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The Faraday ellipticity of epitaxial garnet films of composition Y3;Fes01, and
Gd;_,Pb,Fes_,M,0,, with M =Ge, Sn and x,y < 0.45 has been investigated in the temperature
range 4.2 K=<T =< T, at A=633 nm and in the wavelength range 450 nm=< A=<700 nm at
T =295 K. The temperature variation of the ellipticity exhibits a characteristic minimum
between 300 and 500 K and differs significantly from that of the Faraday rotation. The theory
predicts a variation of the ellipticity being governed by the sublattice magnetizations which is in
qualitative agreement with the experimental results. The sublattice magnetizations were de-
duced from the fit of the molecular-field theory to the measured saturation magnetization data.
From the wavelength dependence of the ellipticity it can be concluded that exclusively the di-
valent lead ions cause the magneto-optical effects. Their contribution to the ellipticity
Ad:p/pr2+ expressed in deg/cm was found to be —6 x 10* at A =514 nm and 7 =295 K.

I. INTRODUCTION

The Faraday rotation and the Faraday ellipticity are
the two fundamental properties which characterize
the magneto-optical behavior of magnetic materials.
The knowledge of their temperature and wavelength
dependence, therefore, is of great interest for the in-
terpretation of the basic phenomena and for the
development of technical applications.!™ For mag-
netic oxides, and, in particular, for garnets only the
two ions Bi** and Pb?* which exhibit an isoelectronic
configuration are known to induce a large Faraday ro-
tation owing to their influence on the octahedral iron
transitions via an increase of the superexchange in-
teraction.*® The available data of the Faraday rota-
tion of Bi- and Pb-substituted iron garnets display
very similar features and therefore suggest that the
basic mechanisms causing the magneto-optical effects
are the same for both ions.

Unfortunately very little information is available on
the Faraday ellipticity being related to the magnetic
circular dichroism. Some results have been reported
concerning the wavelength dependence®’"® but the
temperature dependence has not yet been investigat-
ed except for pure yttrium iron garnet.!” Since the
ellipticity and the rotation are independent quantities
it is necessary to know the dependence on tempera-
ture and wavelength for both in order to obtain a
more complete picture of the magneto-optical effects
induced by the lead. Therefore, we have investigated
the Faraday ellipticity of a series of lead-substituted
gadolinium iron garnet films with respect to these
properties. In Sec. II the theoretical background is
summarized and in Sec. III the experimental results
are presented. In Sec. IV the experimental data are
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compared with the theory and the magneto-optical
behavior is discussed in terms of the possible transi-
tions involved and compared with those of the Bi**
ions.

II. THEORY

The magneto-optical effects can be described by a
complex rotation ® of the elliptically polarized
transmitted light beam with respect to the incident
beam.*!! The Faraday rotation 6y and the angle yg
corresponding to the ellipticity eg are related to the
real and imaginary part of ®, respectively, and can be
expressed as

0r=Re(®/L), ¢p=Im(®/L) , =
1

ep=tanhyy ,

where 0 and Y are defined per unit length. The
complex rotation is composed of a magnetic dipole
(®,,) and an electric dipole (®,) transition given by

Op= 2L S50, (2a)
1
G, =—2(N,—N_) . 2b)
2c

The sum extends over the magnetic sublattices
M(T). n, ¥y, c, and w are the mean refractive index,
the complex gyromagnetic ratio of sublattice 1, the
velocity, and frequency of the light, respectively. N4
and N_ denote the complex refractive indices for
right- and left-handed circularly polarized light,
respectively. Since the main contributions originate
from the electric dipole transitions, 8¢ and Y essen-
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tially are governed by the real and imaginary part of
N.,— N_ being related to the components of the
dielectric tensor

€11 i€12 0
€=|—ien enn 0],
0 0 €33

which for garnets with Mliz is gyrotropic.* > N4
can be expressed by

N—ZL=6111'E12 . 3)
Using the definitions

Ni=ns—iks ,

ex=€xtieg , 4

A=gnetnl), k=3(ks+kl) ,

where k denotes the mean extinction coefficient, the

contribution from the electric dipole transitions to the
Faraday rotation 0f and the ellipticity ef =tanhy§ can
be written as follows*!%;

Op=——2 —(fei,—kely)
T ae@HiD

(5)
YE= (ke +7e) .

