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The magnetic and magneto-optical properties of the typical representatives of three rare-earth iron garnets
(RIG) groups: with heavy rare-earth elements Yb, Er, Dy, Tb; with elements from the middle of lanthanide series
Gd, Sm, and with light rare-earth element Nd are presented. In contradistinction to other work on the Faraday
rotation, which were done only at 1152 nm (8696 cm™"), here we present FR spectra obtained in the energy region
5500-20000 cm™' with high optical resolution. The investigations have been done at temperatures of 5, 82, 130,
295 K using magnetic field up to 25 kOe applied parallel to the [111] crystallographic axis of the crystals. It has
been shown that the contribution proportional to the magnetic field and independent of temperature to the mixing
of the ground state multiplets exceeds the paramagnetic contribution in YbIG, ErIG, GdIG, SmIG. In Tb and Dy
iron garnets contributions from the two mechanisms have opposite signs, and the paramagnetic mechanism gives
the greatest contribution to the Faraday rotation. Nevertheless, the contribution of the diamagnetic mechanism,
caused by the influence of the exchange field in the iron sublattices on rare-earth ions, is significant, and it is
necessary to take it into account. Anomalously large magneto-optical activity is observed in NdYIG. This is
the result of contributions of the same sign and approximately equal in magnitude from the paramagnetic and

diamagnetic mechanisms.

PACS: 75.50.Gg, 78.20.Ls

1. Introduction

In recent years, the optical and magneto-optical (MO)
properties of ferrimagnetic garnets have attracted in-
creasing interest, from the physical or the application
points of view. Dispersive MO effects in pure and substi-
tuted rare-earth iron garnets (RIG) have been the subject
of numerous experimental and theoretical investigations
[1-11].

The origin of the MO activity of the rare-earth ion in
RIG is not well understood. Therefore, in this work we
investigate the mixed and pure rare-earth garnets, and
try to draw some coherent conclusions.

Optical properties of RIG are significantly influenced
by two-particle processes that remove selection rules on
spin and parity in the visible region, making certain tran-
sitions allowed, most likely the forbidden change-transfer
transitions. There is, therefore, interest in distinguish-
ing between contributions of allowed and forbidden elec-
tric dipole transitions to the MO activity and studying
the main non-resonant contribution to the allowed elec-
tric dipole transitions, which are located in ultraviolet
region. The narrow line widths of the observed intra-
-configuration f—f transitions of the rare-earth ion allow
us defining and excluding (in spectral measurements) the
contribution of these transitions to the total rotation ob-
served in the immediate region of the absorption bands
only.

We present here for the first time the MO proper-
ties of Yb3F€5012, EI‘XY3_XF65012 (x = 0.47 1.0; 1.5,

2.5; 30), Dy3F65012, Tb3F65O]2, Gd3F€5012, Sm3F65012,
Nd,Y3-,FesO1, (x = 0.5, 0.96, 1.39, 1.72) single crystals
and in particular Faraday rotation (FR) in energy region
5500-20000 cm~'. FR measurements were performed for
the same experimental conditions as a function of tem-
perature and magnetic field oriented along the main crys-
tallographic axis [111].

2. Experimental

Using the method of flux growth under 10 bar of oxy-
gen pressure, single crystals of YbsFesOj,, Er, Y;_,FesO1;
(x = 0.4, 1.0, ]..5, 2.5, 30), Dy3Fe5012, Tb3F65012,
Gd3Fe;01,, SmzFesO;, were synthesized. X-ray diffrac-
tion measurements were in agreement with the garnet
Ia 3d structure. Polished plates — 20-250 um thick ori-
ented perpendicular to the [111] and [100] axes were ob-
tained from the same “as grown” crystal to avoid the
slight Y concentration difference which can occur be-
tween different crystals of the same batch. NdYIG sam-
ples were grown from the PbO:PbFe;:B,0; flux melts by
spontaneous nucleation. The compositions of the sam-
ples were determined from the published relationship be-
tween the compositions and the lattice constant. Pol-
ished plates (30-35 um thickness) were oriented perpen-
dicular to [111] axes.

FR measurements F were performed at temperatures 5,
82, 130, 295 K under a magnetic field of up to 25 kOe ap-
plied parallel to the [111] direction. In contradistinction
to other researches of the FR, which were done only at
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1152 nm (8696 cm™") [2, 6], we present the FR spectra ob-
tained in energy region 5500-20000 cm™! with a high op-
tical resolution 0.12 cm™' using a modulation technique.
The experimental accuracy is estimated to £2% for @. It
is noted that the samples are cooled at the lowest tem-
perature in the absence of a magnetic field prior to FR
measurements. The rotation angle was measured with
0.1° accuracy.

Field dependences of the FR and the differential FR
susceptibility d@/dH were measured using the compen-
sation method (without the modulation of magnetic field)
at two wavelengths 1152 nm (8696 cm™') and 1064 nm
(9400 cm™!) (for comparison with other researches). The
wavelengths used in this study are in the transparency
window of all garnets.

