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Abstract

The current study is dedicated to measuring the Verdet constant of pure and chromium and iron ions doped ZnSe using laser
sources in the range from 632.8 to 2430 nm. An increase in the magneto-optical properties of ZnSe as a result of diffusion
doping with transition metal ions was experimentally discovered. The results align with the Van Vleck-Hebb theory, which
predicts a nearly linear rise in the Verdet constant with increasing of transition element concentration.

1 Introduction

It is rare that a modern laser system does not incorporate a
magneto-optical Faraday element, such as magneto-optical
modulator, polarization switch, rotator or isolator [1]. The
operation of these devices is based on the phenomenon of
magnetically induced rotation of the polarization direction.
There are quite a lot of magneto-optical materials applicable
to the visible and near-IR regions, the properties of which
have been well studied. One of the most important is terbium
gallium garnet (TGG) used in both crystalline and ceramic
forms. The TGG crystal possesses a large Verdet constant
(~36 rad/(Tem) at 1064 nm), high thermal conductivity
(7.4 W/(meK)), low optical losses (<0.1%/cm) and high
laser damage threshold (> 5 J/cm2 @10 ns/1064 nm) [2, 3].

Currently, there is a limited number of magneto-active
materials suitable for constructing Faraday devices for
mid-IR lasers. In near-IR range, popular magneto-active
materials are lanthanide fluorides and oxides (CeF;, PrF;,
TbF;, Dy,05, Ho,0;, etc.) in the form of single crystals or
ceramics [4-8]. An established magneto-active material for
low-power mid-IR lasers is the yttrium iron garnet (YIG)
crystal and its rare-earth-substituted compositions [9]. These
materials have high specific Faraday rotation and low satura-
tion magnetization [1, 10]. However, their production uses
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time-consuming processes such as the floating zone method
or liquid phase epitaxy, that makes it difficult to obtain large-
sized crystals and leads to high final costs of the Faraday
device. Also, borate glasses doped with dysprosium [11] and
tellurium-arsenic-selenium glasses [12] show a great prom-
ise for Faraday mid-IR devices. In these works, the room
temperature Verdet constant at a wavelength of 1.94 pm
was in the range of about 8—15 rad/(Tem). The possibility
of using single-crystal silicon as an effective Faraday insu-
lator for a wavelength of 1.94 uym was shown in [13]; the
measured Verdet constant for a wavelength of 1.94 um was
15.2 rad/(Tem). The advantages of this material include the
possibility of producing large-diameter samples with rela-
tively low absorption losses.

A good alternative to these materials can become poly-
crystalline materials based on zinc chalcogenides, which
are relatively easy to manufacture and can be scaled up to
several centimeters in aperture size [14]. Zinc chalcogenide
crystals have a wide range of transparency (0.4 — 12 pm for
ZnS and 0.5 — 20 pm for ZnSe) and good magneto-optical
properties. Thus, pure ZnSe polycrystals have a Verdet
constant V=98.5 rad/(Tem) at a wavelength of 632.8 nm,
28.3 rad/(Tem) at a wavelength of 1064 nm and 7.7 rad/
(Tem) at a wavelength of 1940 nm [15]. In work [15], ZnSe
was successfully used as a magneto-active material. Here,
isolation of radiation with a wavelength of 1.94 um and
optical power of 20 W was obtained. In addition, to isolate
radiation up to 200 W with the isolation ratio of the device
of ~25 dB was demonstrated.

It is known that diffusion doping of zinc chalcogenide
crystals with ions of transition elements from metal or spray
pyrolysis deposited films makes it possible to obtain crystals
of laser quality and the required concentration [16, 17]. That
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leads to the idea, that in addition to their direct purpose as
active elements of IR lasers, metal-doped chalcogenides can
be of interest as magneto-active materials since the Faraday
effect might be enhanced due to the presence of dopants.
This assumption motivated us to conduct studies of the mag-
neto-optical characteristics of ZnSe polycrystals doped with
Cr** and Fe?" ions in the process of solid-phase diffusion. In
particular, in an experiment with various laser sources, the
Verdet constant was measured for ZnSe:Cr** and ZnSe:Fe?*
crystals at wavelengths of 632.8, 1064, 1940 and 2430 nm.

2 Characterization of samples

All samples of magneto-active materials used in the experi-
ments were produced from the same initial CVD-ZnSe plate
with an average grain size of 70 um. Four rectangular paral-
lelepiped blanks were cut from the ZnSe-plate: two blanks
were prepared for subsequent doping with chromium and
iron, one blank was subjected to only mechanical processing
(grinding and polishing), and another blank was subjected
to additional high isostatic pressure treatment (HIP). Alloy-
ing of the samples was carried out from vacuum-deposited
metal films of chromium and iron by diffusion annealing in
a quartz ampule followed by HIP treatment [18]. It should
be noted that despite the prolonged HIP treatment (about
38 h), the ZnSe:Fe?* sample had a pronounced non-uniform
distribution of the dopant throughout the thickness.

