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We report on the magneto-optical activity of MnP nanoclusters embedded in GaP epilayers and MnP thin film as
a function of temperature, magnetic field, and wavelength in the near infrared and visible. The measured Faraday
rotation originates from the ferromagnetic magnetization of the metallic MnP phase and exhibits a hysteretic
behavior as a function of an externally applied magnetic field closely matching that of the magnetization. The
Faraday rotation spectrum of MnP shows a magnetoplasmonic resonance whose energy depends on the MnP
filling factor and surrounding matrix permittivity. At resonance, the measured rotary power for the epilayer
systems increases by a factor of 2 compared to that of the MnP film in terms of degrees of rotation per MnP
thickness for an applied magnetic field of 410 mT. We propose an effective medium model, which qualitatively
reproduces the Faraday rotation and the magnetocircular dichroism spectra, quantitatively determines the spectral
shift induced by variations in the MnP volume fraction, and demonstrates the influence of the shape and orientation

distributions of ellipsoidal MnP nanoclusters on the magneto-optical activity and absorption spectra.
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I. INTRODUCTION

Magnetoplasmonic materials continue to attract consider-
able attention for their potential applications in optoelectronic
and biomedical technologies.!> Materials most commonly
studied include noble-metal particles embedded in magnetic
hosts,? core-shell assembled magnetic-metal materials,* or
multilayer arrangements containing alternating metallic films
and magnetic layers.>® In these systems, the magnetoplas-
monic coupling takes place at the boundary between the
plasmon supporting metal and the magnetic material.”

Another approach to achieve a significant magnetoplas-
monic coupling consists in embedding magnetic metallic
inclusions in a dielectric host. In this less studied approach,®
the contribution of free electrons to the permittivity of small
metallic spheres leads to a dielectric polarizability, similar in
form to that of the electronic polarizability of atoms, with
a characteristic resonance usually found in the ultraviolet.
For metallic spheres embedded in a dielectric host, this
plasmonic resonance is expected to shift to lower frequencies.
Indeed, a Maxwell-Garnett model reveals that it is in direct
relation to the permittivity contrast of both constituents and
to the volume fraction of metallic spheres. Unlike surface
plasmons, this mechanism involves a resonant enhancement of
the oscillations of the degenerate electron gas throughout the
volume, which is accompanied by a corresponding enhance-
ment of its magnetoactive response. With proper choice of
magnetoactive material and host matrix permittivity, resonant
magneto-optical (MO) effects can then be tuned to match that
of technologically relevant wavelengths for applications. In
this context, semiconductor hosts are prime candidates for
their integration with current electronic and optoelectronic
technologies.

In this work, we investigate the magneto-optical properties
of manganese phosphide (MnP) nanoclusters embedded in
gallium phosphide (GaP). This GaP:MnP system, which serves
as a prototype of similar systems, such as GaAs:MnAs, is
particularly interesting for a number of reasons. First, the
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intrinsically large spin-orbit coupling of MnP promotes the
presence of strong first-order magneto-optical effects such as
Faraday rotation® and a variety of higher order effects such as
magnetostriction and magnetocaloric effects.'? This magnetic
material therefore offers advantageous characteristics for the
design of novel sensors and other applications. Second, the
GaP matrix offers two important advantages: Its relatively
large energy band gap provides a wide transparency window
in the visible and its lattice parameter matches that of
silicon for ease of integration with current semiconductor
technology.

This paper is organized as follows. The next section
presents the GaP:MnP material system and describes the
important characteristics of the samples studied in this work.
Section III presents the effective medium model developed to
interpret and model the experimental magneto-optical data.
The following sections then present the Faraday rotation
and magnetocircular dichroism as a function of the applied
magnetic field, temperature, and probing photon energy. Using
various figures of merit, we then evaluate and compare the
amplitude of the optical activity and discuss the limitations
imposed by the broad distributions of nanocluster shapes and
orientations. We conclude that present epilayer samples do
increase the magneto-optical activity when compared to MnP
thin film but that better homogenization of the embedded MnP
nanoclusters during the growth process is required to optimize
the observed magnetoplasmonic resonant behavior.

II. SAMPLES AND STRUCTURAL CHARACTERIZATION

All samples shown in Table I, except D1, were grown
using metal-organic vapor phase epitaxy (MOVPE) from
precursors and under conditions described in Ref. 11. Sample
Al is a MnP film fabricated to investigate the magneto-
optical response of MnP, for which we found no data in
the literature. The film was deposited on glass and has a
thickness, evaluated from thicker films grown under identical
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TABLE I. Sample descriptions.

Volume Effective magnetic Cluster size
Sample Composition; Thickness Substrate fraction anisotropy (nm)
Al MnP film; 100 nm Glass 100% Easy plane
GaP:MnP; .
B1-B4 650. 900, 1500, 2000 nm GaP (011) 3.8% Easy axis along GaP (011) 12-36
Cl1 GaP:MnP; 830 nm GaP (001) 13.7% Easy axis along GaP (011) 26-36
D1 Ps:MnP; ~140 um <1% None 10-80

conditions, of about 100 nm. It shows a mirror-like surface
and scanning electron microscopy (SEM) reveals a poly-
crystalline structure with an average in-plane grain diameter
of 150 nm. Angular-dependent magnetization measurements
using vibrating sample magnetometry (VSM) indicate an easy
plane of magnetization (coplanar to the plane of the sample),
dominated by the shape anisotropy induced demagnetization
field.

Epilayers of GaP with embedded nanoclusters of MnP
(GaP:MnP) were grown under two different sets of conditions,
for which the fabrication technique and subsequent character-
ization follow the same approach as described in Ref. 11.
Samples from set B were grown on 400 pum GaP (011) with
thicknesses of 650, 900, 1500, and 2000 nm (samples B1
to B4, respectively). For this set of samples, cross-sectional
transmission electron microscopy (TEM) studies reveal the
presence of MnP clusters with a diameter distribution ranging
from 12 to 36 nm and occupying 3.8% of the epilayer
volume. MnP nanoclusters are well contrasted relative to the
surrounding matrix, which does not exhibit apparent defects.
Sample C1, grown on 500 um GaP (001), has a thickness
of 830 nm. TEM micrographs reveal a cluster diameter
distribution ranging from 26 to 36 nm and a volume occupancy
of 13.7%. As has already been reported, samples B and C
are magnetically textured, with the easy magnetocrystalline
¢ axis of the MnP clusters mainly oriented along the GaP
(011) families of directions.'""!? Low-temperature properties
and magnetic phase diagrams in these systems have also been
recently investigated,'® showing a distinct behavior compared
to that of bulk MnP. Those studies revealed that the GaP:MnP
epilayers have a slightly higher Curie temperature (7,) than
that of bulk MnP (297-305 K compared to 291.5 K'#). For
all heterogeneous epilayers (samples from set B and C), TEM
micrographs similar to those reported in Ref. 11 show that the
MnP nanoparticles have a relatively important distribution of
eccentricities, for which mean diameters were extracted and
summarized in Table I.

