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A B S T R A C T

We report on first direct observation of spontaneous fluctuations of birefringence in glasses doped with rare-
earth (RE) ions. The fluctuations were observed in Nd3+- and Yb3+-doped glasses as polarization noise of the
laser beam transmitted through the sample in the region of the RE-ion absorption. The noise was characterized
by a flat (‘‘white’’) spectrum in the range of frequencies up to 1 GHz and did not show any dependence on
magnetic field. The discovered polarization noise is interpreted in terms of structural dynamics of glasses
revealed at low temperatures and usually described in the model of tunneling two-level systems (TLS). High
sensitivity of the polarization noise technique to this dynamics is related to small homogeneous width of f–f
transitions of RE-ions in glasses and small spectral width of the probe laser light. The discovered effect provides
a new experimental approach to studying low-temperature structural dynamics of different disordered matrices
and interactions of impurities with environment in such media.
1. Introduction

The present-day noise spectroscopy as a tool of research includes,
along with traditional studies of obstructive noises which impend the
measurements, a more constructive investigations of noises capable of
providing meaningful information about the system under study [1,2].
One of the methods of this kind that has rapidly developed for the
last two decades is the so-called Spin Noise Spectroscopy (SNS) aimed
at polarimetric detection of spontaneous spin precession [3–5]. This
experimental technique, first demonstrated on an atomic system [6],
is widely used nowadays for studying magnetic resonance and spin
dynamics in semiconductor structures [7–11] and has been recently
applied to dielectric crystals with paramagnetic impurities [12,13] and
to birefringent ones in particular [14]. The method implies detection of
magnetization noise of a paramagnet by measuring fluctuations of its
Faraday rotation and allows one to get information about spin system
traditionally obtained using the EPR spectroscopy. It is important that
measurements of the Faraday rotation noise are usually performed in
the region of transparency, where the probe light does not excite the
system. This is why the SNS was often considered as a nonperturbative
method of EPR spectroscopy. In recent years, however, it was shown
that nonperturbativity of the SNS is far from being its main merit
and that, under conditions of resonant probing, the SNS may provide
valuable information inaccessible for nonresonant measurements. In
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particular, application of SNS to crystals doped with rare-earth (RE)
ions [12] proved to be possible only due to specific features of this
method revealed under resonant probing of inhomogeneously broadened
optical transitions.

Successful application of SNS to crystals with RE impurities has
led us to the idea of its application to RE-doped glasses, with huge
predominance of inhomogeneous width of the intraconfigurational (4f -
4f ) optical transitions over homogeneous at liquid-helium tempera-
tures [15–18]. We did not count on obtaining structured magnetic
resonance spectra (in the studied frequency range below 1 GHz) be-
cause of strong inhomogeneous broadening of the precession peaks.
Still, we considered even smooth spectrum of the Faraday-rotation
noise to be valuable as a fundamentally new source of information.
What we have found, however, essentially differed from what we
expected. The spectrum of the observed noise was virtually ‘white’
(within the frequency range up to ∼1 GHz), practically did not vary
with magnetic field, and could be observed only at the wavelengths
of certain f–f transitions. At the same time, the observed noise, for
a number of reasons, could not be ascribed to fluctuations of the
spin-related gyrotropy of the glass.

In this paper, we present results of experimental study of the dis-
covered polarization noise and come to conclusion that this noise is
related to intrinsic dynamics of the disordered vitreous matrix usually
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described in terms of two-level systems [19,20]. This dynamics gives
rise to fluctuations of local environment of the RE impurity and to
fluctuations of its optical polarizability tensor. The high sensitivity of
the probe beam polarization to these fluctuations, in the vicinity of
the f–f transitions, is related to their small homogeneous widths (in
combination with small spectral width of the probe laser beam).

The paper is organized as follows. In Section 1 we consider the
issue important for this work regarding the relation between the type of
fluctuating anisotropy of the medium and the type of polarization noise
it generates in the probe light. In Section 2 we present experimental
part of the work including characterization of the samples, details of
the experimental technique, and results of the measurements. Section 3
describes specific properties of the polarization noise signal. Interpreta-
tion of the discovered noise is presented in Section 4. Section 5 briefly
summarize results of the work.

2. Light polarization noise versus noise of anisotropy

The fluctuations of the polarization plane azimuth detected in the
SNS, are assumed to be related to the gyrotropy noise of the medium
associated with fluctuations of its magnetization. One can easily see,
however, that the same polarization noise may also arise in the absence
of any gyrotropy noise when the medium with essentially complex
optical polarizability exhibits fluctuations of linear, rather than circular,
anisotropy.1 How can be distinguished these two types of fluctuating
anisotropy? This question arose, in the present study of rare-earth
(RE) doped glasses, when we encountered the polarization noise with
characteristics unusual for the SNS. Let us consider this issue in more
detail.