T 2(BHED)

From Egs. (5) it is obvious that the magneto-
optical effects solely are controlled by the real and
imaginary part of €;,. This dielectric tensor com-
ponent is determined by the transitions occurring
between the ground states |g ) and the excited states
|e) and is given by'?

-2
512=__2_w_81(_9z:;t_2)_2 SN S (D) Qe (D £ (D= D] ©
1 8e
where
0,(1) - 1 0—iT (1)

0e(1) 0Z(1)—w?+T2%(1) +2iwl (1)

m denotes the electron mass and the factor
(7°+2)?%9 accounts for the Lorentz-Lorenz correc-
tion. g runs over the ground states with occupation
probability wg(1) and e runs over excited states at
energies Fwg(1) having linewidth I',;(1) at sublattice
1. N, is the number of absorbing centers per unit
volume and f,X(1) are the oscillator strengths

Mmwe(1)

f3(1) =—2%

PE(1) (8)

]

) 27 (7 +2)2
€12=—_ﬂ%nﬁ)—)" ]ENI

v 2m(i’+2)?
€nR="¢g;

T 1§:N1‘Ee"w,,(l)p,';(l)[P,;(l)——P,}f(l)] '

where
Pelg(l) =ww¢g(1)ReQ¢g(1) s

Peg(1) =wwe(1) ImQ (1) .

For the off-resonance low-frequency region the sums
over the ground and excited states in Egs. (10a) and
(10b) can be related to the sublattice magnetization'4:

3w (D pe (D[P (1) = (1)1 = Kipy(0) MI(T)
8e
12)

aan

Sws(1)pg(1)[Pg(1) —PH1)]
8.

™

[

for transitions occurring via right- and left-handed
circular polarizations. P,}'(l) are the matrix ele-
ments of the electric dipole moment operators

PE(1)=e(elx; xivilg)]* . )]

Combining Egs. (6), (7), and (8) €}, and €} can be
calculated yielding

(10a)

(10b)

I

A corresponding expression holds for the sum in Eq.
(10b). p/(w) and p;'(w) represent the frequency
dependence and are related to p.(/) and peg (1),
respectively. The K| are constants.

Combining Egs. (1), (2), (5), (9), (10), and (12),
it turned out that both g = 0f + 0f and Yf = yfF +yf
are related in the same way to the magnetic sublattice
magnetizations M,(T) (octahedral), M (T)
(tetrahedral), and M.(T) (dodecahedral) and are
given by
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0p(T) =A ()M, (T) + D ()M (T) + C(0) M (T) , (13a)
Ye(T) =a(0)Mu(T) +d () My(T) +c (o) MAT) . (13b)

The magneto-optical coefficients a, 4; d, D; and ¢, C depend on frequency but are temperature independent
provided the temperature dependence of 7, k, and I';(1) is negligible. The coefficients are related to the quanti-
ties introduced in Eqs. (1), (2), (5), (11), and (12) by

27Tﬁ (h—2+2)2N1 ’ ”"
L(w) _—C 71+m—1—mKl[m(m)+qpl (w)] ] , (14a)
_ 27hn (’72+2)2N1 ’ o
(o) = . M+mmKﬂqp’(m) ' ()] ] , (14b)

where ¢ = k/fand y;=Re%;. A\1=Im#%, is the damping constant and can be related to the ferromagnetic reso-
nance linewidth. L =A4,D,C and [/ =gq,d,c refer to octahedral, tetrahedral, and dodecahedral sites, respectively. m,
accounts for the sign of the sublattice moments where ny=1 and n,=7n.=-1.

For the magneto-optical effects induced by Pb?* and Bi** the transitions are of the diamagnetic type (orbitally
nondegenerate ground state and orbitally degenerate excited states).*'* Assuming the level spacing of the ground
and excited states to be small as compared to the separation Zwg; of the mean energies of ground and excited
states the frequency dependence can be simplified considerably. In the energy region away from the transitions
the frequency dependent terms of 0 and Y can be written as

2
pl() +qp"(w) = ﬁ?::gf:z))? 1+g FS) S (o, wot)] ) (15a)
2
ap/(0) —p/"(0) = E((DZ)IzAw(a}z))(; q- FS) fo, wm)] , (15b)
01—

where f(o, wy) ~1 +ro§w’(w§— «?)~% and ris a constant. Since for the garnets investigated ¢ and I'(1)/w
are small compared to unity the frequency dependence of 6 is simply given by 8r ~ w*( w3, — »?) 2 while that of
yr is expected to be more complex.