Sample D1 consists of MnP nanoclusters laser ablated from
bulk MnP crystal and embedded into a polystyrene matrix
(Ps:MnP). These were made to study the effect of the matrix
surrounding the MnP clusters on the magneto-optical proper-
ties. The MnP nanoclusters occupy less than 1% of the volume
and the thickness of the polystyrene filmis about 140 um. TEM
micrographs reveal a unimodal diameter distribution ranging
from 10 to 80 nm, but nearly spherical shapes (average long
over short axis ratio of 1.07). Table I summarizes the principal
characteristics of the samples studied in this article.

III. MAGNETO-OPTICAL RESPONSE

In this section, an effective medium model is developed
to gain a better understanding of the physics at play in
this heterogeneous system. Epitaxial GaP:MnP films are
assumed to behave as an effective medium based on their
two constituents: the metallic ferromagnetic clusters and the
semiconducting matrix. The effective medium permittivity is
obtained from Maxwell-Garnett mixing rules, for which the
metal is treated as a degenerate free electron gas subjected
to a magnetization-dependent effective internal magnetic field
and the semiconducting matrix is considered as an isotropic
dielectric. This effective medium permittivity is known to
present a resonant behavior, which is referred to as the
magnetoplasmonic resonance of the system for two reasons:
First, it originates from the shift of the plasmonic frequency
of the constituent metal inclusions as a function of the mixing
filling factor and of the permittivity contrast between the matrix
and the inclusions. Second, the effective medium permittivity
possesses a magnetic dependence in the off-diagonal tensor
elements, indicative of magneto-optical activity.

The spectral dependence of the free carrier contribution
to the permittivity tensor components can be obtained from
Boltzmann formalism'> and eventually extended by taking into
account the interband electronic transitions. For a degenerate
free electron gas, neglecting spatial dispersion and assuming a
relaxation time approximation, a one-electron Drude model
essentially accounts for the magnetic field and frequency
dependent behavior of the permittivity tensor.!> At optical
frequencies, the permittivity tensor of the metallic clusters,
with a magnetic field parallel to the propagation of the light,
is given by (see Appendix A)
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In this expression, €y is the free-space permittivity, o is
the incident light angular frequency, w, = (%)1/ 2 is the
plasma angular frequency, n, is the electronic doensity, e is
the electronic charge and m* is the electron effective mass,
y is a damping parameter corresponding to the inverse of the
Drude relaxation time, and w,. = ;—B; is the electron cyclotron
angular frequency, where B is the induction field, including
the applied field as well as a Weiss-like effective field in the
form A M, where A is the effective MO coupling parameter and
M the sample magnetization.
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The permittivity of the zinc-blende GaP matrix is consid-
ered as an isotropic scalar quantity independent of frequency
for hw below the semiconductor energy gap. Its gyrotropic
off-diagonal contribution to the effective medium response
is not significant and can be ignored for the mixing rules.
The increase of the imaginary and real parts for energies
near and above the semiconductor gap could lead to slight
variations in the effective permittivity tensor obtained from
the mixing rules, but these are not expected to dominate the
line shape, which is mostly defined by the plasmonic shift in
the investigated spectral window.

For energies below the GaP semiconductor gap, the
Maxwell-Garnett approach for an effective medium made of
randomly oriented ellipsoidal metallic inclusions with varying
shapes and of permittivity €, in a surrounding matrix of
scalar permittivity €,, gives an effective permittivity tensor
€ it expressed as (see Appendix B)
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where [ is the identity tensor, n; is the number density of

inclusions, (]Vk) is the shape factor depolarization tensor of the
inclusion population ellipsoids, and & is the polarizability
tensor of that same population of inclusions, characterized by
the permittivity given by Eq. (1) (see Appendix A). The sum
over k and weight function p; are used to model an ensemble
of inclusions with varying shapes and orientations (£2) with
respect to the gyrotropic axis.

The Faraday rotation corresponds to the rotation of the
polarization plane of the incident light induced in the medium
by a specific applied magnetic field and the corresponding
magnetization state. For propagation along the applied and
magnetization fields, this angle per unit length (rad m™') is
expressed as'®

w
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where the circular effective permittivities are defined as
€eff,+ = €eff, | T €cfrr. SINCE Egfr, | > €cfr, the Faraday rota-
tion angle per unit of length is reduced to
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where the real part of this equation yields the actual rotation
of the polarization, while the imaginary part yields the
magnetocircular dichroism (MCD).

For perfectly spherical inclusions, €efr¢ and €. | share the
same denominator and the effective resonant frequency for
both components reduces to
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FIG. 1. (Color online) (a) Absorption spectra evaluated from
effective permittivity components for a mixture of metallic MnP
spheres embedded in a matrix of GaP with inclusion volume fractions
of 3.8% and 13.7%. The Lorentz-type resonance in the effective
permittivity redshifts the absorption maximum when increasing the
volume filling factor. (b) Magneto-optical Faraday rotation spectra for
the same systems. The enhanced Faraday rotation derives from the
resonance in effective permittivity and an effective internal magnetic
fieldof AM =15T.

This shows a Lorentz-type resonance at an effective plasma
frequency related to the permittivity of the matrix, €,, and
volume filling factor, f. This resonance is seen in both the
diagonal and off-diagonal elements of the effective permittivity
tensor and governs the absorption and optical activity spectra,
respectively. This result is similar to that presented in Ref. 8
in the context of Kerr effect measurements.

Figure 1 shows the calculated absorption «a(w)=

A €l el €
w /IVLO % s Where

eéff, | =Re[eer,1] and
egff’ , = Im[ec, 1 ], and the Faraday rotation angle per unit
length ¢ = Re[lnﬁ dpl = Re[%@%] of spherical
inclusions of MnP in GaP at the two filling factors relevant
to this study, 3.8% and 13.7%. For this calculation, a plasma
frequency of 6.0 eV (calculated from the resistivity reported
in Ref. 17), a permittivity €,, of 11€p, an effective internal
MO coupling field AM of 15 T, and a relaxation parameter
1/t=y =5x10"rads™! were used. While the plasma
frequency of MnP is similar to that of other Mn pnictides,'®
it is important to note that the MO properties of MnP are not
well known, leading to some uncertainty on those parameters.
The spectra of Fig. | indicate that the magnetoplasmonic
resonance is located in the near infrared at around 1.25 eV, an
energy mostly dominated by w, and €, /€y and with a slight
dependance on the filling factor. It is important to note that the
width of the resonance is rather broad, even for an ensemble
of identical spherical inclusions. This is explained by the large
damping parameter y assumed in the calculation, reflecting
the poor conductivity of MnP and an electronic mean free path
on the order of the nanoparticles’ size.