First of all, note that fluctuations of anisotropy of the medium do
not affect the light polarization when it coincides with one of the
normal modes of the fluctuating anisotropy. For the fluctuating linear
or circular anisotropy, they are, respectively, linearly or circularly
polarized waves. Thus, by choosing polarization of the incident light
coincident with one of the normal modes, we can extinguish the rele-
vant polarization fluctuations of the probe light. Here, we can notice a
great difference between the media with circular and linear anisotropy
that allows one to distinguish their fluctuations. Specifically, fluctua-
tions of gyrotropy (circular anisotropy) of the medium should not be
observed in the noise of circularly polarized light, while fluctuations
of linear anisotropy with randomly aligned anisotropy axes do not
have a common normal mode and, therefore, cannot be extinguished
in any linearly polarized light. This distinction can be clearly seen from
representation of light polarization on the Poincaré sphere, where the
circular and linear polarizations are depicted by points (poles of the
sphere) and by the line (equator of the sphere with a multitude of
polarizations), respectively.

Thus, our qualitative consideration allows us to make the conclusion
(which may seem trivial) that the noise of gyrotropy should vanish in
a circularly polarized probe light. One more conclusion that may be
made from the above consideration is that the conventional spin noise,
revealed as the noise of the Faraday rotation, cannot be detected in a
circularly polarized probe light.

The above simple reasoning helped us to identify the nature of the
anisotropy fluctuations giving rise to polarization noise in the RE-doped
glasses.

1 We use here the term optical anisotropy rather than optical birefringence to
emphasize importance of its imaginary part (usually referred to as dichroism).
The term birefringence often implies only real part of the anisotropy.
2

3. Experimental

The measurements were performed on samples of phosphate glasses
doped with neodymium and ytterbium. The samples, transparent, vi-
sually homogeneous and isotropic, were prepared using reagent grade
purity chemicals. The experimental data presented below were ob-
tained on two glass samples composed of P2O5, BaO, K2O, SiO2, Al2O3,
B2O3, and Nd2O3 (referred to hereinafter as a Nd-doped glass, 0.6
1021 cm−3) and of BaF2, AlF3, CaF2, MgF2, SnF2, and Yb2O3 (referred
o as an Yb-doped glass, 2 ⋅1021 cm−3). Amorphous structure of the
amples was confirmed by the XRD measurements (Fig. 1a). The thick-
esses of the plates (3 mm and 0.4 mm, respectively) were chosen to
rovide optical density at resonance below unity. The experimental
etup was similar to that commonly used for spin-noise detection
Fig. 1b). The sample was placed into a Montana Cryostation cryostat
hat provided a temperature down to 3 K and magnetic field up to
.7 T. As a light source we used a tunable CW ring Ti:sapphire laser
imilar to that employed previously for spin-noise measurements in
are-earth doped crystals [12,13]. A small width of the laser emission
pectrum allowed us to realize the ‘giant spin-noise gain effect’ [12] on
nhomogeneously broadened f–f transitions of the RE ions. The probe
aser beam was focused on the sample with a lens of 75-mm focal
ength. The laser light power, in these measurements, was usually ∼
2 mW that corresponded to the light power density around 12⋅102
/cm2. Dependence of the polarization noise power, normalized to

hat of the shot noise, at these intensities, was found to be linear, which
ndicated negligibly small role of optical nonlinearity. Polarization
oise of the laser beam, transmitted through the sample, was analyzed
sing a spectrum analyser RSA6100 A (Tektronix) in the frequency
ange up to 1 GHz (limited by the bandwidth of the balanced detector).

We did not expect to find any pronounced magnetic-field-dependent
tructure of the polarization noise spectrum, and, for this reason, we
ave developed a special procedure of the signal normalization that
id not imply magnetic-field switching often employed in the spin-
oise experiments [7]. To obtain calibrated value of the polarization
oise power, we performed two measurements of the signal with the
olarizer (LP) placed before and after the sample (positions (1) and
2) in Fig. 1), and one more measurement with blocked light. The
esults of the first two measurements (𝑆 and 𝑁) differed only by the
alue of the polarization noise, and the third measurement provided
he value of the dark noise (𝐸). The final spectrum of the noise signal
as calculated using the formula 𝑆−𝑁

𝑁−𝐸 , which allowed us to get rid of
the influence of the frequency response function of the detector and to
obtain directly the spectrum of the polarization noise power normalized
to the shot-noise level.

4. Specific features of the noise

The Nd- and Yb-doped glasses were studied, respectively, in the
range of transitions 4I9∕2 – 4F3∕2 (𝜆 ≈ 870 nm) and 2F7∕2 – 2F5∕2 (𝜆 ≈
980 nm), accessible for the Ti:sapphire laser. In both samples, we have
found a fairly strong polarization noise, comparable in magnitude with
the shot noise power, which was definitely related to the impurity ions,
but could not be consistently explained in terms of spin fluctuations
observed in RE-doped crystals [12].

