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Abstract: The magneto-refractive properties of Er/Yb co-doped silica fiber (EYDF) are
important in magnetic field sensing. Here, we proposed a theoretical calculation model of
the EYDF using density functional theory (DFT) and demonstrated it by an interferometric
digital hologram magneto-refractive measurement system. The calculation results show
that the fiber material, doped with Er/Yb atoms, has a large net spin and asymmetric
spin distribution, which enables the elements to play an important role in the magnetic
characteristics of the material. The experimental results show that the refractive index of
the fiber decreases linearly with the increase of the magnetic field. The sensitivity of EYDF
is 3.8279 x 10 RIU/Gs and is two orders of magnitude higher than that of single-mode
fiber which is confirmed by the theoretical calculation. It demonstrated that the EYDF
has advantages and potential of high sensitivity, miniaturization, and easy integration for
magnetic field detection in harsh environments.

Index Terms: Magneto-refractive effect, refractive index, Er/Yb co-doped silica fiber, density
functional theory, digital holography.

1. Introduction

PTICAL fiber magnetic field sensors have the advantages of strong anti-interference ability,

good stability, and high sensitivity, which are widely used in geophysics, military guidance,
and industrial inspections [1], [2]. At present, optical fiber magnetic field sensing methods mainly
include the magneto-optic Faraday effect [3], tunable refractive index (RI) of magnetic fluid (MF)
[4], and magnetostrictive method [5], etc. A magnetic field sensor based on the Faraday effect
uses metallic glass and crystals with a large Verdet constant as the sensing unit to achieve
target detection by measuring the Faraday rotation angle [6]. Although these sensors have the
advantages of a simple structure and fast response speed, and are widely used in current and
pulsed magnetic fields, there are certain drawbacks because the measurement of their optical
path requires high polarization stability and their sensitivity is limited by the low Verdet constant. A
magnetic field sensor based on MF uses the adjustable Rl of the MF to the magnetic field strength
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and direction [7]-[9]. Various new types of magnetic field sensors based on MF are currently being
developed [10]; however, considerable advancements are required because MF has strong light
absorption and is easily saturated. A magnetostrictive magnetic field sensor sticks to or coats a
composite metal material on the surface of an optical fiber and grating as a probe, and measures
the magnetic field by detecting the change in the phase of the optical fiber or wavelength of the
grating [11]. Although these sensors have high sensitivity, precision, and are widely used in space
magnetic field measurement, their stability is susceptible to the environment. Moreover, optical
fiber magnetic field sensors combined with magnetic materials are unstable, and not suitable for
use in complex and harsh environments such as underwater targets and high pressures. Thus,
the development of a optic fiber magnetic sensor with high stability, fast response speed, and
high sensitivity in high-performance sensing applications is highly essential. As a sensing unit,
a doped fiber has significant advantages, such as easy network integration, high reliability, and
the ability to function in complex environments. The magnetic susceptibility of rare-earth materials
strongly depends on the magnetic field, and subtle changes cause changes in the Rl of the optical
fiber. Rare earth (RE) ions have abundant spin electrons, large spin magnetic moments, and high
absolute energy level transitions, thus exhibiting abundant magnetic properties [12]. In addition,
REs co-doped atoms provide more spin electrons, which can further enhance energy transfer,
energy level matching, local coordination, and magneto-refractive effects [13]. Er3* ion has a large
number of unpaired 4f electrons, and there are a large number of electronic energy levels that
can undergo photo-transition and splitting, which makes Er®* ion possess rich magneto-optical
properties [14]. The Erbium-doped fiber has the potential of high-sensitivity magneto-refractive
properties, and the high doping concentration can improve the fiber sensitivity. However, the lack
of sufficient coordination anions to bind to Er®* in the preparation of optical fibers may result
in uneven optical fiber distribution [15]. In addition, in the case of high doping concentration,
concentration quenching may occur. The addition of Yb3* ions can effectively inhibit the formation
of Er®* ions clusters and reduce the concentration of quenching. Additionally, the Yb3* ions have
strong magnetic properties of unpaired spin electrons as a sensitizing medium, which can increase
signal gain, hence, the Er/Yb co-doped fiber is used as the gain medium.