The MO response of our heterogeneous samples is more
realistically modeled with ellipsoidal inclusions oriented in
all directions with respect to the applied field and gyrotropic
axis. Figures 2(a) and 2(b) show the calculated absorption and
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rotation spectra for a fixed population of prolate revolution el-
lipsoids having a long semiaxis 1.5 times longer than the small
axes (eccentricity of 0.745). In this configuration, allowing
the ellipsoids to orient randomly, the spectral lines associated
with the individual eigenvalues of the depolarization factor
are noticeable, in spite of the large damping parameter. Again,
a higher filling factor of MnP lowers the resonance energy.
Figures 2(c) and 2(d) show the absorption and rotation spectra
for the more general case of an ensemble of ellipsoids with
constant distribution of eccentricities: revolution ellipsoids
having their singular semiaxis a, ranging from a, = 0.3a,
to a, = Say, with a, = a,;, implying eccentricities ranging
from 0 to 3.18 for oblate ellipsoids and from 0 to 0.97 for
prolate ellipsoids. The frequency dependent absorption lines
associated with individual depolarization factor eigenvalues
are merged into a single broad resonance in the absorption
spectrum. Absorption maxima are at 1.56 and 1.53 eV, for
f = 3.8% and 13.7%, respectively. In contrast, two peaks can
clearly be identified in the rotation spectra. The peak at lower
energy corresponds to the resonance for spherical inclusions,
while the one at higher energy coincides with the maximum
in absorption for the ensemble of randomly oriented ellipsoids
of various shapes.

The combination of positive rotation at the resonance
energy and negative rotations below and above resonance,
for all inclusions, leads to a two-peak feature in the rotation
which is not seen in absorption spectra. In both rotation and ab-
sorption spectra of randomly oriented ellipsoids with constant
distribution of shapes, the higher energy resonance that appears
originates from the large number of nanoclusters with high
eccentricities, for which the variations in eccentricities lead
to relatively small shift in the population-specific resonance
energy. Thus, randomly oriented inclusions characterized by a
uniform eccentricity distribution exhibit a resonance at higher
energy compared to spherical inclusions.

One further modification of the model to properly account
for real materials is to consider an effective inverse relaxation
time in the form y — y.r = ¥ + Jw?. Many authors have
introduced this modification to the relaxation time to describe
the behavior of various metals in the infrared and visible part
of the EM spectrum, where the Drude invariant relaxation
time cannot adequately explain observed permittivities.'*2°
Adding this phenomenological damping term to the intrinsic
permittivity dampens the negative wing of the rotation line
shape at higher energy (see Fig. 2) and fuses both peaks into
a broad effective resonance. This additional term will allow a
better fit to the experimental data presented in Sec. VI.

In summary, a model describing the GaP:MnP effective
medium based on Maxwell-Garnett mixing rules indicates that
allowing inclusions of various shapes and orientations damp-
ens the diagonal effective permittivity resonance responsible
for absorption, as it has been pointed out in the literature on
surface plasmon resonance.?'??> Also, a mixture of differently
shaped ellipsoidal inclusions with random orientation gives
rise to magneto-optical activity spectra showing more features
than the corresponding absorption spectra. Since rotation
spectra are less likely than absorption spectra to lose their
features due to a distribution in the shapes and orientations of
the inclusions, it is an advantageous tool to investigate effective
media.
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FIG. 2. (Color online) (a) Absorption and (b) rotation spectra
calculated from the effective permittivity components for a randomly
oriented single population of prolate revolution ellipsoids with an
eccentricity fixed at 0.745. (c) Absorption and (d) rotation spectra
calculated from effective permittivity components for randomly
oriented revolution ellipsoids having a constant distribution of
eccentricities ranging from O to 0.97 for prolates and 0 to 3.18 for
oblates. All spectra feature inclusion volume fractions of 3.8% and
13.7%. The maxima in absorption and rotation are still functions of
the volume fraction. For all rotation spectra, the internal effective
magnetic field was setat AM = 15 T.

IV. MAGNETO-OPTICAL APPARATUS AND
MEASUREMENT TECHNIQUE

To investigate the magneto-optical properties of the MnP
thin film and the GaP:MnP epilayers as a function of the sample
temperature, radiation wavelength, and applied dc magnetic
field, the custom-built setup whose schematics is shown in
Fig. 3 was used. This system includes a supercontinuum laser
source (L) providing probe wavelengths ranging from 400 nm
to 1 um (1.25 to 3.1 eV), which can be replaced by several
lasers operating at 630, 655, and 830 nm (not shown). The
supercontinuum was spectrally filtered with a volume Bragg
grating (F) providing a bandpass of 2 nm. The polarization
was controlled with two Glan-Taylor prisms (P, A) and an
achromatic quarter-wave plate (QW). The temperature of the
sample, inside a cryostat (C), could be varied from 11 K to
325 K. The sample holder was designed to allow light to go
through the sample at normal incidence (henceforth referred to

|
L F IM BS P Qw S | A PD
. | |
| |
| > !
| B |
o,
PD

FIG. 3. Schematics of the experimental setup used to investigate
the MO properties as a function of wavelength and polarization of
the incident radiation, sample temperature, and DC applied magnetic
field. The various elements are described in the text. The dashed
source box including the supercontinuum laser and tunable filter can
be exchanged for lasers emitting at 630, 655, and 830 nm.
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as the measurement axis), parallel to the dc magnetic field (B).
In this Faraday configuration, field values up to £410 mT
could be applied. The detection apparatus consisted of an
optical chopper (IM) and two sets of silicon photodiodes (PD),
preamplifiers, and lock-in amplifiers. Great care was taken to
correctly characterize the temperature and maintain it constant
throughout the measurement since the magnetization of MnP
around room temperature varies strongly, and a corresponding
large effect on the MO spectra were expected. Note that
the quarter-wave plate shown (QW) is not used for Faraday
rotation measurements.