Optical spectra of the polarization noise were measured, point-by-
point, by integrating the noise signal over the frequency range 2 – 220
MHz. The spectral dependences thus obtained, overall, well correlated
with the polarization-noise gain effect that predicted high sensitivity
of the probe beam polarization to fluctuations of individual homo-
geneously broadened resonances (provided that they are sufficiently
narrow). Indeed, polarization noise was observed only in the region of
absorption of the ions and, for both samples, was shifted towards longer
wavelengths (Fig. 2). This fact also looks natural: a faster (nonradiative)
ladder-type relaxation from the upper Stark sublevels broadens their
homogeneous width and thus reduces the signal. In the Nd-doped glass,
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Fig. 1. (a) XRD diagram of the samples under study, the structure of both is vitreous. (b) Schematic of the experimental setup. Polarization noise was measured by replacing
linear polarizer (LP) from position (1) to position (2). The half-wave plate (𝜆∕2) was used to balance the polarimetric detector. PBS is a polarization beamsplitter.
Fig. 2. Optical spectra of absorption and polarization noise power (painted blue and
red) for the samples of Nd- and Yb-doped glasses ((a) and (b), respectively).

where the two crystal-field component of the excited multiplet are well
resolved, this effect is especially pronounced — the noise is observed
only on one of the components. In the Yb-doped glass, no splitting is
seen in the optical spectrum, and this effect is revealed just as a long-
wavelength shift of the polarization noise spectrum with respect to the
inhomogeneously broadened absorption line.

Temperature dependence of the noise (Fig. 3) also qualitatively
agrees with the model of the polarization noise gain in an inhomo-
geneously broadened optical transition: with increasing temperature,
the homogeneous width of the optical transition increases, and the
polarization-noise power, controlled by the noise gain effect, decreases.
Moreover, this temperature dependence allows one to restore, more
accurately, temperature behavior of the homogeneous linewidth. Nu-
merous experimental and theoretical studies indicated the power-law
temperature dependence (often close to quadratic) of the homogeneous
linewidth 𝛿 of optical transitions in RE-doped glasses [15–17,21–23]:
𝛿 = 𝛼 + 𝛽𝑇 𝑛, 𝑛 ∼ 2. Correspondingly, temperature dependence of the
polarization noise power  , scaling as inverse homogeneous linewidth
3

Fig. 3. Temperature dependences of the polarization-noise power for (a) the Nd- and
(b) Yb-doped glasses. Dashed lines are the power-law fits by the formulas (𝑎 + 𝑏𝑇 𝑛)−1

with 𝑛 = 2.1 and 1.5 for the two glasses, respectively.

of the optical transition ( ∼ 1∕𝛿), should have the form:

 = [𝑎 + 𝑏𝑇 𝑛]−1 (1)

The experimental temperature dependences were fitted by this for-
mula and the obtained values of 𝑛 (2.1 for the Nd- and 1.5 for Yb-doped
glasses) were found to be close to those obtained on similar sam-
ples using the technique of fluorescence line narrowing (2.4 and 1.3,
respectively) [21,24].

Other properties of the observed polarization noise, however, con-
vincingly showed that it cannot be associated with spin noise of the
rare-earth ions. Specifically, the polarization-noise spectrum, within the
range of 0.1. . . 1 GHz was practically ‘white’ (Fig. 4) This picture gives
the idea of the magnitude of the polarization noise and the signal-to-
noise ratio in these measurements. It is important that the polarization
noise signal did not vary with magnetic field at least up to 0.4 T. One
can easily estimate that in the field of 0.4 T, all reasonable precession
frequencies of Nd3+ ions should be higher than 100 MHz. It is also
noteworthy that magnitude of the discovered polarization-noise power
is huge as compared with that of spin noise in the RE-doped crystals,
where the noise power of smaller magnitude (a few percent of shot-
noise level) is concentrated in a much smaller frequency range (∼ 30
MHz).

We have also performed measurements of polarization noise, on the
same experimental setup, in a circularly probe laser beam, when, as
was noted in Section 1, the noise of gyrotropy should not be observed.
In this scheme, the DC signal of the balanced detector is always zero
(the detector does not need to be balanced), and the measurements
may be performed at any orientation of the half-wave plate before
the detector. These measurements have shown that the noise signal,
within the experimental error, remained the same (equal to that in the
linearly polarized probe, see Fig. 5). Thus, we may conclude that the
observed polarization noise is related to fluctuations of linear anisotropy
rather than fluctuations of gyrotropy. In combination with the above-
mentioned high integrated power of the noise and its insensitivity to the
external magnetic field, we can conclude that the observed polarization
noise is not related to spin fluctuations of the impurity ions in glasses.
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Fig. 4. The polarization-noise spectra of the Nd-doped glass at two wavelengths of
the probe light corresponding to the regions of absorption and transparency of the
sample. At the wavelength of transparency (𝜆 = 850.4 nm), where no polarization noise
is observed (see Fig. 3), the noise power normalized to the shot-noise level equals
unity. The figure also demonstrates flatness of the polarization-noise spectrum.

Fig. 5. Comparison of the polarization-noise spectra for the Nd- and Yb-doped glasses
obtained in the linearly and circularly polarized light. For the fluctuating gyrotropy,
the noise in a circularly polarized light should vanish as shown in the right panel for
the Faraday-rotation noise in n-GaAs (the latter experiment was performed specially to
confirm this fact).