As a result, the following were produced: two sam-
ples of pure ZnSe with different average grain sizes (70
and 300 um), the ZnSe:Cr>* and ZnSe:Fe?* samples with

non-uniform doping profiles. All samples were made in the
form of 5 5x 10 mm? rectangular parallelepipeds with
two polished small edges. In order to measure the trans-
mission spectra and doping profiles of the samples, 2 mm
plates were cut from the origin blanks along the doping
direction. Transmission spectra in visible and infrared
wavelengths obtained using a SF-56 (Lomo) spectropho-
tometer and a 660-IR (Varian) Fourier spectrometer are
shown in Fig. 1.

It can been from Fig. 1, that the transmittance is lower
for the doped samples. Transmission losses in the doped
samples at the near-wavelength range are associated
with strong internal scattering losses, but in the long-
wavelength region, losses are not connected with internal
non-resonant absorption or scattering, but the polishing
quality of the sample surfaces. The works [16, 19] show
that doped samples can be manufactured with low optical
losses in the entire mid-IR wavelength range. Figure 1.
also shows that the transmission spectra of the studied
doped samples do not contain absorption lines associated
with Cr** and Fe**ions.

The studied materials were fabricated in the laboratory
of High Purity Laser Materials of ICHPS. The detailed
information on X-ray diffraction data and on the content
of unwanted impurity for ZnSe:Cr** and ZnSe:Fe?* poly-
crystals, created in ICHPS, can be found in related publi-
cations, for example [20].

Figure 2 shows the concentration profiles of active
ions in the ZnSe:Cr** and ZnSe:Fe?" samples, measured
according to the method presented in [16], and also points
the area through which the probe laser beam passed in our
experiment.
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Fig.1 Vis- and IR-transmission spectra of the samples: 1 — pure ZnSe; II — ZnSe:Cr?*; Il — ZnSe:Fe?*. Sample thickness is about 2 mm
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Fig.2 Distribution of the active ions into the ZnSe:Cr** (I) and
ZnSe:Fe?* (II) samples, and the sample position relative to the probe
beam in the experiment (inset)
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Fig.3 Experimental setup: (a) — with a probe beam at wavelengths of
632 and 1064 nm; (b) — with a probe beam at wavelengths of 1940-
2430 nm

3 Experiment

The measurement of Faraday rotation in samples involved
the use of laser sources operating in both the visible and
IR wavelength ranges, so the experiment was carried out
in two stages.

In the first stage, to determine the Verdet constant at
wavelengths of 632.8-1064 nm, HRR00O5 He—Ne (Thor-
labs) and home-made Nd:YAG lasers were used. In the
experiment (Fig. 3a), the probe beam was linearly polar-
ized by the input Glan-Taylor prism (P) and then passed

through the test sample, which was placed between two
flat mirrors (M1, M2). The mirrors and magneto-active
crystal were placed inside an external constant magnetic
field of 0.27 T, which caused a rotation of the polarization
of the propagating probe beam. The probe beam radius
on the sample was about 500 pm for both laser sources.
The average power of probe beam was about 3 mW and
50 mW, when using the He—Ne laser and Nd: YAG laser,
respectively.

The detection system consisted of a Glan-Taylor prism
(A), which could be rotated around the optical axis and
was used as an analyzer, and a PDA36A/M photodetector
(Thorlabs) (in the case of the He—Ne laser) or a S302C
laser power meter (Thorlabs) (in the case of the Nd:YAG
laser). First, for calibration, a probe beam was passed
through the sample in the absence of a magnetic field.
Then the analyzer was rotated so that the probing laser
radiation did not pass through it. Next, the sample was
placed in the permanent magnetic field, and a new angular
position was found at which the analyzer did not transmit
radiation. The difference between these two angular posi-
tions of the analyzer determined the polarization rotation
angle 6. From this the Verdet constant at room temperature
was calculated by:

0 = VBL (1)

where L — sample length, B — magnetic field value.

At the next stage, Verdet constants were determined for
the same samples at wavelengths of 1940-2430 nm. For
this purpose, the CW home-made Tm:YAP and Cr:ZnSe
lasers were used as radiation sources. In the case of the
Cr:ZnSe laser, the spectral width of the radiation at half
maximum was about 20 nm with a maximum at 2430 nm,
while the Tm:YAP laser had a narrow band spectrum with
FWHM of 1 nm. The experimental setup was simplified
and the magnetic field was enhanced by using a hollow
cylinder-shaped magnet with on-axis magnetic field of
0.8 Tesla (Fig. 3b). The sample was placed between two
Glan-Taylor prisms: a polarizer (P), which controlled the
probe beam polarization, and an analyzer (A), which was
rotated to determine the change in polarization. The Verdet
constant was also calculated using formula (1).