The Faraday rotation (6r), in degrees, induced by the
magnetization of the sample was quantified as follows. The
angular position of the analyzer corresponding to extinction
was determined from a parabolic fit of the transmitted intensity
as a function of analyzer angle. This allowed us to determine
the exact rotation angles corresponding to both applied
magnetic field extrema (410 mT). Rotating the analyzer by
45° from the extinction condition at Hy = 0, the measured
transmitted intensity is then directly proportional, for small
angles, to the rotation angle induced by the magnetization. For
all Faraday hysteresis curves to be shown here, the field was
swept from —410 to +410 mT and back.

The MCD was measured by removing the analyzer (A)
from the setup shown in Fig. 3 and by adding a quarter-wave
plate (QW) to generate right and left circularly polarized light
incident on the sample. The dichroism, given as the angle
&, is defined in Sec. VI and depends on the variation of the
transmitted intensity of circularly polarized light as a function
of the applied magnetic field.

V. MAGNETIZATION AND ORIGIN OF
MAGNETO-OPTICAL ACTIVITY

The Faraday rotation being proportional to sample thick-
ness, the contribution from substrates was important for all
samples studied. However, due to their linear response with
magnetic field, these relatively larger contributions could
easily be accounted for and reliably subtracted. For the glass
substrate, the measured rotation per unit length followed
the tabulated value of 0.24°/(T-mm) at 300 K and slightly
decreased at lower temperatures, as expected from the positive
dn/dT coefficient in the Becquerel formula.”* For GaP
substrates, a value of 11.5°/(T-mm) was found at 655 nm
and 300 K, also decreasing as a function of temperature and
increasing with photon energy. The rotation was found to be
independent of the crystal orientation and was attributed to
free carriers. For all data presented and discussed hereafter,
contributions from substrates were subtracted.

Faraday rotation is first presented as a function of temper-
ature and applied magnetic field perpendicular to the sample
plane using a probe energy of 1.89 eV for the 2 um thick
GaP:MnP epilayer. Figures 4(a) and 4(b) present the rotation
(fr) and magnetization curve (M/Mg) for sample B4 at
210, 270, and 287 K. The magnetization measurements were
made using a vibrating sample magnetometer (VSM). Here,
My is the saturation magnetization measured at 2.2 T and
210 K. Similar results were obtained for all samples. The
close match between magnetization and rotation presented
in these figures provides strong evidence that the origin of
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FIG. 4. (Color online) (a) Faraday rotation of sample B4 versus
applied magnetic field for several temperatures (red square 210 K,
blue down triangle 270 K, black up triangle 287 K) with the substrate
contribution subtracted. The probing energy is 1.89 eV. (b) VSM
measurements of the same sample at the same temperatures. The
M; value is taken at 2.2 T and 210 K. (c) Linear dependence of total
Faraday rotation [Afr = 6 (410 mT) — 6(—410 mT)] as a function
of thickness for B1, B2, B3, and B4 measured at 210 K and 1.89 eV.

Faraday rotation is directly related to the ferromagnetic state
of the nanoclusters. As expected, the total rotation Afp =
Op(410mT) — 0 (—410 mT) is also directly proportional to the
thickness for the four samples from set B, as shown in Fig. 4(c).

Figure 5 compares the Faraday rotations of samples A1, B4,
and C1 at 210 K. The rotations were normalized by the sample
thickness and MnP volume concentration to obtain units of
degrees per mm of MnP, (¢r = 0/ Ivmp). Samples B4 and
C1 both show a rotation per equivalent amount of MnP that is
larger than that of the MnP film A1, with B4 having almost
twice the rotation per thickness of MnP than that of Al at
fields of 410 mT. The inset of Fig. 5 shows that the Faraday
rotation per mm produced by the GaP substrate at 210 K and
1.89 eV is very weak compared to that of the MnP containing
layers.

The differences between the shapes of the magnetization
hysteresis curve for samples Al, B4, and C1 reflect the
different effective magnetic anisotropy in the out-of-plane
direction. For amonodomain spherical inclusion, with uniaxial
anisotropy, the M, /My ratio is O if the field is aligned along
a hard axis and 1 if it is instead aligned along an easy axis.
For a randomly oriented ensemble of nanoclusters, this ratio is
0.5. The experimentally measured ratios using VSM hysteresis
curves at210 K are, for samples A1,B4,and C1,0.26,0.77, and
0.37, respectively. These differences are in agreement with the
respective orientations of the magnetic easy axis with respect
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FIG. 5. (Color online) Faraday rotations ¢ in samples Al, B4,
and C1 per thickness of MnP versus applied magnetic field at 210 K
and 1.89 eV. The normalization process allows us to visualize the
distinct enhancement of the rotation for MnP in cluster form compared
to the film. The inset shows the rotation induced in a GaP matrix of
the same thickness for the same fields and temperature. Clearly, the
GaP:MnP systems have higher magneto-optical activity than the sum
of their constituents.

to the measurement axis for all heterogeneous samples, as
supported by the XRD and FMR data for preferred orientations
of MnP presented in Refs. 12 and 24.

While the VSM configuration measured the out-of-plane
component of the magnetization (same axis as the applied
magnetic field and optical measurement axis for MO experi-
ments), the induced polarization rotations are expected to be
also sensitive to in-plane magnetizations. However, in-plane
magnetization effects were neglected as they are proportional
to the square of the in-plane magnetization components, which
should be small at the magnitude of perpendicularly applied
magnetic fields. Furthermore, for polycrystalline sample Al
where the magnetic easy plane is isotropic, and for samples
B and CI, for which the average in-plane projection of all
easy axes cancels out, the net in-plane magnetization upon
field reversal is expected to be negligible. Therefore, the MO
hysteresis curves obtained did not manifest any antisymmetric
signature and the Faraday rotation amplitudes are expected to
depend linearly on the out-of-plane magnetization induced by
the magnetic field.

The dependence of the Faraday rotation on the magne-
tization can be empirically described by the relation 6 =
K poMIymp, where K is an empirical magneto-optical cou-
pling parameter, uoM is the MnP phase magnetization (in
teslas), and lyp is the effective MnP thickness of the sample.
K must not be confused with the effective internal coupling
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constant (1) defined in Sec. III. The magneto-optical coupling
parameters K are calculated as an average from the measured
rotation and magnetization as a function of magnetic field
and are presented in Table II. While the correspondence of
the magnetization and rotation curves was nearly perfect for
samples B1-B4 (see Fig. 4), slight differences between the
magnetic and MO hysteresis curves could be observed for
samples Al and C1 (not shown). This aspect is reflected in the
uncertainty on the values of K in Table II. It is interesting
to note that the values for GaP:MnP are very similar for
all B and C1 samples, and significantly higher than that of
the MnP metallic layer. If the MnP magnetization had been
the sole source of induced rotation, the same value should
have been obtained from these samples. We thus conclude
that this enhancement for GaP:MnP samples originates from a
magnetoplasmonic resonance of the effective medium, as will
be further demonstrated below.