The crystallographic direction [111] is the easy magne-
tization axes at three studied temperatures (82, 130, and
295 K) (above the compensation point). The direction of
light propagation and the direction of applied magnetic
field coincide with the [111] direction. In this geometry
of an experiment, effects of magnetic birefringence are
eliminated and crystals are uniaxial.

3. Results and discussion

Absorption spectra of three samples of Er,Y;_,FesOy,
(x =04, 1.5, 2.5), for example, are plotted in Fig. 1 [9].
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Fig. 1. Absorption spectra of three samples of

Er,Y;_,FesOp(x =04, 1.5, 2.5).

There are two absorption maxima in all the absorp-
tion spectra. The first maximum in the energy region
10500 cm™' is identified with an 6Alg(6S )74T1g(4G) tran-
sition in Fe** ions occupying octahedral sites in the gar-
net structure, the second maximum in the energy region
16000 cm™! is identified with °A4;(®S)—*T1(*G) transition
in Fe3* ions occupying tetrahedral sites.

As we said in Introduction, to study these transitions
in detail was not our aim: for our purposes we only have
determined the appropriate energy region. In our calcu-
lation we excluded those regions of the absorption spectra
corresponding to absorption lines of the rare-earth.

The FR dispersion in all the studied samples is charac-
terized by a monatonic rise with frequency of the FR due
to the contribution of allowed electric transitions in Fe3*
and R** ions (or associated molecular complexes) whose
frequencies are in the ultraviolet region. Those spectra
are shown in Fig. 2 [5].
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Fig. 2. Frequency dependences of Faraday rotation of

EI‘XY:;,XFGSOIQ (.X' = 04-7 27 5)

The peculiarities of the FR involving narrow intracon-
figurational f—f absorption bands of R** ion and a wider
d—d band 6Alg(GS )-*T1.(*G) (= 10900 cm™") of octahedral
FeOg‘ complexes can be seen against the background of
the monotonous rise of FR.

The results of our experiments may be explained via
the quantum theory of FR, taking into account the in-
fluence of effective magnetic fields on the splitting of the
ground and excited multiplets of rare-earth ions and the
mixing of wave functions of ground and excited multi-
plets of rare-earth ions. The electric dipole transition
between the 4f3 and 4f25d configurations may be stud-
ied by taking into account the spin—orbit crystal field and
superexchange interaction in the development [7].

The Faraday rotations induced by the electric (el) and
magnetic (mag) dipole transitions are proportional to the
magnetic moments (M,, My, M) of the different magnetic
ions [2, 8]:

RIG) = F;Fmag =+(A, + Ap)M,|
¥ (De + Dm)IMd| + (Ce + Cm)|Mc| 5 (1)

where the upper sign is valid for T' < Tcomp, the lower for
T > Teomp-

The MO activity of R** ions was analyzed using the
conventional assumption that contributions to the total
FR of R* and iron sublattices are independent of each
other. The R3*-sublattice contribution to the FR was de-
termined as the difference of the FR of the studied crystal
and the FR of a pure YIG. A deviation of concentration
dependences from linear was observed for some of the
f—f absorption bands. The FR depends linearly on the
concentration of Er’* and Nd3* ions as we deduced from
the absorption bands.
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Let us consider the influence of allowed electric dipole
transitions. They are the principal contribution to the
MO activity, for the influence of forbidden f—f and d—d
transitions is exhibited only in the immediate region of
absorption bands and can be eliminated if calculations
are performed only for those spectral regions where the
contribution of forbidden transitions can be neglected.

The FR is usually treated in magnetically ordered crys-
tals as proportional to sublattice magnetisation [6]. The
isolation of the non-resonant contribution within this
model will also result in a severe dependence of the MO
constant of Er** ions on the temperature as in [6]. Thus
let us consider the FR taking into account that the rep-
resentation of the temperature independent contribution
directly depended on the exchange interaction.

The R?*-sublattice contribution to the FR at high tem-
peratures can be considered to be the contribution of free
ions and if the diamagnetic contribution is neglected, it
can be expressed as

Frg = CyMg + C, Mg + DHgr (2)

where My is the magnetic moment of the R3* ion in crys-
tal, C,My is the gyromagnetic FR and C,, D — MO
constants of the gyroelectric FR. The paramagnetic con-
tribution C,Mpy is determined by a thermal population of
energy levels of the ground manifold of the R3* ion and
the contribution of the mixing mechanism DH.g arises
from an admixture of wave functions of excited mani-
folds into the wave functions of the ground manifold by
the exchange interaction. The effective field is related to
the external magnetic field H and molecular field H,, by
the expression

Hew = H—gg—1)"'H,y .

Here the g-factor is taken to be equal to the Landé
factor of the free ion (g = 1.2). The contribution of the
magnetic dipole transitions was calculated from the re-
lation C,, = 1440 negx/mc*a’, where n = 2.2 is the mean
value of the refractive index and a is the parameter of
the elementary cell. The MO constants were determined
from the observed FR by the simultaneous solution of
Eq. (2) for two temperatures. In our calculations we used
data for magnetization of R3**-sublattice and for molec-
ular fields H,,(295 K) and for magnetization of iron sub-
lattices (known from magnetic and MO studies) which
were believed to be equal to sublattice magnetizations
in YIG. The molecular field acting on the R**-sublattice
was assumed to be proportional to the magnetization of
the iron sublattice.