TABLE 1. Chemical analysis data of the investigated garnet films. The divalent-lead concentration is obtained from the con-
dition of charge compensation.

Composition Sample x y z Xpyp2+
Y;_,Pb,Fes_,Pt,0,, 1 0.004 0 0.005 0.004
2 0.010 0 0.010 0.010
Gd3_bexFe5_,Pt,012
3 0.357 0 0.048 0.203
4 0.125 0.124 0.014 0.125
Gd;_,Pb,Fes_,_,Sn,Pt,0,, 5 0.191 0.205 0.015 0.191
6 0.325 0.243 0.024 0.296
7 0.132 0.125 0.020 0.132
8 0.263 0.171 0.029 0.232
Gd3_bexFes_y_zGeyPt1012
9 0.443 0.201 0.043 0.344
+0.003 to +0.005 to +0.002 to +0.003 to

Error
+0.009 +0.010 +0.005 +0.010
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III. EXPERIMENT
A. Garnet films

The garnet films of composition
Gd;_4Pb,Fes_,—,M,Pt,01, with M =Ge**, Sn** were
grown by liquid phase epitaxy from a bismuth-free
PbO-B,0; based flux!® onto (111) oriented
magnesium-, calcium-, and zirconium-substituted ga-
dolinium gallium garnet substrates.'® The growth
temperature ranged between 1000 and 1200 K and
the thickness of the films between 1.7 and 9.1 um.
The chemical analysis data for selected film composi-
tions used for the temperature-dependent measure-
ments are compiled in Table I. The platinum enters
the lattice as an impurity and is assumed to occupy
octahedral sites as a four-valent ion. The content of
other impurities was below 0.005 per formula unit.
The valence states of the lead and the corresponding
concentrations are obtained from the condition of
charge compensation yielding Xp2+= -;-(x +y+z)

-and X pptt = %(x —y —z). Further information about

the possible distribution of the Pb** ions over oc-
tahedral and dodecahedral sites can be extracted from
a comparison of the calculated and measured com-
pensation temperature and lattice mismatch.””® The
Ge** and Sn** ions are assumed to occupy exclusive-
ly tetrahedral and octahedral sites, respectively.

B. Magnetization

The comparison of the measured temperature
dependence of the ellipticity with the theory accord-
ing to Eq. (13b) requires the knowledge of the sub-
lattice magnetizations. These can be obtained from
the fit of the molecular-field theory to the measured
saturation magnetization data based on the analysis
data, the present valence states and the distribution
of the ions over the different lattice sites.””!” For
some films the magnetization already has been re-
ported.” Therefore, the measured temperature
dependence of 47 M, is displayed in Fig. 1 only for a
few samples to demonstrate the good fit which can be
achieved.

The saturation magnetization was measured with a
vibrating sample magnetometer in fields up to
1.6 X 10° A/m. The magnetization data were ob-
tained by extrapolation to zero field and are compiled
in Table II for T =4.2 and 295 K.

C. Faraday rotation
The temperature dependence of the Faraday rota-
tion is displayed in Fig. 2 for A =633 nm being al-
ready discussed in Refs. 7 and 8 except for sample 5.
The solid lines represent the theory according to Eq.
(13a) based on the sublattice magnetization inferred
from the fit of the molecular-field theory to the mea-

800‘ Gd3_x Pbx Fes_yMYOH 780
e No2(y=0)
« No3(y=0)
* No.6(M=Sn)
o No.9(M=Ge)
600 — theory 460
€ E
>3 >4
=4 =4
~3 ~
400 440
200 120
0 0