A useful metric for comparing magneto-optical activity
from different materials is the Verdet constant expressed
as O = V Byl, where [ is the material thickness. For our
hysteretic magnetic materials, we calculated this Verdet
constant for different temperatures from the linear slope of
OF at coercivity, for both the real thickness / (corresponding
to V) and the effective thickness Iyp (corresponding to
Vanp). The results are presented in Table III for the MnP
film A1, epilayers B4 and C1, and the substrates of glass and
GaP for comparison. While similar to the above described
phenomenological optical activity based on magnetization,
this form depends on the applied induction field By = woHp
and does not explicitly incorporate the magnetization field.
In our samples, however, the magnetization contribution to
the effective induction field is much more important than the
applied magnetic field, so it is important to note that the
values for the Verdet constants given in Table III, while in
°.(T mm)~! to follow the general convention in the literature,
only reflect the response to the applied magnetic induction
field. This form has the advantage of comparing the rotary
power of a material based on a fully controlled parameter:
the applied magnetic field. For example, at coercivity, the
rotation slopes at a temperature of 287 K and an energy of
1.89 eV are 1.14°/T for Al, 7.10°/T for B4, and 4.94°/T
for C1. Normalizing by the overall MnP volume present in
the sample that contributes to the optical activity, epilayers B4
and C1 induce larger rotations than the A1 MnP film by factors
ranging from 2 to 8, depending on the temperature, as indicated
by the values of Vj,p in Table III. Since the Verdet constant per
effective MnP length is evaluated at coercivity, higher value
for samples B1-B4 are observed compared to C1 because of
the effective anisotropy resulting from the projection of MnP
nanoclusters’ easy axes on the measurement axis. This is not
the case for K values presented in Table II, where results were
made independent of magnetic anisotropy by independently
measuring the magnetization. The uncertainty for all values

TABLE II. Magneto-optical coupling constants at incident photon energy of 1.89 eV.

Al B1

B2 B3 B4 Cl1

K [°/(mT - um)] 125404 152402

155+0.2

154+0.2 153+0.2 15.1+£04
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TABLE III. Rotation slope and Verdet constants measured at coercivity for an incident radiation of 1.89 eV.

Temperature (K) Al B4 Cl GaP Glass
210 1.45 3.61 3.38
Rotation [°-T~'] 270 1.37 3.77 43
287 1.14 7.1 4.94
210 14500 1805 4072 9.39 0.23
V [°«(T mm)~'] 270 13700 1885 5181 10.1 0.24
287 11400 3550 5952 11.4 0.24
210 14500 47500 29725
Vaep [°-(T mm) '] 270 13700 49605 37816
287 11400 93421 43444

presented in Table III is approximately 5% to 10%. They were
evaluated from the variance of multiple measurements of the
rotation as a function of applied magnetic field at both the
positive and negative coercivity fields.

It is clear that the magneto-optical activity in terms of
Faraday rotation in the GaP:MnP and MnP films originates
from the magnetization of the ferromagnetic metallic phase
of MnP, as the shape of the MO hysteresis curves matching
closely the results obtained by VSM. We point out that the
optical system probing the MO activity is sensitive enough to
reproduce and characterize the magnetic anisotropies of this
type of sample.

VI. SPECTRAL DEPENDENCE OF THE
MAGNETO-OPTICAL ACTIVITY

The spectral dependence of the Faraday rotation was studied
in the visible portion of the electromagnetic spectrum for all
samples listed in Table I. The measured total Faraday rotation
AOF = 0p(410 mT) — 6r(—410 mT) for the MnP film sample
Al at 290 and 210 K is shown in Fig. 6. As expected from
the temperature dependence of the magnetization and optical
activity presented in Sec. V, the rotation decreases at higher

T T T T T T T T
- o—©
0.7 1 ./.\./r** oo 4
| . / |
0.6 ff E
S 0.5 [ -
s pe
< /
N 044 ¢ 4
0.3 —o—210K|
—&— 290K |
02 T T T T T T T T T T T T T T
1.2 1.4 1.6 1.8 2.0 2.2 24 2.6
Energy (eV)
FIG. 6. (Color online) Total Faraday rotation A6fF =

0r(410 mT) — 6p(—410 mT) for sample Al at 210 K and
290 K. The rotation increases with incident photon energy and
saturates around 2 eV.

temperatures. The monotonic increase of the rotation as a
function of energy and its saturation above 2 eV are similar
at both temperatures. As expected, no spectral features could
be identified. The effective medium model derived in Sec. III
does not apply to a uniform metallic film: To accurately model
spectral dependence of the magneto-optical activity of an MnP
thin film, an explicit angular frequency dependence of the
effective MO coupling parameter [A(w)M] would be required
in Eq. (A2), which falls outside the scope of this paper.

In contrast to the case of the MnP thin film, the total
rotation Afp as a function of photon energy from samples
with embedded MnP clusters (B and C) exhibits a broad
resonance, as shown in Fig. 7 for B4. For this sample and
all others from set B, a maximum is observed at 1.70 eV.
Indeed, for all temperatures below T¢, the magneto-optical
rotation increases with energy, reaches a maximum, and then
drops rather abruptly. The spectral position of the maximum
does not vary as the sample temperature is varied, but
the amplitude of the rotation resonance rapidly decreases
with increasing temperature. The maximum in the rotation
spectrum is attributed to resonant magneto-optical activity of
nonspherical MnP nanoclusters randomly embedded in a high
dielectric constant semiconductor.
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- —A— 260K A
X .\' —v— 280K
'f' o \1
1.0 ._.’;......-0' \.
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FIG. 7. (Color online) Faraday rotation Afp = 0p(410 mT) —
0r(—410 mT) for sample B4 as a function of incident photon energy.
The spectral maximum in rotation is located at 1.70 eV and is
independent of temperature. In contrast to sample A1, the MO activity
reaches a maximum and then abruptly drops.
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FIG. 8. (Color online) Total Faraday rotation Afp =
0r(410 mT) — 0p(—410 mT) as a function of incident photon
energy for samples B4 and C1 at 210 K. The spectral maximum
in rotation shifts from 1.70 eV to 1.57 eV with an increase of the
volume fraction of MnP from 3.8% to 13.7%.

Figure 8 compares the total Faraday rotation spectra of
samples B4 and C1 at a temperature of 210 K. While the
spectral line shape is similar for both samples, the resonance
of C1 occurs at a lower energy of 1.57 eV. This shiftof 0.13 eV
is explained by the dependence of the resonant plasmonic
frequency on the filling factor of the MnP nanoclusters in the
epilayer as exemplified in Sec. III.