5. The nature of the noise

Energy-level structure of trivalent RE ions in the visible spectral
range is governed by spin–orbit splitting of intraconfigurational 4f 𝑛–
4f 𝑛 transitions with well-defined energies. In crystalline matrices, en-
ergy levels of the ionic states exhibit additional splitting, which is
the same for identical sites of the ion in the lattice. As a result,
optical spectra of f–f transitions in crystals are fairly narrow (fractions
of wavenumbers). In glasses, local environments of different ions is
different, and absorption spectra of f–f transitions appear to be strongly
broadened inhomogeneously. It is important that local environments of
the ion differ from site to site not only by strength of the local field,
but also by its symmetry, and optical transitions between the same
multiplets of the ion differ not only in frequency, but also in optical
anisotropy. Unlike crystals, glass are characterized by a great amount
of equilibrium atomic configurations with nearly equal energies. As a
result, glasses reveal, in the low-frequency region (below 1010 Hz), a
continuous spectrum of states responsible for anomalous behavior of
their heat capacity and thermal conductivity [20]. Theoretical descrip-
tion of this atomic motion usually performed in terms of tunneling
two-level systems (TLS), show that their density of states does not
vanish at zero frequencies and is characterized, at low frequencies, by
a ‘white’ spectrum.

Now, turning to the discovered polarization noise we should note,
first of all, that this kind of noise, as far as we know, has never been
directly observed in regular crystalline structures and, is, therefore, spe-
cific for disordered media. Then, the fluctuating motion of the RE-ion
environment should produce fluctuations of the polarizability tensor
of the ion. Generally, such rearrangements of charges surrounding the
4

impurity ion should modulate symmetric part of its polarizability tensor
and should not affect its gyrotropy, which is observed experimentally.

It is essential that homogeneous width of optical transitions in
glasses with RE ions is relatively small (∼106–108 Hz), so that fluctua-
tions of the local field strength may shift the spectral line by more than
(or comparable with) its half-width. It means that polarization of the
near-resonant probe beam can be highly sensitive to these fluctuations.
In fact, the mechanism of high sensitivity of the probe beam polariza-
tion to fluctuations of a quantum system is identical to that of the ‘giant
spin noise gain effect’, described in [12], with the only difference that
the spin dynamics of a paramagnetic ion is replaced by dynamics of
its local environment. Efficient conversion of structural fluctuation of
the glass into polarization noise of the probe beam can be observed
only under resonant probing which is confirmed in our experiments.
Spectral dependences of the polarization noise power presented above
support the role of the homogeneous width of optical transition in the
noise formation.

Thus, in our opinion, all the experimental data unambiguously sup-
port the proposed direct relationship between the observed polarization
noise of the RE-doped glasses and structural dynamics of the vitreous
medium.

6. Concluding remarks

In this work, we applied the polarization-noise spectroscopy to
glasses doped with RE ions and have found a strong stochastic signal
resulted from fluctuations of linear anisotropy of the impurity centers
induced, in turn, by fluctuating rearrangement of the RE-ion local en-
vironment. The noise power, in the applied method, is directly related
to homogeneous width of the probed optical transition and can be used
for its evaluation.

It should be noted that temperature behavior of homogeneous
linewidth of optical transitions of RE ions in glasses has been studied
in numerous experimental works and was unambiguously ascribed
to perturbations of the impurity ions by two-level systems of the
vitreous matrix [17,25–30]. All the measurements of the homogeneous
linewidth required ‘penetration’ into the inhomogeneously broadened
spectral line and used the effects of nonlinear optics such as spec-
tral hole burning [23,31], fluorescence line narrowing [15,21,32], or
photon-echo effects [33,34].

The approach to these measurements proposed in the present work
is essentially different. Its most important distinction is that it does not
imply any nonlinearity of the medium and that the spectral packet of
homogeneous width is selected, in the optical spectrum, spontaneously
due to uncorrelated fluctuations of neighboring packets. It is also
important that the noise signal arising under the above conditions in
glasses, like it occurs in spin noise spectroscopy, is not a response to
an external perturbation. As a result, the rules of the theory of linear
response are violated, and the optical spectroscopy of polarization noise
acquires features more typical for nonlinear optics [35].

We believe that novelty of this measuring procedure and novelty
of the discovered effect will open new ways of research in the high-
resolution optical spectroscopy. The most promising application of this
effect, in our opinion, should be based on quantitative analysis of the
polarization noise power in different glass matrices with different RE
impurities. Our measurements have shown that the discovered effect
was universally observed at low-temperatures in different glasses, so
that the exact composition of the glass did not matter for observation
of the effect. To study more accurately dependence of the birefringence
noise on the glass structure and composition and to get a deeper
insight into informative potential of this method, we plan to compare
results of our investigations with the data on low-frequency Raman
scattering in different glasses, which demonstrates the so-called Boson
peak on vitreous materials [36,37]. It is also important that the above
experimental approach can be evidently applied to glasses with other
types of impurities with sufficiently narrow homogeneous widths of
optical transitions (like transition metal ions). Altogether, we have
shown that impurity ions with small homogeneous width can be used as
sensors of structural low-temperature dynamics of disordered matrices.



Journal of Non-Crystalline Solids 621 (2023) 122610V.O. Kozlov et al.

