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Abstract: A theoretical model is developed which clarifies the reason for the appearance of
a magnetic and/or optical anisotropy in garnets under illumination with linearly polarized
light. The model is based on the calculation of the occupancies’ kinetics of anisotropic impurity
centers localized in different garnet sublattices. A comparison of experimental data for the
magnetic yttrium-iron garnet doped with cobalt (YIG:Co) and the non-magnetic
Ca,Mn,Ge O, (CaMnGe) garnet to the results of the model is performed which leads to a
good agreement.

OCIS codes: (260.1440) Birefringence, (160.0160) Materials.

Introduction

Currently photoinduced effects (PIE) are investigated in a wide class of magnetic and non-magnetic materials,
such as garnets of different compositions [1,2,3], spin glasses [4], ferrites [5], cyanides [6], metals [7], etc.
Magnetic and non-magnetic garnets usually were employed as model systems due to their well investigated
magnetic and optical properties. PIE independent on the polarization state as well as all kinds of polarization-
sensitive PIE have been observed in garnets. The recent discovery of PIE at room temperature [2] and the
relative simplicity of forming magnetic or optical anisotropies under illumination with polarized light open a
perspective to the practical use of PIE, e.g. for information storage and processing or for optoelectronic
devices.

A general condition for the appearance of PIE in garnets is the presence of highly anisotropic light-
sensitive impurity centers in the crystal lattice. In particular it is important that such anisotropic ionic centers
can exist in states with different valencies. According to recent findings, the nature of the PIE is connected
with an optical excitation of anisotropic impurity centers and their redistribution among non-equivalent
sites, thus changing their fraction of occupancy. Such a redistribution among non-equivalent sites resulting
from illumination with polarized light leads to macroscopic magnetic and/or optical anisotropies. In order to
clarify the mechanism it is preferable to refrain from the complications which arise from magnetization and
magnetic domain structure. In this paper we therefore consider manganese-germanium garnets (MnGeQ)
which are non-magnetic systems at room temperature. Cobalt substituted yttrium iron garnet (Y1G:Co) is
utilized as an example of a magnetic medium.

The aim of the present work is to develop a theoretical model to explain the formation of an optical
anisotropy in MnGeG and a magnetic anisotropy in YIG:Co under the influence of linearly polarized light.
From an experimental point of view the optical anisotropy reveals itself as a photoinduced linear birefringence



(PLB) An,, .. The appearance of a light induced magnetic anisotropy (LIA) is the reason for the experimentally
observed [1,2] photoinduced magnetization switching in magnetic garnets. The simple theoretical model to
be developed below can be generalized easily to explain PIE in other media with photoactive anisotropic
impurity centers. The approach used here is rather general in the sense that it is not necessary to know the

particular nature and the properties of impurity centers which are responsible for the PIE .

Model

Following the idea of Gnatchenko et al. [8] we assume that the appearance of linear birefringence in CaMnGeG
under the influence of polarized light can be attributed to the redistribution of the Mn** ion occupancies
between the octahedral sites of the crystal lattice. Redistribution of Mn** is possible due to presence of Mn**
which can be considered as Mn-holes [9] serving as the centers of charge transfer. The ground state 4A2g of
Mn*" has no orbital degeneracy and therefore does not create any distortions of the oxygen environment.
Without the influence of polarized light Mn*" ions are distributed uniformly among different octahedral
positions. In an octahedral oxygen environment the energetic ground state 5Eg of Mn** is threefold degenerate.
Therefore these ions produce a trigonal distortion of the octahedral oxygen environment, thus reducing the
site symmetry. The nonuniform distribution of the Mn** among different octahedral positions results in the
appearance of inhomogeneous strains and hence to an optical anisotropy.

In the magnetic YIG:Co the Co?* ions are considered as the photoactive centers which are responsible
for the magnetic PIE. The optical recharge of Co?* in octahedral sites of YIG:Co accomplishes through the
conduction band formed by overlapping 3d-orbits of the iron ions [2,10]. By absorbing a light quantum the
Co?" in the octahedral sites are excited delivering a photoelectron to the conduction band. After its finite life
time the electron is captured by Co*" in another octahedral site, i.e. effectively a transfer Co?* « Co’**
occurs. Optical recharge of tetrahedral cobalt ions happens in the same way, however, those ions make a
considerably smaller contribution to the magnetic anisotropy [11] and are not taken into account in the
present consideration.

The symmetry of the garnet remains still 4/m, thus four differently oriented sites of the trigonal
Wykoft symmetry occur. The trigonal axis is one of the principal axes of the electric dipole moment. If a light
quantum is absorbed by the octahedral Mn*" or Co** ions, the probability for a photoexcitation of the ion
depends on the angle between the dipole moment of electron transition and the light polarization vector. On
the other hand, the direction of dipole moment of electron transition is hardly connected with the electric
dipole moment in the initial state, i.e. with the orientation of the local trigonal axis. Thus, the probability of
a photoexcitation of the active centers is different for different octahedral sites.