Figure 9 shows the theoretical total Faraday rotations for
samples B4 and C1 using the effective inverse relaxation time
Y = Yeit = ¥ + J? presented in Sec. I and their respective
parameters. The effective MO coupling parameter field is
AM = 15 T and the contribution from the applied field was

1.2 B

46, (deg.)

T
1.2 1.4 1.6 1.8 2.0 2.2 2.4
Energy (eV)

FIG. 9. (Color online) Calculated total Faraday rotation Afr =
0r(410 mT) — 6r(—410 mT) as a function of incident photon energy
for the parameters of samples B4 (f = 3.8%) and C1 (f = 13.7%).
This calculation accounts for random nanocluster orientations,
constant distribution of shape factors, and a frequency dependent
relaxation parameter y.r. The spectral maximum in rotation shifts
from 1.46 eV to 1.28 eV with an increased volume fraction of MnP
from 3.8% to 13.7%. The effective internal magnetic field AM is
set at 15 T. For sample C1, a normalization factor was applied to
account for the difference in M (H) measured with VSM at 210 K
when compared to B4.
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negligible in this simulation. The amplitudes of rotation are
seen to be comparable to the measured quantities for those two
samples. The maximum rotation calculated energy for samples
B4 and C1 is 1.46 eV and 1.28 eV, respectively. The energy
shift (0.18 eV) as a function of the filling factor is comparable
to the energy difference measured experimentally (0.13 eV).

The calculated effective medium resonance energy is about
0.25 eV lower than the measured spectral maximum in total
rotation angle Afr(w = wmax)- It is important to note that in
this Maxwell-Garnett approach, a constant real permittivity
for the GaP host across the investigated spectrum was used
and that the MO coupling relies solely on the conduction
electrons modeled with a Drude permittivity with enhanced
coupling to the magnetization state of MnP through an
effective magnetic field included in the form AM. With these
considerations in mind, it is not surprising that the resonant
frequencies do not match more closely. Nonetheless, it is
clear that the host semiconductor explains the appearance
of a resonant frequency for MO effects shifted to the near
infrared. In addition, the model successfully explains the
redshift of the resonance with the increase in the volume
fraction of inclusions. Therefore, we infer that the resonant
behavior observed in Fig. 7 and Fig. 8 is a magnetoplasmonic
enhancement of the Faraday rotation.

The influence of the host dielectric permittivity on the
magnetoplasmonic resonance energy is further demonstrated
by sample D1 consisting of MnP nanoclusters embedded in
polystyrene. As shown in Fig. 10, the low dielectric constant of
this host (2.51 vs 11 for GaP, at 1.9 eV) produces a well-defined
resonance in Faraday rotation at 2.90 eV rather than at 1.70 eV
for sample B4. Just like for samples B4 and C1, the use of
Drude’s model in the effective medium approach discussed
in Sec. III underestimates the resonance energy, but it clearly
corroborates the magnetoplasmonic resonance origin of this
optical effect. Also, the effect of the shape and orientation
distribution on the broadening of the line shape is limited
in Ps:MnP by having nearly spherical inclusion. Comparing

T T T T T T T T T T T T T T T T T
0.7+ - i
(Dres ...
0.6 effective " 4
medium \.
model =
[ |
3 054 l 1 .
(9]
; 1
<t /./l- ﬁ.
S 0.4- P
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Energy (eV)
FIG. 10. Total  Faraday rotation Abr = 0 (410 mT) —

0p(—410mT) as a function of incident photon energy for
sample D1 at 230 K. The resonance is located at 2.90 eV. The
polystyrene matrix has a much lower dielectric constant and
therefore shifts the resonance of the effective medium to higher
energy compared to the GaP matrix. Our effective medium model
predicts the resonance at 2.44 eV.
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FIG. 11. (Color online) Spectral magnetocircular dichroism &p
for sample B4 at 110, 270, and 296 K for an applied field magnitude
of £410 mT. The MCD angle starts positive at lower energy and
crosses zero at around 1.95 eV for all temperatures.

Fig. 10 with Fig. 8, the resonance of Ps:MnP is significantly
narrower than that of GaP:MnP. While samples B1-B4 and
C1 exhibit a relatively narrow size distribution and a large
eccentricity distribution, the opposite is true for sample D1. We
have thus verified that the variation in eccentricity determines
the magnetoplasmonic resonance linewidth.

The Faraday rotation angle per unit length, Eq. (4), includes
the actual rotation of the polarization plane (real part),
and the MCD (imaginary part): ®r = ¢ + i xr. To further
investigate the magnetoplasmonic origin of the magneto-
optical properties of these samples, we measured the MCD
spectra, expecting the resonant behavior of 6 = ¢l to be
associated with a zero-MCD crossing in xr. It is measured
experimentally asMCDy = (T} — T_)/(T}+ + T-) fora given
value of field H, where T, and T_ denote the transmitted
intensity of right and left polarized light, respectively. The
MCD angle &F, expressed in degrees, is then defined as & =
xrl = 180(MCDg 4 + MCDy_)/(2m). For all measurements
presented below, £&r was measured at fields H = 4+ 410 mT.

Figure 11 shows &r as a function of photon energy
for sample B4 measured at three temperatures and Fig. 12
compares & measured for samples B4 and C1 at 287 K.
As for the MnP film (Al), & does not vary significantly
in the investigated spectral window (not shown); it remains
constant at about 0.3°. In contrast, the angle measured from
samples B4 and C1 varies considerably: It is positive at low
energy, decreases monotonically as a function of energy, and
then crosses to negative angles. The zero crossing &g is at
1.95 eV for sample B4 and all type B samples (not shown)
and 1.85 eV for C1. Although the shift of 100 meV is
somewhat smaller than the one obtained from the Faraday
rotation spectra shown in Fig. 8, it is again explained by
a shift of the magneto-plasmonic resonance as a function
of the MnP volume fraction. Using the effective medium
model for effective permittivities, the MCD evaluated from

£p = Im[ 252 %]l is plotted in Fig. 13 for f = 3.8% and
13.7%. The crossovers are seen to appear at a somewhat lower

energy than the corresponding maxima in 6, but reproduce
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FIG. 12. (Color online) Spectral magnetocircular dichroism &p
for samples B4 and C1 at 287 K for an applied field magnitude of
4410 mT. The MCD angle starts positive at lower energy for both
epilayers and it crosses zero at a lower energy (0.1 eV) for C1. While
the MCD for B4 keeps decreasing towards the semiconductor gap, it
undergoes another crossover for C1 and is again positive at the GaP
energy gap of 2.27 eV at 287K.

the low-energy zero MCD of Fig. 12 and the volume fraction
dependent energy shift (0.06 eV in place of 0.1 eV).