MO constants C, grow in magnitude with increasing
frequency and are well approximated by a characteristic
expression for paramagnetic contribution dependence

C() =Co* - )7, (3)

where 2 is the wavelength (Fig. 3). The wavelength of the
effective resonance absorption for ErlG Ay = 150 nm, for
DyIG 4p = 325 nm and for ThIG 2y = 238 nm. The prox-
imity of this value to the wavelength of the first allowed
transitions of the Er** ion shows that the gyroelectric FR

is likely be determined by the direct interconfigurational
transitions of the Er’* ions. The wavelength of effective
resonance absorption for Nd-YIG is 4o = 510 nm.
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Fig. 3. The wavelength dependences of MO constant
C, of Er-YIG and Nd-YIG.

The constant D was independently determined using
Eq. (2) from the variation of the FR in the external mag-
netic field in the region of technical saturation.

When analyzing the values of paramagnetic and dia-
magnetic contributions for some wavelengths we conclude
that the absolute values of diamagnetic contributions to
gyroelectrical FR in YbIG, ErIG, SmIG and GdIG are
larger than the paramagnetic contributions; the diamag-
netic contribution in YbIG is higher than paramagnetic;
in GAIG diamagnetic contribution is ten times more than
paramagnetic; and in SmIG gyroelectrical FR of R*-
-sublattice is practically completely diamagnetic.

For SmIG we consider the values of the tabulated re-
sults as estimated (therefore they are given in parenthe-
ses). As the Sm>" magnetic moment is small, the de-
termined quantities can change substantially, depending
on the chosen values of the R**-sublattice magnetization.
However, this does not change the basic conclusion con-
cerning the dominant role of diamagnetic contribution
DH.g to FR.

Similar changes of spectra FR of YbIG and Nd-YIG
to the relation of Y3FesOy, are explained on the basis of
two different mechanisms.

The magnetooptical coefficient C, of Yb3;FesOy, is pos-
itive in contrast to the corresponding coeflicients of other
RIG. It makes positive the paramagnetic contribution in
FR R3*-sublattice; this results in experimentally observ-
able curves, if one takes into account that the magnetic
moment of R**-sublattice in this case is directed against
the resulting magnetic moment of two Fe-sublattices at
T=295Kand T =82K.

There is a somewhat different situation in case of Nd-
YIG. The magnetic moment of the Nd** ion is parallel
to the resulting magnetic moment of the Fe-sublattices,
in common with all light elements with less than half
closed — f shell atom in the RIG structure. This is the
reason why the paramagnetic contribution to FR has a
negative value. When the contribution is summed with
equal and, in some cases with exceeded in value nega-
tive in sign diamagnetic contribution, it results in large
negative experimentally observed values of FR in Nd**
system.
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The contribution of the mixing mechanism DH.g ex-
ceeds in magnitude the paramagnetic contribution C, Mg
and is of the opposite sign in Er-YIG. The value of the
paramagnetic constant C, appeared to be close to values
of this parameter in paramagnetic crystals ErAIG and
ErGaG, and yet the values of the D constant in para-
magnetic garnets are practically negligible.

Anomalous great magneto-optical activity is the result
of joint action of similar in sign and approximately equal
in quantity paramagnetic and diamagnetic mechanisms
in Nd-Y garnets system, but not the only paramagnetic
as authors [7] declare.

4. Conclusion

Measurements of frequency dependence of FR in
pure Ybs3FesOjy, Dys3FesOi2, ThiFesOpp, GdsFesOys,
Sm3FesO1,, Er-YIG and Nd-YIG substituted garnets
have allowed us to deduce the dominant role of the mech-
anism of wave-function mixing in FR in these materials:

e the diamagnetic mechanism dominates the FR
in Yb, Er, Sm, Gd garnets;

e in Tb and Dy iron garnets contributions of para-
magnetic and diamagnetic mechanisms have oppo-
site signs, and the paramagnetic mechanism gives
the greatest contribution in FR. Nevertheless the
contribution of the diamagnetic mechanism, caused
by the influence of the exchange field of the iron
sublattices on R**-ions, is significant, and it is nec-
essary to take this into account;

e it has been shown that the contribution of the mix-
ing of the ground state multiplets proportional to
magnetic field and independent of temperature ex-
ceeds the paramagnetic contribution to FR in Y-
-substituted erbium iron garnets Er-YIG. The con-
centration dependence of the MO coefficients jus-
tifies the single-ion nature of MO activity of Er-
YIG [11];

e the temperature independent diamagnetic mecha-
nism plays an important role in formation of FR
in Y-substituted neodymium iron garnets. Anoma-
lously large MO activity is the result of joint action
of contributions of the same sign and approximately
equal magnitude of paramagnetic and diamagnetic
mechanisms in Nd-YIG.
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