In what follows we consider the absorption of linearly polarized light propagating in the [001]
direction. We assume that the light quantum is absorbed by a Mn*" ion (or Co?"), which is located in an
octahedral site with its local anisotropy axis directed along one of the crystallographic directions <111>,
(i=1,2,3,4). By the absorption of light an electron transition from the initial state S, into the final state S,
occurs. At the present stage it is not necessary to concretize the nature of the states S, and S,. However, it
is straightforward to suppose, that S, is the ground state of the ion Mn** (or Co**) in an octahedral site with
the direction of the dipole moment along the local trigonal axes <111>.. Neglecting the finite life time in an
excited state the probability of photoabsorption per unit of time U, of the ion in the dipole approximation can
be expressed by:
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where €,and € are the components of the light polarization coordinate vector of the incident light along

and perpendicular to <111>, direction, respectively. d =-er is the dipole moment of the electron transition,
and (S, | (g, B?i)|S1>2 and (S,|(8,[d,)|S,) are the matrix elements of the dipole moment of the electron
transition from the state S, into the state S, with the corresponding frequency f,,. Eq. (1) can be rewritten to
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where s the unit vector of the light polarization, I is the light intensity, 7. is the radius-vector of the

considered electron transition and Y. is the angle between light polarization vector and the local symmetry

axes <111> . If we introduce another notation for the matrix elements of radius-vector 75 = (Sz |rD | Sl> and

Ty = <S2 | i |Sl>, then Eq. (2) reads
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Expression (2) is similar to that obtained in [12] for investigations of photoinduced dichroism in an
yttrium-iron garnet doped with silicon. A and B are phenomenological constants which depend on the
chemical composition of the garnet, the temperature, and the wavelength of incident light. It should be
remarked that in the presence of magnetic order another term appears in (3) which depends on the angle ¢,
between the <111>, direction and the vector of magnetization [12]:
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where C is again a phenomenological constant.

Using Eq. (3) (or Eq. (4) for the magnetic case) it is possible to derive general expressions for the
transition rate (velocity of the probability) of an electron to be excited from an octahedral center Mn’* (or
Co*") under the absorption of a quantum of linearly polarized light. Accounting for the finite probability K of
an electron excitation from an excited state of the ion and the thermoactivated transitions in the simplest way
[13] leads to

w = AIK(1+Bcos*, ) + vexp[-€ /k,T] (5a)
w, = AIK(1+Bcos*,) (1+Ccos’9,) + vexp[-€ /k,T] (5b)

for the MnGeG and the YIG:Co, respectively.
The second terms in Egs. (5a) and (5b) describe the thermoactivated transitions, with v and € being
their frequency factors and activation energies, respectively, k, the Boltzmann constant, and T the temperature.



In the absence of light (I=0) the first terms in Egs. (5a) and (5b) vanish, and only a thermoactivated stimulation
of an electron from the photoactive center is possible.

As a next step we include the particular symmetry of the garnet. It turns out that the transition rates
for the stimulation (excitation) of an electron from photoactive centers under light illumination are different
only for two among the four octahedral sites for MnGeG, and only for three octahedral sites for YIG:Co,
respectively. To study the redistribution of the occupancies n, in the octahedral centers under light illumination
a system of kinetic equations is set up:
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Evidently, Eq. (6) consists of 3 equations for YIG:Co (magnetic state) and of only 2 equations for
MnGeG (non-magnetic state) and can be easily solved analytically.

Here, we consider the simplest case of the non-magnetic state of MnGeG in detail. The initial conditions
for the system Eq. (6) are naturally obtained by assuming equal octahedral occupancies prior to the illumination,

hence: n, |t:0 =n, | —o =N/2 Nis the total concentration of photoactive impurity centers in octahedral sites.

The solutions of the system of linear differential Egs. (6) describe the time dependence of the occupancies
of two different octahedral photoactive impurity centers under irradiation with linearly polarized light.
For a comparison of the model with experimental data [8] we assume that the value of photoinduced

birefringence An, . is proportional to the difference of those occupancies

on =n, —n,. Solving the system Eq. (6) yields the time dependence of dn as a simple exponential form:
on(t) = dng (1-exp[-t/T,]) (7

where dn, and T, depend on the parameters appearing in Eq. (5a). Under illumination with linearly polarized
light the saturation level dng is reached. By switching off the light a purely thermoactivated relaxation
process will take place which is again governed by the system of Eqns. (6) with w, = w, =vexp[-€ /k,T] and

the initial conditions n; |t:0 =ng;, N, | o —Ds, where n  and n, are the occupancies n, and n, reached in the

steady state after irradiation, i.e. in the saturation state. Similarly, the difference of occupancies in case of the
pure relaxation process is:

dn(t) = &n, exp[-t/T] (®)

where dn, = ng, —n,, T, = 1/2w, = (2vexp[-€ /k,T])".
Analogous considerations for the magnetic case lead to the following expressions:
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where A, a,, b, and c, are functions of N and w.



Comparison with the experimental results

The experimentally measured parameters for non-magnetic and magnetic states were photoinduced linear
birefringence (PLB) and effective field of LIA, respectively. These values were calculated within the framework
of developed model to compare with experimental results.