–
a

D

t
I
F
S

D

A

e
w
9
R
o
R

R

CRediT authorship contribution statement

V.O. Kozlov: Investigation, Writing – original draft, Visualization,
Data curation. I.I. Ryzhov: Writing – original draft, Visualization,
Project administration, Visualization. G.G. Kozlov: Conceptualization,
Formal analysis. E.V. Kolobkova: Resources. V.S. Zapasskii: Writing

original draft, Conceptualization, Methodology, Supervision, Funding
cquisition.

eclaration of competing interest

The authors declare the following financial interests/personal rela-
ionships which may be considered as potential competing interests: I.
. Ryzhov reports financial support was provided by Russian Science
oundation. E. V. Kolobkova reports financial support was provided by
t Petersburg University.

ata availability

Data will be made available on request.

cknowledgments

The work was fulfilled under financial support of the Russian Sci-
nce Foundation Grant No. 21-72-10021. The samples preparation
as supported by Saint Petersburg State University Russia (Grant No.
4030557). The experimental work was carried out with use of SPbU
esearch Park. The optical investigations were performed on the basis
f Resource Center ‘‘Nanophotonics’’. XRD measurements were done in
esource Center for X-ray Diffraction Studies.

eferences

[1] A.V.D. Ziel, Noise in Measurements, John Wiley & Sons, 1976.
[2] E. Milotti, The Physics of Noise, Morgan & Claypool Publishers, 2019.
[3] V.S. Zapasskii, Spin-noise spectroscopy: from proof of principle to applications,

Adv. Opt. Photonics 5 (2) (2013) 131–168, http://dx.doi.org/10.1364/AOP.5.
000131.

[4] N.A. Sinitsyn, Y.V. Pershin, The theory of spin noise spectroscopy: a review, Rep.
Progr. Phys. 79 (11) (2016) 106501, http://stacks.iop.org/0034-4885/79/i=10/
a=106501.

[5] D.S. Smirnov, V.N. Mantsevich, M.M. Glazov, Theory of optically detected spin
noise in nanosystems, Usp. Fiz. Nauk 191 (9) (2021) 973–998, http://dx.doi.
org/10.3367/UFNr.2020.10.038861, https://ufn.ru/ru/articles/2021/9/c/.

[6] E.B. Aleksandrov, V.S. Zapasskii, Magnetic resonance in the Faraday-rotation
noise spectrum, JETP 54 (1) (1981) 64–67.

[7] G.M. Müller, M. Oestreich, M. Römer, J. Hübner, Semiconductor spin noise
spectroscopy: Fundamentals, accomplishments, and challenges, Physica E 43 (2)
(2010) 569–587, http://dx.doi.org/10.1016/j.physe.2010.08.010.

[8] J. Hübner, F. Berski, R. Dahbashi, M. Oestreich, The rise of spin noise spec-
troscopy in semiconductors: From acoustic to GHz frequencies, Phys. Status Solidi
b 251 (9) (2014) 1824–1838, http://dx.doi.org/10.1002/pssb.201350291.

[9] J. Hübner, R. Dahbashi, F. Berski, J. Wiegand, H. Kuhn, J. Lonnemann, M.
Oestreich, Spin noise spectroscopy in semiconductors: from a billion down to
single spins, Proc. SPIE 9167 (2014) 91672R, http://dx.doi.org/10.1117/12.
2061926.

[10] S.V. Poltavtsev, I.I. Ryzhov, M.M. Glazov, G.G. Kozlov, V.S. Zapasskii, A.V.
Kavokin, P.G. Lagoudakis, D.S. Smirnov, E.L. Ivchenko, Spin noise spectroscopy
of a single quantum well microcavity, Phys. Rev. B 89 (2014) 081304, http:
//dx.doi.org/10.1103/PhysRevB.89.081304.

[11] I.I. Ryzhov, G.G. Kozlov, D.S. Smirnov, M.M. Glazov, Y.P. Efimov, S.A. Eliseev,
V.A. Lovtcius, V.V. Petrov, K.V. Kavokin, A.V. Kavokin, V.S. Zapasskii, Spin noise
explores local magnetic fields in a semiconductor, Sci. Rep. 6 (2016) 21062,
http://dx.doi.org/10.1038/srep21062.

[12] A.N. Kamenskii, A. Greilich, I.I. Ryzhov, G.G. Kozlov, M. Bayer, V.S. Zapasskii,
Giant spin-noise gain enables magnetic resonance spectroscopy of impurity
crystals, Phys. Rev. Res. 2 (2) (2020) 023317, http://dx.doi.org/10.1103/
physrevresearch.2.023317.

[13] A.N. Kamenskii, V.O. Kozlov, N.S. Kuznetsov, I.I. Ryzhov, G.G. Kozlov, M.
Bayer, A. Greilich, V.S. Zapasskii, Invariants in the paramagnetic resonance
spectra of impurity-doped crystals, Phys. Rev. B 105 (2022) 014416, http:
//dx.doi.org/10.1103/PhysRevB.105.014416, https://link.aps.org/doi/10.1103/
5

PhysRevB.105.014416.
[14] V.O. Kozlov, N.S. Kuznetsov, D.S. Smirnov, I.I. Ryzhov, G.G. Kozlov, V.S.
Zapasskii, Spin noise in birefringent media, Phys. Rev. Lett. 129 (2022) 077401,
http://dx.doi.org/10.1103/PhysRevLett.129.077401, https://link.aps.org/doi/10.
1103/PhysRevLett.129.077401.

[15] R.M. Shelby, Measurement of optical homogeneous linewidths in a glass with
picosecond accumulated photon echoes, Opt. Lett. 8 (2) (1983) 88, http://dx.
doi.org/10.1364/ol.8.000088.