FIG. 1. Temperature dependence of the saturation magnetization. The data for T < T omp refer to the left scale and those
for T > T oy to the right scale. The solid lines were calculated by means of the molecular-field theory.
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TABLE II. Measured magnetic and magneto-optical (at A =633 nm) data for the garnet films investigated.
T=42K T=295 K
Sample T gomp (K) 47 M, (mT) 6p (degem™) g (degem™) 4nM; (mT) 6 (degem™) yp (degem™)
1 R 247 275 -380 180 785 —540
2 283 771 200 0 7 345 -335
3 223 613 —2690 —2950 35 —2310 —2600
4 220 673 —1880 -130 35 —1450 —410
S 189 693 -3120 —280 40 —2410 —610
6 167 602 —-4050 —1140 74 -3350 —1200
7 287 750 —1680 —-244 4 —1430 —580
8 279 716 —2890 —1500 70 —2680 —1550
9 261 663 —4210 —1680 15 —3810 —2500

sured saturation magnetization. The very good
description of the whole temperature variation for all
samples was achieved with temperature independent
magneto-optical coefficients 4, D, and C defined in
Eq. (13a) except for samples 2 and 3 where C was
taken to depend on T.7 The influence of Pb%* on the
octahedral iron transitions leads to a strong linear de-
crease of the octahedral magneto-optical coefficient

corresponding to the effect of Bi**.” Thus 6 de-
creases to negative values with increasing Pb2*
content. The concentration dependence of g at T
=295 K for A=633 nm is shown in Fig. 3 for both
ions. The contribution of the Bi** turned out to be
roughly twice that of the Pb?*.
The values for the rotation at 7=4.2 and 295 K
are summarized in Table II.

@F(103deg cm’)

-2F

o

D 0 a4 @ + @ »

Y3 Fes 012

No. 1

Gd.<Pb,Fes., M, Oy,

No.2(y =0)

No.3(y =0)

No. 4 (M=Sn)
No.5 (M=Sn)
No. 6 (M=Sn)
No. 7 (M=Ge)
No. 8 (M=Ge)
No. 9 (M=Ge)

—— theory

FIG. 2. Temperature dependence of the Faraday rotation at A =633 nm. The solid lines represent the theory according to Eq.

(13a). -
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O (10° deg em’)

FIG. 3. Concentration dependence of the Faraday rota-
tion for lead- and bismuth-substituted gadolinium iron gar-
nets at A =633 nm and T =295 K.

D. Faraday ellipticity
1. Experimental conditions

The wavelength dependence of the Faraday ellipti-
city Y at room temperature was determined from the
measured circular dichroism Aa=a+—a-
= (47/180) yr where a4+ and a— denote the optical
absorption coefficients for right- and left-handed cir-
cularly polarized light. a4+ and «a- were obtained
from the hysteresis loop of the transmitted intensity
using a Glan-Thomson polarizer and a well adjusted
Babinet-Soleil compensator. In the short-wavelength
range the monochromatic lines of an Ar* laser were
used instead of the monochromator equipment with
6-nm resolution to account for the strong dispersion
peak at A =490 nm.

The temperature dependence of yr at A=633 nm
was measured by means of an optical cryostat
(42 <T=<300K) and anoven 00K <T < T¢).
The polarimeter equipment was supplied with an au-
tomatic nulling procedure.'® A quarter-wave plate
behind the sample being adjusted with its axis parallel
to the incident polarization transforms yf directly
into a rotation of the azimuth measured by a rotation
of the analyzer until minimum transmitted intensity

is reached. Some problems arose from the stress-
induced birefringence of the four windows of the cry-
ostat and the two of the oven. Although the win-
dows had been carefully selected and mounted a
maximum variation of the Y values of up to 1°
could occur when the azimuth of the incident polari-
zation was rotated by 360°. Therefore, the azimuth
of the incident polarization was chosen such that ¢
data at room temperature measured with and without
cryostat or oven are in agreement within 10%. An
additional source for errors is the birefringence of the
substrates.

The hysteresis loops of the ellipticity were mea-
sured in fields up to 1.3 X 10 A/m and the reported
yr values were derived from extrapolation to zero
field.

2. Experimental results

The wavelength dependence of the ellipticity is
shown in Fig. 4 for some of the lead-substituted films
and for one bismuth-substituted film (dashed line).
The lead films are characterized by a strong peak
around 490 nm while in the case of the bismuth this
peak occurs around 450 nm.>7 For longer wave-
length the Pb** ions obviously give rise to a higher
contribution to g than the Bi** ions. Further a dif-

Alnm)
450 500 5§O 600 650 7Q0
-5t
-10+
Gd,.Pb,Fes. M, 0,
e e No.2(y=0)
O -15F + No.5 (M=Sn)
§' s No.6 (M=Sn)
S v No.7 (M=Ge)
= s No.9 (M=Ge)
> .
201 Gd, 65 Big35Fe.7 Gag30y;
-5t
-30f ;’
|
|
[}
]
-5l !