The results of the calculations are summarized in
Table 1. The values are given taking into account the total
error, which included instrumental and random measure-
ment errors. It turned out that instrument error had the
greatest impact on the measurement accuracy in our exper-
iments. In addition, for doped samples, it is necessary to
take into account a significant concentration gradient in
the direction perpendicular to the probing beam (Fig. 2).
The table shows the average concentration values N for the
ZnSe:Cr** and ZnSe:Fe?* samples.
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Table 1 Measured values of

- ) C Sample V [rad/Tem] V [rad/Tem] V [rad/Tem] V [rad/Tem]
Verdet constants for the studied @632.8 nm @1064 nm @1940 nm @2430 nm
samples
ZnSe 98+8.9 273427 9+0.4 43+04
(grain size 70 um)
ZnSe 96+8.7 27.1+2.7 9.1+04 42+04
(grain size 300 um)
ZnSe 98.5 28.3 7.7 -
(data from [15])
ZnSe:Cr>* 137+12.5 30.5+3.0 - 53+04
(N=2.5%10" cm™)
ZnSe:Fe** 139+12.6 35+34 11.5+0.5 62+04
(N=0.8%x10" cm™)
4 Discussion v 4722y C;
pare = g upch iy — v @)

The results of our work for pure ZnSe polycrystals are
in good agreement with the results of work [15] for sin-
gle crystals (Table 1). As can be seen from Table 1, for
the pure ZnSe samples, the difference in grain size did
not affect their magneto-optical properties, and both sam-
ples demonstrated similar results. Pure ZnSe has a Verdet
constant of 98 rad/(Tem) at 632.8 nm, that is lower than
the values for CeF; (~ 123 rad/(Tem)), TGG (~ 130.6 rad/
(Tem)) and Dy,0; (~247.6 rad/(Tem)) [4]. At 1064 nm,
the Verdet constant of ZnSe is about 27 rad/(Tem), that is
also less than 39 rad/(Tem) for CeF; and some other rare
earth materials. However, the values of the Verdet constant
at 1940 nm for ZnSe and CeF; are almost the same [7].

In general, the dispersion of the Verdet constant of
ZnSe (pure or doped with transition metals) in a wave-
length range below the fundamental absorption edge can
be described as:

A
2 -2 2

V=

where A and A, — fitting factors determined by a specific
magneto-active material [15]. This dependence can be useful
in calculations of Faraday devices in the long-wave spectral
range.

According to studies [21, 22], the Verdet constant of
doped materials can be expressed as

V() = XV 0 (A) + (1 = )V (), 3)

where V;;,(A) refers to the contribution of the diamagnetic,
and V,,,,(4) — the contribution of the paramagnetic and x is
the content of dopant.

So the enhanced Faraday rotation in diffusion doped
ZnSe:Cr** and ZnSe:Fe* can be explained by the Van
Vleck-Hebb theory for paramagnets [22—-24]. According to
this theory, the paramagnetic component of the Verdet con-

stant can be defined as:
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where v is the incident light frequency, y is the magnetic
susceptibility, g, is the Landé factor, up is the Bohr mag-
neton, c is the speed of light in vacuum, # is the Planck
constant; C;; related to the transition probability and v;; is
the frequency of electronic transitions. Numerical calcula-
tion using the formula (4) is complicated due to the large
number of transitions between electronic states. However,
for magnetic susceptibility, under some approximations, the
following expression is valid [25]:

_ Nupg2S(S + Dy

3Ky (T - Tc) ®
where N is the concentration of dopants, y, is the vacuum
permeability, S is the angular momentum quantum number,
K3 is the Boltzmann constant, 7 is the absolute temperature,
and 7 is the paramagnetic Curie temperature. According to
the formulas (4-5), a Verdet constant linearly depends on
the concentration of transition metals dopants. This depend-
ence was observed in our experiment (for the ZnSe:Fe*
polycrystal), when we passed a probe beam through areas of
the sample with a lower doping level and obtained a lower
(compared to that presented in Table 1) value of the Verdet
constant. It should be noted that doping the CdMnTe crys-
tal with iron at a level of 5x 10'® cm™ had a pronounced
positive effect on the magneto-optical properties [26], which
strengthens the confidence that Fe** is a promising dopant
for magneto-optical applications.

5 Conclusions

As a result of the work, it was shown that diffusion doping
of ZnSe with Cr** and Fe*" ions increases the value of the
Verdet constant, especially in the long-wavelength spectral
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range. The most significant change was achieved on a highly
doped ZnSe:Fe?* sample — the relative increase in the Verde
constant value at a wavelength of 2430 nm was about 45%.
The results obtained indicate the prospects of using zinc
chalcogenides as magneto-optical materials for Faraday
devices in the mid-IR range.
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