: �2�

Here, W2 and W1 are the probabilities of the involved
transitions from levels 2 and 1, C �W2g2=W1g1. Formula
(2) is valid if (i) the Boltzmann distribution is satisfied and
(ii) the probabilities do not depend on temperature. Both of
these conditions are not always satisfied [69], so, when
constructing a Boltzmann ratiometric thermometer, it is

necessary to compare the experimental values of LIR�T �
with Eqn (2).

An important characteristic of a thermometer is its
absolute sensitivity,

Sa�T � � dR�T �
dT

; �3�

where R�T � is the measured value. Relative sensitivity is used
to compare thermometers based on different principles:

Sr�T � � 1

R

dR�T �
dT

: �4�

In the case of a Boltzmann ratiometric thermometer, the
absolute sensitivity Sa�T � has a maximum at Tm � DE=2k.
The lower the measured temperatures (Tm), the closer the
levels from which the luminescence lines are recorded should
be chosen: DE � 2kTm. Obviously, the smaller the DE, the
higher the spectral resolution required to record the spectra.

In a recent paper [70], we proposed pairs of luminescence
lines of the K2YF5 :Er

3� crystal in the spectral region of the
4I13=2 ! 4I15=2 transitions in the Er3� ion (a region of about
1.5 mm, falling into the C-transparency window of an optical
fiber) for the implementation of a Boltzmann luminescence
ratiometric cryothermometer in the temperature range of
about 20, 40, and 60 K. It was also shown that measuring
the half-width of the luminescence line with a wavelength of
1.538 mm (6500 cmÿ1) provides a simple and reliable way to
record the temperature in the range from 20 to 90 K.

The idea of using the hyperfine structure seems
attractive for measuring ultralow temperatures (4 2 K).
We chose the 6089.3 cmÿ1 (1.642 mm) line in the lumines-
cence spectrum of the 7LiYF4 :Ho3� crystal, corresponding
to the transition 5I5G34�11241:6� ! 5I7G2�5152:3� and fall-
ing into the U-transparency window of the optical fiber. It is
shown in Fig. 7a for several temperatures. The initial level of
the transition has an HFS with a record large interval of
0.178 cmÿ1. The temperature dependence of the intensity
ratio of the extreme frequency components of the HFS is
shown in Fig. 7b together with the Boltzmann population
ratio of the corresponding levels. It is evident that, at the
temperatures accessible to us (not lower than 3 K), the
Boltzmann population distribution of the hyperfine compo-
nents of the level is fulfilled. Thus, the 1.642-mm line may
be promising for constructing a Boltzmann luminescence
ratiometric thermometer for temperatures of 0.5±5 K
(Tm � 0:9 K).

6. Conclusion

Wide-range high-resolution Fourier spectroscopy has opened
fundamentally new possibilities in solid-state research. The
above results on the spectroscopy of crystals doped with rare-
earth ions could not be obtained by any other method. The
fine structure of lines in the absorption and luminescence
spectra caused by random deformations of the crystal lattice
was discovered and studied. Based on these experimental
results, a statistical theory of inhomogeneous broadening of
transition lines involving electronic doublets and triplets was
constructed and a technique for modeling the shape of such
lines was developed. These results can be used to assess the
quality of crystals.

In the luminescence spectra of crystals, the hyperfine
structure and isotopic structure caused by isotopic disorder
in the matrix crystal were observed for the first time. A record
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narrow luminescence line with a width of 0.002 cmÿ1 at half-
height was registered. These results were obtained on a
LiYF4 :Ho3� crystal. The splitting of luminescence lines of a
monoisotopic 7LiYF4 :Ho3� crystal in an external magnetic
field was studied. The possibility of creating a remote
luminescence magnetic field sensor capable of ensuring
measurement accuracy of the order of the magnitude of
Earth's magnetic field was demonstrated.

For the first time, anticrossings of hyperfine levels in a
magnetic field have been registered in optical spectra and
investigated. It has been shown that gaps in the spectrum of
the 7LiYF4 :Ho3� crystal at magnetic field values where levels
with nuclear spin projection values differing by jDmj � 2
should have crossed are due to magnetic hyperfine interac-
tion in the second order, while anticrossings with Dm � 0 are
a consequence of random deformations of the crystal lattice.

The results on the temperature dependence of the
intensities of the hyperfine structure components of the
7LiYF4 :Ho3� luminescence line with a wavelength of about
1.642 mm (falling into the U-transparency window of the
optical fiber) show the potential of this line for constructing
a Boltzmann luminescence ratiometric cryothermometer.

The development of high-resolution spectroscopy meth-
ods at ISAN is largely due to the fruitful collaboration with
B Z Malkin's theoretical group (Kazan Federal University).
We are also grateful to all our co-authors of the papers [3, 12±
19, 32, 41, 42, 45, 50, 51, 54±56, 62, 63, 70]. This work was
supported by the Russian Science Foundation (RSF grant
no. 19-72-10132). Section 5, ``Luminescent cryothermome-
try,'' was written based on the results of the work within RSF
project no. 23-12-00047.
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