In this study, the magneto-refractive effect of an EYDF was systematically examined. A theoret-
ical model of the microscopic local structure of the EYDF material was established, and the spin
magnetic moment, density of state, energy transfer and other characteristics of the model were
calculated to examine the magneto-refractive mechanism. The composition and comprehensive
magnetic properties of EYDF were experimentally investigated as well. Furthermore, using the
digital holography technology, the refractive index change (RIC) of the optical fiber under the action
of a magnetic field was measured and the results were compared with that of the single-mode
fiber (SMF). The EYDF has the advantages of high sensitivity, simple structure, easy preparation,
fast response speed, the viability of the Er/Yb co-doped optical fiber as a magnetic sensor was
analyzed.

2. Theoretical Calculations

The magneto-refractive effect occurs when light passes through a magnetic material with a dielec-
tric constant tensor. Under an external magnetic field, the magnetic susceptibility of the material
changes, which affects the transmission state of the light passing through it. This results in a
change in the dielectric tensor, which further changes the RI. The relationship between the RI
n, the dielectric constant ¢ of the fiber, and the magnetic susceptibility x is as follows [16]:

n=ye=1+4ry (1)

The magnetic susceptibility is related to the magnetic moment, and the relationship between
magnetic susceptibility and effective magnetic moment w.g in Bohr magnetons B.M can be
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Fig. 1. (a) EYDF-3MR model. (b) GADF-3MR model.

described by the following relationship [17]:

3kBX T
Naps

Heff = B-M 2)
where kg is the Boltzmann constant, N is Avogadro number, T is the temperature (K), ugp is the
Bohr magneton. The magnetic moment is determined by the spin electrons; therefore, the spin-
electron interaction of the material regulates the change in the Rl of the fiber. Thus, the magneto-
refractive properties of the fiber are obtained from the microscopic behavior of spin electrons.

Here, we used a relativistic effective core potential (RECP) to account for relativistic effects [18].
The B3LYP method of DFT was used to optimize the model of the Er/Yb co-doped silica three-
ring fiber materials. Considering factors such as computing resources and accuracy, the 6-31Gsx
basis was used for oxygen, hydrogen, and silicon elements. The small-core pseudopotential basis
ECPMWB28 with 28 core electrons was chosen for the Er and Yb atoms [19]. To demonstrate
that the magnetic properties of the optical fiber were caused by the doping of rare-earth ions
rather than the material of the fiber, an SMF model was investigated for comparison. In the SMF
model, the 6-31Gx group was used for oxygen, hydrogen, silicon, and germanium elements [20].
The geometric structure optimization, energy calculation, and electronic structure were calculated
using Gaussian 09 [21], and the electronic, optical characteristics, and spin characteristics and
atomic interaction of the Er/Yb co-doped fiber were determined using Multiwfn [22].

2.1 Geometric Structures

The silica optical fiber model is generally composed of SiO, tetrahedral units and silicon dioxide
irregular rings; in n-membered-rings (nMR), n denotes the number of Si atoms in the rings [23]. A
3MR microstructure model is suitable and widely accepted for use as a doped amorphous silica
matrix [24]. The established model of the Er/Yb co-doped 3MR fiber materials (EYDF-3MR) shown
in Fig. 1(a) is more stable and consistent with the experimental results [13]. For comparison, a
model of Ge/Al co-doped 3MR fiber materials (GADF-3MR) is established as shown in Fig. 1(b).
The parameters of the fiber materials model are listed in Table I, and were found to be close to the
typical values [25], [26].