Although those zero-MCD points were expected to occur at
the same energy as the rotation maxima, there is an energy dif-
ference of 0.35 eV between 6r max and &r o for both samples.
This shift might originate from the fact that the semiconductor
absorption near the band gap induces a large variation in
the effective permittivity tensor element responsible for the
dichroism, and has not been taken into account in this effective
medium model (constant permittivity host).

The MCD measurements thus also support the argument
for a magnetoplasmonic enhancement of MO properties in
nanocluster systems since varying the MnP concentration
shifts the first crossover point & . Furthermore, the absolute
reduction of the amplitude of the MCD with increasing
temperature reinforces the role played by the magnetization
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FIG. 13. (Color online) Calculated magnetocircular dichroism &
as a function of energy for the equivalent parameters of samples B4
(f =3.8%) and C1 (f = 13.7%). The zero-MCD point shifts from
1.37 to 1.31 eV when increasing the volume fraction of MnP from
3.8% to 13.7%. The effective field is setat AM =15 T.
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on the imaginary part of the off-diagonal tensor element of the
effective permittivity.

Finally, although the effective medium model cannot pre-
dict the exact position of the magnetoplasmonic resonance, it
qualitatively explains important features of these experimental
results. A more rigorous model taking into account the spectral
dependence of the permittivity, both of the ferromagnetic metal
and of the semiconductor, would be necessary to precisely
analyze the energy of the observed resonances.

VII. DISCUSSION

The parallel electron energy-loss spectroscopy measure-
ments in samples from set B grown by MOVPE!' show no
evidence of a GaMnP phase. However, this method is not
sensitive enough to probe small concentrations (<0.5%) of
substitutional and intersticial Mn in GaP. In the case of sample
C1 where the MnP concentration is very high, a dilute GaMnP
phase may be present. In this case, two additional mechanisms
other than the magnetoplasmonic resonance can be expected
to contribute to the near gap MCD.?® First, there is the giant
Zeeman splitting, which is widely used to interpret the sign of
MCD at the semiconductor gap in II-Mn-VI diluted magnetic
semiconductors. Second, varying degrees of Mn impurity level
compensation in the gap can lead to a reversed sign of MCD at
the band gap energy. In the first mechanism, the sign of MCD
at the band gap indicates the type of magnetic coupling (FM or
AFM) for the p-d exchange constant 8 of the assumed GaMnP
phase. The impact of this mechanism is larger for temperatures
below the Curie temperature of the dilute phase, but can
nonetheless affect the MCD above the Curie temperature. Near
the band gap, the splitting between circularly-right and -left po-
larized photon absorption transitions is reflected on the MCD
spectrum. In the second mechanism, a higher concentration
of Mn forming a dilute GaMnP phase and impurity bands
can lead to sign reversal of MCD when compared to normal
Zeeman splitting. In our case, those mechanisms could lead to
the offset of 0.35 meV between the zero-MCD points and the
maximum Faraday rotations measured, as well as explain why
the sign of MCD near the gap energy is opposite in B4 and C1
with another crossover observed near 2.13 eV for sample Cl1,
containing a much higher Mn concentration.

Mn pnictides (MnX compounds, with X = P, As, Sb,
Bi), with their strong spin-orbit coupling, are known for their
favorable MO properties.”® Results presented here confirm that
this is also the case for the less studied MnP. GaP:MnP offers a
number of attractive advantages with respect to the very similar
GaAs:MnAs. First, the former has a higher energy gap for
optical applications in both the infrared and the visible regions
of the spectrum. Second, the lattice constant of GaP is similar
to that of Si, making it a prime candidate for epitaxial growth of
integrated optoelectronic devices. Most interestingly, the Fara-
day rotation per unit thickness measured at a temperature of
289 K under an external field of 200 mT of GaP:MnP exceeds
that of GaAs:MnAs?’ by a factor of two despite operating
almost at the MnP Curie temperature. The normalized rotation
induced by MnP nanoclusters appears to be larger than that of
MnAs over an important region of the spectrum. Finally, this
stronger MO activity is not hindered by increased absorption,
as the measured transmission losses for both systems are
comparable in the investigated photon energy range.

PHYSICAL REVIEW B 86, 245312 (2012)

Transmission losses for light below the GaP band gap origi-
nate from absorption and scattering from MnP inclusions. Con-
sidering the nanoclusters’ size, only the former is dominant in
our systems. A plasmonic resonance should be accompanied
by a large absorption in the diagonal elements of the permit-
tivity tensor. However, absorption measurements performed in
the same spectral window did not show a significant increase
in absorption in the vicinity of the MO activity resonance for
samples of set B and for C1. Instead, a monotonic increase in
absorption is observed approaching the semiconductor gap. We
explain the absence of well defined absorption features associ-
ated with the magnetoplasmonic resonance by the presence
of extrinsic effects significantly broadening the absorption
spectrum. As discussed in Sec. II, the MnP nanoparticles
have a relatively important distribution of diameters and ec-
centricities. The latter have been shown to severely broaden the
plasmonic absorption line shape, while inhomogeneous effects
dampen the plasmonic magneto-optical response features to a
lesser extent (see Sec. III). Furthermore, MnP being a poor
conductivity metal compared to Ag and Au, a considerable
broadening of absorption spectra would be expected even for
narrow nanocluster eccentricity distribution.?!??

The intensity absorption coefficient 2« (from Beer-Lambert
law I = Ipe L) at 1.89 eV is about 12.96 um™' for
Al, 1.19 um~' for samples B1-B4, and 2.77 pum~! for
C1. Although the rotation per unit thickness is somewhat
comparable in all samples, absorption is considerably more
important in the MnP film. Normalizing the Verdet constant at
coercivity to the absorption losses to obtain a figure of merit
in °/(dB - T), we evaluate the effective rotations of samples
Al, B1-B4, and CI1 to be 0.23, 0.38, and 0.44°/(dB-T) at
270 K, respectively. Compared to the uniform MnP thin film,
the nanocluster systems are advantageous by factors of 1.5 to
2, due to the enhanced MO activity from the energy-shifted
plasmonic resonance, and nonproportional increase in losses
for those photon energies.