FIG. 4. Wavelength dependence of a bismuth-substituted
gadolinium iron garnet film (dashed line) and of lead-
substituted gadolinium iron garnet films (solid lines) at
T=295K.
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A " Y;FesOy
o No.1
Gds., Pb,Fes M, 0,
e No.2(y=0)
No.3(y=0)
No.4 (M=Sn)
No.5 (M=Sn)
No.6 (M=5n)
No.7 (M=Ge)
No.8 (M=Ge)
No.9 (M=Ge)

FIG. 5. Temperature dependence of the Faraday ellipticity
for a yttrium iron garnet film and lead-substituted gadolini-
um iron garnet films at A =633 nm.

6 0 am + & »

-3.5#

ferent behavior is present for different charge com-
pensations of the Pb?* jons. For those garnets where
Xp4+=0 a lower value for |yel is found than for
compositions with Xppit > 0 which becomes evident

from a comparison of samples 4 and 7. For composi-
tions with higher Pb** content yr even can become

Xpp2+. Xgj3+
0 01 02 03
-0 T - T
~.
\\\
~ .
O Gd,_, Bi,FesOy,
-5 \\\
\\
~.
= \\
'€ -10} ~
: ~~
S
K=
"_;L
151
Gd,_, PbxFes~y My 0,
-20k

FIG. 6. Concentration dependence of the Faraday ellipti-
city for lead- and bismuth-substitued gadolinium iron gar-
nets at A=514 nm and T =295 K. The symbols O, ®, and
® refer to compositions where charge compensation is main-
tained by Ge*t +Pb**, Sn**+Pb**, and Pb**, respectively.

comparable in magnitude with 6 for longer
wavelengths.

The temperature dependence of Y has been mea-
sured at A =633 nm and is presented in Fig. 5. All
samples with a low lead content exhibit a minimum
occurring between T =350 and 500 K except
for yttrium iron garnet where the minimum was
found around T =250 K. While for Y;Fes0;; the
temperature dependence of Yy and O is similar it
differs considerably for lead-substituted garnets. In
particular, the shift of the minimum of ¢ to higher
temperatures and the steep decrease at the Curie
temperature in comparison to the M, and g varia-
tions are typical features of Yy which have to be
attributed to the lead.

The concentration dependence of Y is displayed in
Fig. 6 at T =295 K and A =514 nm since at this
wavelength ¢ is of comparable magnitude for lead
and bismuth which for the latter at A=633 nm be-
comes very small (see Fig. 4). The linear relation-
ship again confirms that the magneto-optical behavior
of lead-substituted garnets has to be attributed ex-
clusively to the Pb?* ions. The optical absorption «
also increases linearly with increasing Pb%* content

yielding Aa/x, +=4.2 X 10 cm™ at A=514 nm.

IV. DISCUSSION
A. Wavelengths dependence

Pb?* and Bi** ions cause large Faraday rotations
owing to their influence on the octahedral iron transi-
tions via a significantly increased superexchange in-
teraction. The wavelength and temperature depen-
dence of 6 show comparable characteristics for both
ions. From the frequency dependence expressed by
Eq. (15a) for one sublattice a wavelength dependence
of the contribution of the Pb?** ions to the rotation
Abp= OF(be2+) - op(be2+=0) according to the rela-

tion
g2
(A2—2d)?

is expected where 9¢(7T) represents the frequency-
independent quantities. Therefore a plot of AAGF2
versus A2 should give information about the position
of the transitions being responsible for the magneto-
optical effects. For samples 6, 8, and 9 a linear rela-
tion results as shown in Fig. 7. From the extrapola-
tion to zero for AA9~12 Ao was deduced to be approxi-
mately 412 nm which is in good agreement with the
result for bismuth iron garnets where Ao was found to
be 417 nm.!® The frequency dependence of g is
more complicated. Away from the absorption center
Eq. (15b) predicts Y to vary as

0*(wf—w?) 2 g —Tf (wy, w)/w]

Ag(N) =9§(T) (16)
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Gd,_Pb,Fes  M,0;,
20+ s No.6 (M=Sn)
o No. 8 (M=Ge)
& No.9 (M=Ge)
& 15r
P
©
€
£
g
3 10}
=
5..
0 1 //ll 1 1 1 1 1
0 02 04 0.6

1082 (nm?)