2.2 Electronic Structures

The energy of the models was calculated with different spin multiplicities M (M = 1, 3, 5, ...).
The quintuplet state of the EYDF-BMR model was is the lowest; thus, the ground states were
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TABLE |
Bond Length and Angle of the Models

Average bond length (A) Average bond angle (°)
Er-O Yb-O Si-O O-Er-O O-Yb-O 0-Si-O
2.05 2.05 1.65 117.51 116.42 108.55

QEr P

Fig. 2. Spin density distributions of EYDF-3MR.

quintet. The contributions to the electronic states of the system were obtained through spin density
analysis. Fig. 2 shows the ground-state spin density of the EYDF-3MR model. The quintet spin
state was attributed to the ferromagnetic coupling between the net spin electrons of the Er/Yb
atoms and 3MR, with the Er/Yb atoms contributing more significantly. Further analysis on the
spin density revealed that the number of net spin electrons in the Er and Yb atoms was +2.99
e and +0.98 e [27], respectively, whereas in 3MR, it is +0.02 e. Most electrons were concentrated
in the O atoms that bonded with Er nearby. Therefore, the total number of spin electrons in the
EYDF-3MR structure was approximately +4.00 e, thereby resulting in the quintet ground electronic
state. From the spin density, we could clearly determine where the spin electrons were mainly
distributed. Moreover, the contribution to the total magnetic moment m due to electron spin. If the
spin population of a region is x, then its contribution to m would be x up (Bohr magneton) [22].
The spin population of Er was +2.99 e, then magnetic moment m was 2.99 ug, in which the 4f
orbital contribution was 2.95 . The ground state of the GADF-3MR structure is singlet, the spin
electrons were arranged in opposite spins. In comparison with GADF, the magnetism of EYDF,
originating from the contribution of rare-earth atoms, was stronger.

The electronic density and charge density distribution clearly reveal the charge movement and
direction of bonding polarity in the coupling of bonding electrons [28]. Fig. 3(a) shows the electron
density in the EYDF-3MR structure. There is a noticeable aggregation of electrons around the
Er and O atoms. In Fig. 3(b), the solid line of the charge density distribution indicates charge
accumulation, and the dotted line indicates charge depletion. As shown in Fig. 3(a) and Fig. 3(b),
there is a significant electron accumulation between the Er atom and 3MR, which indicates the
presence of valence interactions. The following analysis of the density of states and molecular
orbital properties supports this conclusion.

2.3 Analysis of the Density of States

The density of states (DOS) of the EYDF-3MR and GADF-3MR structures are showing in Fig. 4,
where the upper and lower parts represent the DOS of the alpha spin electrons and beta spin
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Fig. 3. (a) Electron density distributions of EYDF-3MR. (b) Charge density deformation of EYDF-3MR.
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Fig. 4. Density of states of (a) EYDF-3MR and (b) GADF-3MR. The upper half represents the DOS of
the alpha electrons, and the lower part represents the DOS of the beta electrons.

electrons, respectively. Fig. 4 shows that the difference between the alpha and beta values of the
EYDF-3MR structure is larger than that of the alpha and beta values of the GADF-3MR structure.
The DOS of the « and B electrons was not symmetric, which led to an obvious spin polarization
carried by EYDF-3MF. This indicates that in the model of the optical fiber microstructure, the SMR
is more affected by the Er/Yb atoms, even with a changed energy level, thereby resulting in a strong
bonding effect between them.

To further investigate the micro-mechanism of EYDF, we studied the interaction between the Er,
Yb, and O atoms. It can be seen from Fig. 5 that the 4f orbitals of the Er and Yb atoms occupied
the majority of the total density of states (TDOS), that is, the spin magnetic moment was mainly
provided by the 4f orbital, and the main contribution of molecular magnetism was also from the
4f orbital of Er and Yb. Furthermore, the outer electrons in the 2p of O almost coincided with the
TDOS of oxygen, and the main contribution of the interaction of the O atom was 2p orbital. The
DOS distribution near the Fermi level (-7 eV) shows that the 2p orbital of the O atom overlaps with
the 6s orbital of the Er and Yb atoms, and that there was an interaction between the 4f electrons of
Er and Yb atoms, and the 2p electrons of O atoms.
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Fig. 6. The frontier molecular orbitals(spin-up) of the model of EYDF. Isovalue = 0.005.