1. Non-magnetic CaMnGe

n, % The experimental investigations on the kinetics

- - induction and relaxation - of PLB in CaMnGe garnet

1.5 74‘—‘—_?‘ were reported in [8,14]. The measurements were
Induction—|s Relaxation performed on a thin (001)-plate of CaMnGe garnet in
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Fig. 1. Kinetics of PLB: Induction (recording) and dependence of PLB due to the spatially varying
relaxation (erasing). polarization of the “interfering” mutually orthogonal

polarized light beams. The decay of | shown in Fig. 1
(“Relaxation”) was obtained by illuminating the sample with circularly polarized light.
In general, the diffraction efficiency n for a refractive index grating (as in our case) at the exact
Bragg condition is:
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Here d is the thickness of the grating , A the wavelength of light, ©_ is the Bragg angle in the medium
and An the refractive index change. For a small argument in the sin?- function we approximate
N(An)*=(An, .)*[{dn)*. Within the scope of the developed model we performed a fitting procedure on the

experimental data shown in Fig. 1. The result is

n, % presented by solid lines in Fig. 1. The decay of PLB
under the influence of circularly polarized light can be
0.6 / /-\ 1 described by an exponential law similar to Eq. (8) with
' / - a characteristic time constant T,. The decay is not caused
’/ \f 3 by temperature but by the influence of circularly

0.4 / //\ \/ polarized light.
/ / \ \F It is also possible to calculate the dependence
0.2 /// 2 of the PLB on the angle a =0 (E, <1 1 1>)between the
k / & o/ ‘OL,O light polarization vector and the direction of the local
20 20 60 30 100 anisotropy. The PLB in the saturation state as a func-

tion of that angle o has been measured in Ref. [14] and
Fig. 2. Angular dependence of PLB is presented in Fig. 2 by solid squares. Solving Eq. (6)



with an angular dependent U. and taking the limit 7 — o yields PLB An(a). Using the fitting parameters
obtained above the resulting curve is plotted in Fig. 2 (curve 2). The difference between the experimental
data and the calculated values is due to the facts that the data presented in Fig. 1 and Fig. 2, respectively,
were taken for different samples at different temperatures. Curve 3 in Fig. 2 shows the best fitting results for
a free parameter on.

2. Magnetic YIG:Co
The energy and the effective field of LIA were calculated for magnetic YIG:Co using Slonczewski’s model
[15] for a comparison with the experimental data:
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where 0A and gl H_are material parameters. The value of the effective field of LIA is H = W/M, where
M; is the saturation magnetization of the sample. Parameters obtained from the numerical fitting of the
experimental results [16] were used for modeling.
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Fig. 3. Occupancies’ kinetics of Co*" ions in octahedral sites (YIG:Co) for two domains with different direc-
tions of magnetization



To compare the theoretical predictions with experimental results we accounted for the geometric
configuration realized in the experiments for YIG:Co [2]. Linearly polarized light impinges on the sample
along its crystallographic [001]-direction. A region including a boundary between two magnetic domains

with magnetization directions M]||[111] and M]|[111], respectively, was illuminated. The occupancies’
kinetics of Co?* in octahedral sites in these two magnetic domain states under illumination with linearly

polarized light (¢€||[[110]) were calculated for a homogeneous initial distribution of the occupancies. The

kinetics and the changes of the effective field of LIA H, - calculated from Eq. (11) - are shown in Fig. 3. It
can be seen that H, grows with time in one domain and decreases in the other. Thus, this is the reason for the
experimentally observed effect of photoinduced spin reorientation [2].

Conclusion

We have shown that for the non-magnetic state of a CaMnGe garnet the appearance of photoinduced linear
birefringence can be attributed to the redistribution of occupancies between two types of octahedral centers
forming two nonequivalent sublattices. Within the framework of a simple microscopic theoretical model the
kinetics and angular dependencies of the PLB could be described. This is an improvement with respect to
previous research [9,14], where these dependencies were estimated only at a phenomenological level from
symmetry considerations. The good agreement between the experimental and theoretical results testifies the
adequacy of the proposed theoretical approach to real physical processes.

We want to note, that a similar research was partly performed by the authors of Ref. [8]. They found,
that experimentally that the kinetics of PLB cannot be precisely described by a simple exponential law. The
non-exponential character of induction and relaxation of PLB may be caused by the existence of several
independent channels of photoexcitation and relaxation with different characteristic times. The clarification
of those features is subject of further studies.

In a further step we modified the approach to account for the magnetization in the magnetic garnet
YIG:Co. Numerical simulation of the occupancies’ kinetics of highly anisotropic Co* ions in octahedral
sites of a YIG:Co garnet, as well as calculations of the effective field of LIA for the simplest conditions of
illumination allow to explain the experimentally observed photoinduced magnetization switching.

Finally, we want to emphasize the universality of the theoretical model developed here. It does not
require detailed information about the nature and peculiarities of photoactive anisotropic impurity centers as
well as about the mechanisms of charge transfer between them. The model can be used for the explanation
and description of photoinduced effects in any medium where orientation inequivalent crystal sites and
charge transport between them are present.
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