[16] R.M. Macfarlane, J. Hegarty, J. Ryan, R.M. Shelby, Measurement of Optical
Dephasing by Spectral Holeburning in Rare Earth Doped Inorganic Glasses,
Springer, Boston, 1984, p. 189.

[17] P. Van der Zaag, B. Schokker, T. Schmidt, R. Macfarlane, S. Völker,
Dynamics of glasses doped with rare earth ions: A study by perma-
nent and transient hole-burning, J. Lumin. 45 (1) (1990) 80–82, http:
//dx.doi.org/10.1016/0022-2313(90)90110-W, https://www.sciencedirect.com/
science/article/pii/002223139090110W.

[18] Y. Sun, R.L. Cone, L. Bigot, B. Jacquier, Exceptionally narrow homogeneous
linewidth in erbium-doped glasses, Opt. Lett. 31 (23) (2006) 3453, http://dx.
doi.org/10.1364/ol.31.003453.

[19] P.W. Anderson, B.I. Halperin, C.M. Varma, Anomalous low-temperature thermal
properties of glasses and spin glasses, Phil. Mag. 25 (1972) 1–9.

[20] W.A. Phillips, Tunneling states in amorphous solids, J. Low. Temp. Phys. 7
(1972) 351.

[21] R.T. Brundage, S.I. Yun, R.J. Tonucci, W.M. Yen, Low-temperature homoge-
neous linewidths of Nd3+ in a phosphate glass, J. Non-Crystalline Solids 91
(2) (1987) 259–261, http://dx.doi.org/10.1016/S0022-3093(87)80309-5, https:
//www.sciencedirect.com/science/article/pii/S0022309387803095.

[22] W.J. Minscalco, Optical and Electronic Properties of Rare Earth Ions in Glasses,
Taylor & Francis, 2001.

[23] L. Bigot, A.-M. Jurdyc, B. Jacquier, J.-L. Adam, Inhomogeneous and homoge-
neous linewidths in Er3+-doped chalcogenide glasses, Opt. Mater. 24 (2003)
97–102, http://dx.doi.org/10.1016/S0925-3467(03)00111-3.

[24] R.T. Brundage, W.M. Yen, Low-temperature homogeneous linewidths of Yb3+ in
inorganic glasses, Phys. Rev. B 33 (1986) 4436–4438, http://dx.doi.org/10.1103/
PhysRevB.33.4436, https://link.aps.org/doi/10.1103/PhysRevB.33.4436.

[25] S.K. Lyo, Anomalous optical homogeneous linewidths in glasses, Phys. Rev.
Lett. 48 (1982) 688–691, http://dx.doi.org/10.1103/PhysRevLett.48.688, https:
//link.aps.org/doi/10.1103/PhysRevLett.48.688.

[26] D.L. Huber, M.M. Broer, B. Golding, Theories of homogeneous optical linewidths
of impurities in glasses, Phys. Rev. B 33 (1986) 7297–7298, http://dx.doi.org/10.
1103/PhysRevB.33.7297, https://link.aps.org/doi/10.1103/PhysRevB.33.7297.

[27] R. Silbey, K. Kassner, Theoretical studies of homogeneous linewidths of
optical transitions in glasses, J. Lumin. 36 (4) (1987) 283–292, http:
//dx.doi.org/10.1016/0022-2313(87)90202-X, https://www.sciencedirect.com/
science/article/pii/002223138790202X.

[28] T. Schmidt, J. Baak, D.A. van de Straat, H.B. Brom, S. Völker, Temperature
dependence of optical linewidths and specific heat of rare-earth-doped silicate
glasses, Phys. Rev. Lett. 71 (1993) 3031–3034, http://dx.doi.org/10.1103/
PhysRevLett.71.3031, https://link.aps.org/doi/10.1103/PhysRevLett.71.3031.

[29] Y.S. Bai, M.D. Payer, Optical dephasing in glasses: Theoretical comparison
of the incoherent photon echo, accumulated grating echo, and two-pulse
photon echo experiments, Chem. Phys. 128 (1) (1988) 135–155, http:
//dx.doi.org/10.1016/0301-0104(88)85067-5, https://www.sciencedirect.com/
science/article/pii/0301010488850675.

[30] R.S. Meltzer, W.M. Yen, H. Zheng, S.P. Feofilov, M.J. Dejneka, B.M. Tissue, H.B.
Yuan, Evidence for long-range interactions between rare-earth impurity ions in
nanocrystals embedded in amorphous matrices with the two-level systems of the
matrix, Phys. Rev. B 64 (2001) 100201, http://dx.doi.org/10.1103/PhysRevB.
64.100201, https://link.aps.org/doi/10.1103/PhysRevB.64.100201.

[31] A. Kurita, T. Izumitani, M. Matsukawa, T. Kushida, Room-temperature persistent
spectral hole burning in Sm2+-doped fluoride glasses, Opt. Lett. 19 (5) (1994)
314, http://dx.doi.org/10.1364/ol.19.000314.

[32] L. Bigot, S. Choblet, a.-m. Jurdyc, B. Jacquier, J.-L. Adam, Transient spectral
hole burning in erbium-doped fluoride glasses, J. Opt. Soc. Am. B Opt. Physics
21 (2004) http://dx.doi.org/10.1364/JOSAB.21.000307.