FIG. 7. Wavelength dependence of the modified Faraday
rotation for lead-substituted gadolinium iron garnet films
(see text).

assuming I'(1) =T. Since
S (wg, ) ~1 +rolo*(wi—w?)?

there are three different frequency terms. If one of
these dominates a wavelength dependence similar to
Eq. (16) is expected. A comparison with the experi-
mental data, however, shows a more complicated
behavior suggesting a mixing of the different terms.
From the results reported in our previous work”-3
and from the measured wavelength dependence of
the ellipticity it can be concluded that the magneto-
optical behavior originating from the Pb?* ions can be
interpreted in analogy with that of the Bi** ions in
garnets. The principal frequency dependence of ei,
and €13 according to Egs. (10) is sketched in Fig. 8
for a diamagnetic transition at wg which applies for
the optical transitions of the trivalent iron ions. Here
it should be noticed that the signs of 6 and Y are
related to €1, and €3 via Egs. (5) as shown in Fig. 8
provided only one sublattice contribution dominates.
This applies for Y3FesO, and GdsFesO;, where the
octahedral sublattice gives the main contribution.
Otherwise the signs of 6f, Y and €1,, €] are correlat-
ed in a more complex manner owing to the different
sublattice contributions. The solid and dashed lines
in Fig. 8 correspond to different values of the line-
width . For the higher I'; (dashed line) the follow-

€,
(a)
— i)
—— = Pb?([,)
»
AN
N\
\\
N w
\\§_//
E<—-meosured ronge-—f
B ] H
Ebl
12
(b
»
I\
e N\ g w
. =
\\ //
N 7
N2

FIG. 8. Schematic representation of the frequency depen-
dence of (a) the real (€},) and (b) the imaginary part (e}5)
of the off-diagonal dielectric tensor component for the case
of a diamagnetic transition. The solid and dashed curves ac-
count for a lower (I';) and higher (I';) value of the
linewidth, respectively (see text).

ing significant differences in the frequency depen-
dence occur with respect to the I'; case: (i) reduction
of 8z ~ — €1, around the extrema at wy and w,, a shift
of w;(8r=0) and w, towards lower frequencies, (ii)
reduction of Y ~ — ge€1r — €13 around wg and a rise of
Yr for @ >> wy, a shift of w; (extremum of Yg) to-
wards lower frequencies. These changes of the spec-
tra of Or and yr for the Pb?>*-substituted garnets as
compared to those of the Bi’**-substituted garnets
indeed are observed. For Pb?* g at ) is reduced by
a factor of 5 (Ref. 7) and Yk at w; approximately by a
factor of 2.5 (Fig. 4, Ref. 5) compared to the corre-
sponding values of Bi** at w; and w;. For w < w{ the
Pb?* contribution to r is larger than that for Bi**
(Fig. 6) and the wavelength shift corresponding to

; — o] was found to be approximately 40 nm (Fig. 7,
Ref. 19). This agreement between theory and experi-
ment indicates that the two ions Pb?* and Bi**
enhance the same iron transitions which leads to
similar magneto-optical effects. The differences in
the wavelength dependence can be attributed to a
larger linewidth of the iron transitions in the lead case.
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Gd;.,Pb,Feg , M,0;,

al10dem’), - LpF(‘IO3 degcm’')

1
5 05 10 0
X PbL‘

FIG. 9. Variation of the optical absorption and the Fara-
day ellipticity with the Pb** content at A =633 nm and
T =295 K. The symbols O, ®, and ® refer to compositions
where charge compensation is maintained by Ge** +Pb4,
Sn**t +Pb**, and Pb**, respectively.

Although the origin of the magneto-optical effects
in these materials has to be attributed solely to the
divalent lead ions small differences in the wavelength
dependence are present with respect to the different
charge compensating ions.® The differences for com-
positions with Pb?*, Ge** and Pb?*, Sn** where x
=y +z are of minor importance but for those com-
positions where x # y +z and a self-compensation oc-
curs for a significant part of the lead considerably
higher values of 0 and y are observed for A > 600
nm. In this wavelength range a direct relation to the
Pb** content was found as shown in Fig. 9 for the
optical absorption and the Faraday ellipticity at
A=633 nm and T =295 K. This suggests that a
charge transfer mechanism between the lead ions or
the iron ions is involved which also may cause the
higher linewidth.