As demonstrated above, plasmonic effects in GaP:MnP en-
hance the magneto-optic response with respect to simple MnP
films. However, the figure of merit remains lower than what is
needed for optoelectronic applications which should amount to
about 45°/(dB-T). To enhance all magneto-optical properties,
it is essential to optimize the size uniformity and gain a better
control of the shape distribution of the nanoclusters.

VIII. CONCLUSION

The amplitude of the Faraday rotation as a function of
applied field closely matches the hysteresis observed in magne-
tization measurements made by VSM. The experimental setup
used to investigate the MO properties of MnP thin film and
GaP:MnP epilayers proved to be sensitive enough to reproduce
effective magnetization anisotropy. The match between both
types of hysteresis confirmed the linear dependence on
magnetization of the measured Faraday rotations. Compared to
auniform MnP film, the amplitude of the induced rotations per
unit of magnetization in MnP nanocluster systems is enhanced
by a factor of 20%, the net rotation per unit thickness of MnP
is two times higher, and, at coercivity, rotations per units of
applied field can be 8 times larger. The spectral dependence of
the Faraday rotation and the magnetocircular dichroism shows
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qualitative agreement with the effective medium model for
magnetoplasmonic resonance, assuming an effective internal
magnetic field proportional to the magnetization. The variation
of MnP nanocluster concentration in the epilayers reproduced
the spectral shift in the effective resonance frequency, as
predicted by the effective medium model. The mismatch
between the spectral position of the maximum rotation and
zero MCD is not surprising since the model does not take
into account the full complexity of the MnP permittivity
spectrum, the host permittivity spectrum, and the additional
semiconductor near gap effects on its optical properties.
Instead, the magneto-optical activity is simply described by the
electron cyclotron frequency, which is enhanced by spin-orbit
coupling. The model has nonetheless the merit of describing
the main features of the magnetoplasmonic resonance effect.

The MO activity in MnP was found to be large in all
samples, but the absorption measurements indicate that the
samples investigated so far are not quite fit for direct integration
into optical devices. The figure of merit of our samples is still
too low compared to required rotation to losses ratio. However,
magnetoplasmonic MnP nanocluster systems do increase the
figure of merit by a factor of 2 at resonance when compared
to MnP film. A more uniform nanocluster shape distribution
and size in the fabrication process would lead to reduced
broadening in the MO resonance and allow for deeper analysis
of the plasmonic and magneto-optical coupling.
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APPENDIX A: EFFECTIVE PERMITTIVITY TENSOR

The dielectric permittivity of a degenerate electron gas can
be derived from Drude’s frequency dependent conductivity
in the form o(w) = l_"i‘Lt, where oy = M is the dc con-
ductivity, t is the relaxation time, n, is the electron density,
e is the electron charge, and m* the electron effective mass.
Considering an effective internal magnetic field parallel to
the light propagation vector, including the applied field (ITI =
HyZz) and a term in the form A M, the permittivity takes the form

€, —ig O
& =|ie e 0], (A1)
0 0 6||
where
—eoa)a)cwf)
€ = N )
(02 +iwy)? — (ww)?
€0 (w? + iwy)
€L = €0 — — 2t A (A2)
(0 +iwy)? — (ww.)?
2
€ow
€| = €00 — L
(0* +iwy)
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The parameters in these equations are defined in Sec. III.
This form implicitly assumes that the magnetization of the
medium is parallel to the applied magnetic field. Strong
magnetocrystalline anisotropy and texture in the magnetic
axis orientations for MnP nanoclusters in the GaP matrix for
samples from set B and C mean that rigorous treatment of
the B(H M ) relation for a single nanocluster would lead to
a gyrotropic tensorial permittivity without the symmetry of
Eq. (A1), and no zero components. However, in a normal-
incidence geometry and in the first-order Faraday rotation
regime, only linear terms in magnetization (and field) from
the ? 2=— (6—[)21 components will contribute to the optical
activity. Moreover, in-plane components of the magnetization
(L to 2) of a large ensemble of inclusions are expected to
cancel each other, leaving only a negligible second-order
magnetization contribution to optical activity from terms not
included in our definition of ¢;. We therefore proceed in our
analysis with the simplified permittivity described by Eq. (A1)
and (A2).

The characteristic angular frequencies for the permittivity
terms in Eq. (A2) follow the relation w, > w. for ferromag-
netic metals with effective Weiss-like induction field value as
high as 1000 T. At optical frequencies where w, > v > w,,
and the very high frequency permittivity parameter €, can be
taken as €g, the permittivity tensor elements of the metallic

2
inclusions can be reduced to €| =€) = ¢y — % and
7eowwcw
€ = m; therefore Eq. (A1) reduces to Eq. (1) in the

text.

APPENDIX B: EFFECTIVE MEDIUM PERMITTIVITY

Generalizing the effective permittivity of a Maxwell-
Garnett effective medium quickly becomes cumbersome when
gyrotropy is induced by an applied magnetic field and the
inclusions are allowed various shapes and orientations with
respect to the applied field. The constitutive relation is used to
determine the effective permittivity tensor,

@ et - (E) = én(E) + (P), (B1)

where the averaged polarization,

> <~ e <« -1 >
<P>=[1 - — ’-N,»] n; % -(E),  (B2)
€m

is in turn defined by the number density of inclusions #;, the
shape factor depolarization tensor of the inclusion population

ellipsoids (]Vi), and their polarizability
N (F e T,

(B3)

W =V(T —en 1) len T +

with V being the volume of inclusions and T the identity
tensor. Equation (B3) is valid for a specific population of
inclusions sharing the same ellipsoidal shape and orientation
angle 2 with respect to the applied magnetic field. To account
for various inclusion populations with a distribution of shapes
and orientations, a weight function p; must be added to
correctly model an ensemble of individual populations with
specific polarizability ¢ . This polarizability is then a function

of the specific orientation £ and depolarization tensor N} .25
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The MnP nanoclusters’ ellipsoids have textured orientations in the GaP matrix, mostly following the magnetocrystalline
orientation distribution. The large number of directions present for the inclusion populations allows for a uniform distribution in
orientation in a first approximation. Thus, assuming randomly oriented inclusions, each of constant volume V but with varying
shapes, the polarizability is then expressed as

W = Zpkf dQE; (Q) = VZpk/ dUE —en 1) -len T + N(Q- (& —en T (B4)
k Q2 k &

Inserting this polarizabilty (B4) in expression (B2), the effective permittivity of the medium (B1) is obtained [Eq. (2)]. The
different tensor elements must be computed numerically for the general case at hand. They do have simple analytic form for
simpler cases such as spherical inclusions, or if the ellipsoids all have the same shape factor and all have the same main ellipsoidal

axis pointing in the gyrotropic axis defined by the applied magnetic field.
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