[33] J. Hegarty, M.M. Broer, B. Golding, J.R. Simpson, J.B. MacChesney, Photon
echoes below 1 k in a Nd3+-doped glass fiber, Phys. Rev. Lett. 51 (1983) 2033–
2035, http://dx.doi.org/10.1103/PhysRevLett.51.2033, https://link.aps.org/doi/
10.1103/PhysRevLett.51.2033.

[34] D. Ding, D. van Driel, L.M.C. Pereira, J.F. Bauters, M.J.R. Heck, G. Welker,
M.J.A. de Dood, A. Vantomme, J.E. Bowers, W. Löffler, D. Bouwmeester, Probing
interacting two-level systems with rare-earth ions, Phys. Rev. B 101 (2020)
014209, http://dx.doi.org/10.1103/PhysRevB.101.014209, https://link.aps.org/
doi/10.1103/PhysRevB.101.014209.

[35] M.M. Glazov, V.S. Zapasskii, Linear optics, Raman scattering, and spin noise
spectroscopy, Opt. Express 23 (9) (2015) 11713, http://dx.doi.org/10.1364/OE.

23.011713, http://www.opticsexpress.org/abstract.cfm?URI=oe-23-9-11713.

http://refhub.elsevier.com/S0022-3093(23)00476-3/sb1
http://refhub.elsevier.com/S0022-3093(23)00476-3/sb2
http://dx.doi.org/10.1364/AOP.5.000131
http://dx.doi.org/10.1364/AOP.5.000131
http://dx.doi.org/10.1364/AOP.5.000131
http://stacks.iop.org/0034-4885/79/i=10/a=106501
http://stacks.iop.org/0034-4885/79/i=10/a=106501
http://stacks.iop.org/0034-4885/79/i=10/a=106501
http://dx.doi.org/10.3367/UFNr.2020.10.038861
http://dx.doi.org/10.3367/UFNr.2020.10.038861
http://dx.doi.org/10.3367/UFNr.2020.10.038861
https://ufn.ru/ru/articles/2021/9/c/
http://refhub.elsevier.com/S0022-3093(23)00476-3/sb6
http://refhub.elsevier.com/S0022-3093(23)00476-3/sb6
http://refhub.elsevier.com/S0022-3093(23)00476-3/sb6
http://dx.doi.org/10.1016/j.physe.2010.08.010
http://dx.doi.org/10.1002/pssb.201350291
http://dx.doi.org/10.1117/12.2061926
http://dx.doi.org/10.1117/12.2061926
http://dx.doi.org/10.1117/12.2061926
http://dx.doi.org/10.1103/PhysRevB.89.081304
http://dx.doi.org/10.1103/PhysRevB.89.081304
http://dx.doi.org/10.1103/PhysRevB.89.081304
http://dx.doi.org/10.1038/srep21062
http://dx.doi.org/10.1103/physrevresearch.2.023317
http://dx.doi.org/10.1103/physrevresearch.2.023317
http://dx.doi.org/10.1103/physrevresearch.2.023317
http://dx.doi.org/10.1103/PhysRevB.105.014416
http://dx.doi.org/10.1103/PhysRevB.105.014416
http://dx.doi.org/10.1103/PhysRevB.105.014416
https://link.aps.org/doi/10.1103/PhysRevB.105.014416
https://link.aps.org/doi/10.1103/PhysRevB.105.014416
https://link.aps.org/doi/10.1103/PhysRevB.105.014416
http://dx.doi.org/10.1103/PhysRevLett.129.077401
https://link.aps.org/doi/10.1103/PhysRevLett.129.077401
https://link.aps.org/doi/10.1103/PhysRevLett.129.077401
https://link.aps.org/doi/10.1103/PhysRevLett.129.077401
http://dx.doi.org/10.1364/ol.8.000088
http://dx.doi.org/10.1364/ol.8.000088
http://dx.doi.org/10.1364/ol.8.000088
http://refhub.elsevier.com/S0022-3093(23)00476-3/sb16
http://refhub.elsevier.com/S0022-3093(23)00476-3/sb16
http://refhub.elsevier.com/S0022-3093(23)00476-3/sb16
http://refhub.elsevier.com/S0022-3093(23)00476-3/sb16
http://refhub.elsevier.com/S0022-3093(23)00476-3/sb16
http://dx.doi.org/10.1016/0022-2313(90)90110-W
http://dx.doi.org/10.1016/0022-2313(90)90110-W
http://dx.doi.org/10.1016/0022-2313(90)90110-W
https://www.sciencedirect.com/science/article/pii/002223139090110W
https://www.sciencedirect.com/science/article/pii/002223139090110W
https://www.sciencedirect.com/science/article/pii/002223139090110W
http://dx.doi.org/10.1364/ol.31.003453
http://dx.doi.org/10.1364/ol.31.003453
http://dx.doi.org/10.1364/ol.31.003453
http://refhub.elsevier.com/S0022-3093(23)00476-3/sb19
http://refhub.elsevier.com/S0022-3093(23)00476-3/sb19
http://refhub.elsevier.com/S0022-3093(23)00476-3/sb19
http://refhub.elsevier.com/S0022-3093(23)00476-3/sb20
http://refhub.elsevier.com/S0022-3093(23)00476-3/sb20
http://refhub.elsevier.com/S0022-3093(23)00476-3/sb20