For garnets containing Pb?* and Pb** the higher 6
and Y values as compared to Bi** might be of some
interest for technical applications in the infrared.

B. Temperature dependence
The temperature dependence of Y is expected to

be governed by the sublattice magnetizations accord-
ing to Eq. (13b). These sublattice magnetizations be-

ing expressed in Bohr magnetons per two formula
units were obtained from the fit of the molecular-
field theory to the measured saturation magnetization
(Fig. 1) as discussed in Sec. IIIB. The comparison of
the theory and the experimental ¢ data of Fig. 5 are
shown in Fig. 10 assuming the coefficients a, d, and ¢
to be temperature independent. For c the same value
has been used for all compositions except for
Y3FesO;, where ¢ =0. These coefficients are listed in
Table III for some samples. A satisfactory fit of the
experimental data was achieved for the samples with
a low lead content while the deviation between exper-
iment and theory is significant for those with a high
lead content which is in contrast to the case of the
Faraday rotation (Fig. 2). In particular, the oc-
currence of the shallow minimum of yr at relatively
high temperatures which is not present for 8g(T) in-
dicates a temperature dependence of the coefficients
a and d. Inspection of Eq. (14b) shows that different
sources for a variation of the coefficients with T can
be considered. The magnetic part via \; is related to
the resonance linewidth and therefore is a function of
T. This contribution, however, is negligible with
respect to the second term in Eq. (14b) originating
from the electric dipole transitions. The mean refrac-
tive index 7, the mean extinction coefficient k, and
linewidth T'(1), however, are also functions of tem-
perature and may be responsible for these differences
between theory and experiment. In particular, k and
I'(1) are expected to increase with increasing T and
thus would tend to shift the calculated maximum to-
wards higher temperatures which would improve the

Y,Fes0,,
o No1
Gdy..Pb,Feg M, 0;,
* No.2(y=0)
+ No.3(y =0)
30F + No.4 (M=Sn)

No.7 (M=Ge)
No. 8 (M=Ge)

FIG. 10. Temperature dependence of the ellipticity at
A=633 nm. The solid lines represent the theory according
to Eq. (13b) assuming the coefficients a, d, and ¢ to be tem-
perature independent.
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TABLE IIl. Magneto-optical coefficients of the Faraday
ellipticity expressed in wz! degem™.

Sample a d c

1 —141.2 81.5

2 -232.3 150.4

3 -125.4 -19.8

4 —249.7 146.2 2.74
8 —454.6 260.1

agreement with the measured data. Since no experi-
mental results about the temperature behavior of
these quantities are available this problem could not
be solved. Therefore, the values of the coefficients
given in Table III can be regarded as a rough esti-
mate only. They demonstrate, however, that in ac-
cordance with those being related to the Faraday rota-
tion™® the octahedral coefficient is much more affect-
ed by the lead ions than the tetrahedral coefficient.
To extract the Pb?* dependence of these coefficients
a correction with respect to the tetrahedral and oc-
tahedral substitutions is necessary but this requires a
higher accuracy of the values of a, d, and c.

V. CONCLUSIONS

The wavelength and temperature dependence of
the Faraday ellipticity of lead-substituted gadolinium
iron garnets can be interpreted in terms of enhanced
iron transitions in correspondence to respective

bismuth garnets. Thereby, the main differences of
the observed magneto-optical effects induced by the
divalent lead can be explained on the basis of a larger
linewidth of the optical transitions involved as com-
pared to that for the bismuth case. Small differences
of the wavelength dependence originate from different
charge compensation of the Pb?* ions. In particular,
compositions exhibiting self-compensation of the lead
are expected to be characterized by higher values of
the rotation and ellipticity in the infrared.

The temperature dependence of the ellipticity mea-
sured at A =633 nm is very different from that of the
rotation and shows a minimum at relatively high tem-
peratures. For low lead concentrations good agree-
ment was found with the theory predicting a variation
in terms of the sublattice magnetizations. For higher
lead concentrations the deviation between theory and
experiment becomes more significant which can be
attributed to a temperature dependence of the
magneto-optical coefficients. Further, these coeffi-
cients are affected by the Pb?* ions such that the oc-
tahedral coefficient is much stronger reduced than
the tetrahedral coefficient and therefore essentially
causes the pronounced increase of the Faraday ellipti-
city which is in accordance with the situation for the
Faraday rotation.
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