Table Il
Results of NAO Analysis of Frontier Molecular Orbitals

Orb Er total Yb total O outer O inner
HOMO-2 1.41% 5.38% 91.81% 1.08%
HOMO-1 3.85% 2.80% 92.00% 0.54%
HOMO 2.91% 4.09% 90.20% 2.00%

LUMO 83.62% 4.31% - 0.50%

2.4 Molecular Orbitals Analysis

To quantitatively analyze the contribution from the frontier molecular orbitals, we calculated the
contribution from the frontier molecular orbitals by using natural atomic orbitals (NAO) [29]. The
DOS of the alpha and beta electrons were not symmetrical near the Fermi level, inducing obvious
spin polarization induced by the Er/Yb atom. The O outer is the oxygen atoms around Er/Yb atoms,
and the O inner is the oxygen atoms around the 3MR network. The 6s electrons of Er and Yb atoms
are simultaneously donated to oxygen. The frontier molecular orbitals in Fig. 6 and Table Il show
that the orbitals of the Er/Yb atoms and 3MR contribute to the molecular orbitals of the system at a
certain energy level. Additionally, these orbitals overlapped, which further revealed their interaction.
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Table 11l
Weight Percentage List of the Er/Yb Co-Doped Silica Fibers

Elements wt %
O 51.8
Si 457
Al 0.9
Ge 0.7
Er 0.7
Yb 0.2
38
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Fig. 7. The dependence of the magnetization (a) and magnetic susceptibility (b)on the magnetic field
for EYDF and SMF at 300 K.

The density of states and frontier molecular orbitals indicated that there was a strong covalent
interaction between the 4f electrons of Er/Yb and the 2p electrons of O around Er/Yb. Compared
with the SMF, the EYDF had more spin electrons and a larger magnetic moment, and its energy
level showed significant splitting. Under the action of an external magnetic field, the spin electrons
were easily polarized and have abundant energy level transitions. Correspondingly, the magnetic
susceptibility of the material was extremely easy to change, which was manifested externally as a
change in the RI.

3. Experiment and Results

An EYDF was fabricated using a combined technology of modified chemical vapor deposition and
atomic layer deposition [13]. The composition of the fiber was determined using Energy Dispersive
Spectrometer (EDS) (OXFORD, England) and listed in Table IIl. The percentages of Er, Yb, and Al
were 0.7, 0.2, and 0.9 wt%, respectively. A small amount of Al could improve the performance of
the fiber, and the vintage concentration ratio remains to be explored.

The field-dependent magnetization of the EYDF was measured and characterized using a
physical property measurement system (PPMS-9, Quantum Design, USA). The magnetization
change of EYDF was greater than that of SMF, and its magnetic susceptibility curve was steeper,
as shown in Fig. 7. With an increase in the magnetic field, the magnetization (magnetic moment)
of the EYDF fiber increased, the magnetic susceptibility decreased, and the magnetic response
characteristics of the magnetic field below 500 Gs became more significant.

The measurement system of the optical fiber RIC in our work was constructed based on the
digital hologram technique [30], [31], as shown in Fig. 8. The system was composed of the
transmission interference optical system of Mach-Zehnder, which records the digital hologram, and
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Fig. 8. Schematic of the magneto-refractive measurement system of digital holography of the optical
fiber.

(b)
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Fig. 9. Experimental results of EYDF: (a) the hologram of the fiber; (b) two-dimensional phase distribu-
tion of experimental hologram; (c) one-dimensional phase distribution of experimental hologram.

then the computer reproduces the RI of the optical fiber. The accuracy of the measurement of the
Rl of the optical fiber can reach 1x10™.