http://dx.doi.org/10.1016/S0022-3093(87)80309-5
https://www.sciencedirect.com/science/article/pii/S0022309387803095
https://www.sciencedirect.com/science/article/pii/S0022309387803095
https://www.sciencedirect.com/science/article/pii/S0022309387803095
http://refhub.elsevier.com/S0022-3093(23)00476-3/sb22
http://refhub.elsevier.com/S0022-3093(23)00476-3/sb22
http://refhub.elsevier.com/S0022-3093(23)00476-3/sb22
http://dx.doi.org/10.1016/S0925-3467(03)00111-3
http://dx.doi.org/10.1103/PhysRevB.33.4436
http://dx.doi.org/10.1103/PhysRevB.33.4436
http://dx.doi.org/10.1103/PhysRevB.33.4436
https://link.aps.org/doi/10.1103/PhysRevB.33.4436
http://dx.doi.org/10.1103/PhysRevLett.48.688
https://link.aps.org/doi/10.1103/PhysRevLett.48.688
https://link.aps.org/doi/10.1103/PhysRevLett.48.688
https://link.aps.org/doi/10.1103/PhysRevLett.48.688
http://dx.doi.org/10.1103/PhysRevB.33.7297
http://dx.doi.org/10.1103/PhysRevB.33.7297
http://dx.doi.org/10.1103/PhysRevB.33.7297
https://link.aps.org/doi/10.1103/PhysRevB.33.7297
http://dx.doi.org/10.1016/0022-2313(87)90202-X
http://dx.doi.org/10.1016/0022-2313(87)90202-X
http://dx.doi.org/10.1016/0022-2313(87)90202-X
https://www.sciencedirect.com/science/article/pii/002223138790202X
https://www.sciencedirect.com/science/article/pii/002223138790202X
https://www.sciencedirect.com/science/article/pii/002223138790202X
http://dx.doi.org/10.1103/PhysRevLett.71.3031
http://dx.doi.org/10.1103/PhysRevLett.71.3031
http://dx.doi.org/10.1103/PhysRevLett.71.3031
https://link.aps.org/doi/10.1103/PhysRevLett.71.3031
http://dx.doi.org/10.1016/0301-0104(88)85067-5
http://dx.doi.org/10.1016/0301-0104(88)85067-5
http://dx.doi.org/10.1016/0301-0104(88)85067-5
https://www.sciencedirect.com/science/article/pii/0301010488850675
https://www.sciencedirect.com/science/article/pii/0301010488850675
https://www.sciencedirect.com/science/article/pii/0301010488850675
http://dx.doi.org/10.1103/PhysRevB.64.100201
http://dx.doi.org/10.1103/PhysRevB.64.100201
http://dx.doi.org/10.1103/PhysRevB.64.100201
https://link.aps.org/doi/10.1103/PhysRevB.64.100201
http://dx.doi.org/10.1364/ol.19.000314
http://dx.doi.org/10.1364/JOSAB.21.000307
http://dx.doi.org/10.1103/PhysRevLett.51.2033
https://link.aps.org/doi/10.1103/PhysRevLett.51.2033
https://link.aps.org/doi/10.1103/PhysRevLett.51.2033
https://link.aps.org/doi/10.1103/PhysRevLett.51.2033
http://dx.doi.org/10.1103/PhysRevB.101.014209
https://link.aps.org/doi/10.1103/PhysRevB.101.014209
https://link.aps.org/doi/10.1103/PhysRevB.101.014209
https://link.aps.org/doi/10.1103/PhysRevB.101.014209
http://dx.doi.org/10.1364/OE.23.011713
http://dx.doi.org/10.1364/OE.23.011713
http://dx.doi.org/10.1364/OE.23.011713
http://www.opticsexpress.org/abstract.cfm?URI=oe-23-9-11713


Journal of Non-Crystalline Solids 621 (2023) 122610V.O. Kozlov et al.
[36] J. Schroeder, W. Wu, J.L. Apkarian, M. Lee, L.-G. Hwa, C.T. Moynihan, Raman
scattering and boson peaks in glasses: temperature and pressure effects, J.
Non-Crystalline Solids 349 (2004) (2004) 88–97, http://dx.doi.org/10.1016/j.
jnoncrysol.2004.08.265.
6

[37] M.A. Korshunov, V.F. Shabanov, Boson peak in low-frequency Raman spectra
of polymethylmethacrylate, Optoelectron. Instrum. Data Process. 52 (6) (2016)
580–584, http://dx.doi.org/10.3103/s875669901606008x.

http://dx.doi.org/10.1016/j.jnoncrysol.2004.08.265
http://dx.doi.org/10.1016/j.jnoncrysol.2004.08.265
http://dx.doi.org/10.1016/j.jnoncrysol.2004.08.265
http://dx.doi.org/10.3103/s875669901606008x

	Spontaneous noise of birefringence in rare-earth doped glasses
	Introduction
	Light polarization noise versus noise of anisotropy 
	Experimental
	Specific features of the noise
	The nature of the noise
	Concluding remarks
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgments
	References