The interferometric digital hologram recorded by the CCD is shown in Fig. 9(a). Image processing
and angular spectrum algorithms are performed to reconstruct the optical path information to obtain
the phase [29], and the one-dimensional phase distribution curve and the two-dimensional phase
distribution curve of the fiber were obtained by demodulation, as shown in Fig. 9(b) and Fig. 9(c).
Then, the phase distribution is projected and integrated to obtain the two-dimensional and three-
dimensional Rl of the fiber as shown in Fig. 10 (a) and Fig. 10 (b). The core and cladding diameters
were 9.52 uym and 120.66 um, respectively, and the RI difference between core and cladding was
0.0138. Then, the optical fiber is placed in the center of the uniform magnetic field, and the magnetic
field was changed by adjusting the electromagnet. We studied the optical fiber magneto-refractive
properties, as shown in Fig. 11.

As the magnetic field increased, the RI of the cladding did not change significantly, whereas
the RI of the core showed a linear decrease. The RI distribution of core becomes wider and the
peak decreases sharply shown in Fig. 12(a). To analyze the magneto-refractive characteristics of
EYDF, the magnetic field dependence of the core Rl is calculated, as shown in Fig. 12(b), where
the black and red curves represent the RIC of the EYDF and SMF, respectively. As the magnetic
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Fig. 11. Rl distribution curve of EYDF in different magnetic fields.

field intensity increased from 0 to 250 Gs, the Rl of the SMF remained almost constant. In contrast,
the RIC in the core doped with Er and Yb was evident, decreasing from 0.0162 to 0.0081. The
sensitivity, which is the ratio of RIC to magnetic field change dn/dGs, reached above 3.8279x10°
RIU/Gs with the R? value of 0.9888.

The PPMS experiment demonstrates that under the action of an external magnetic field, the mag-
netic moment and magnetic susceptibility of EYDF change significantly; the magnetic susceptibility
decreases with an increase of the magnetic field. Theoretical calculations show that because the
magnetic field changes the magnetic susceptibility and Rl of the optical fiber, the experimental RIC
of EYDF decreases with an increase in the magnetic field. The experimental results are consistent
with the theory. Theoretical calculations also show that the RIC is closely related to the magnetic
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Fig. 12. (a) Rl distribution curve of EYDF core in different magnetic fields. (b)Relationship between the
RIC and magnetic field intensity in the range 0 - 250 Gs.

moments and 4f unpaired spin electrons of the Er and Yb atoms. There is a strong interaction
between the rare-earth spintronics and the silicon ring, and it is easily polarized under an external
magnetic field. Additionally, it appears as a change in Rl macroscopically, which systematically
explains the mechanism of the magnetic refractive effect of the EYDF.

4. Conclusion

In this study, we established the geometrical structure of EYDF-3MR, and calculated its spin density
and electron structure using DFT. The results show that there is a strong interaction between the
4f electrons of Er and Yb atoms and the 2p electrons of the O atom of silicon dioxide through
the conduction of 6s electrons in the outer layer of the Er and Yb atoms. The Er and Yb atoms
are responsible for the main contribution to the spin characteristics and electron transfer in the
optical fiber model. The experimental investigation of the of the measurement system of the optical
fiber RIC was realized based on the digital hologram technique and obtained the magnetic field
dependence of 2D and 3D Rl curves. The results show that the RIC of the core doped with Er/Yb is
evident, decreasing from 0.0162 to 0.0081 as the magnetic field intensity increases from 0 to 250
Gs. The sensitivity of the RIC of the EYDF can reach 3.8279x10° RIU/Gs and is two orders of
magnitude higher than that of the SMF. In addition, the experiment results are consistent with the
theory and provide that the sensitivity of the magneto-refractive fiber improves significantly upon
doping with rear-earth element. This may provide important insights into the design of rare-earth-
doped optical fibers and the practical application of potential magnetic field sensors.
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