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The effect of magnetization on the optical indicatrix of magnetic crystals is considered phenomeno-
logically. In the general case, magnetization changes cubically symmetric garnets into biaxial gar-
nets and the position of the optical axes depends on the sign and magnitude of the three magneto-
optical coefficients p,;, P12 and p4s. Magnetic birefringence in yttrium, samarium, europium,
gadolinium, terbium, dysprosium, holmium, erbium and lutecium iron garnets is investigated ex-
perimentally at a wavelength A =1.15 u and at room temperature. The magnitude of magneto-
optical anisotropy and the position of the optical axes are determined. Temperature investigations
of magnetic birefringence are carried out in yttrium iron garnet (from 77 to 440°K) and in
samarium, europium, terbium, dysprosium and holmium iron garnets (from 77 to 295°K). The
observed temperature behavior cannot be described by a simple quadratic dependence on magneti-
zation and its description apparently requires allowance for the contribution of separate sublattices
to birefringence. It is shown that iron garnets are a peculiar type of tunable optical crystals in
which the birefringence magnitude and the position of the optical axes may be varied in broad limits
by rotation of the magnetization in the crystal, by synthesis of crystals containing various amounts

of paramagnetic ions in the sublattices, and also by temperature variation.

1. INTRODUCTION

THE first to report visual observation of birefringence
of light in iron garnets (chemical formula of the type
XsFes;0;2) was Dillon'*), The birefringence was re-
vealed by the contrast between domains magnetized in
different directions in the plane of a crystal plate on
which light was normally incident. Later papers!?3
reported measurements of magnetic birefringence or
the Cotton-Mouton effect in a number of iron garnets.

The birefringence observed in garnets and also in a
number of other crystals with different magnetic
structures'®! is quite large, An ~ 10°—107%, An in-
vestigation of this phenomenon in magnetically-ordered
crystals is of considerable interest, since it makes it
possible to relate the optical and magnetic character-
istics of the crystals. Establishment of such a relation
is important for the study of the spin dependence of the
polarizability of crystals. Such a relation can be used
extensively for the study, by optical methods, of the
magnetic structure of crystals, the magnetizations of
sublattices, magnetic phase transitions, and other
phenomena.

We note that investigations of the Cotton-Mouton
effect in paramagnets have recently attracted consider-
able interest!,

We present here a phenomenological analysis of the
deformation of the optical indicatrix of cubic crystals
under the influence of magnetization, present the main
formulas describing the birefringence of light propa-
gating along the principal crystallographic directions,
and consider the positions of the optical axes as func-
tions of the relations between the magnetooptical coef-
ficients. The experimental part of the paper is con-
nected with investigations of birefringence in yttrium
and rare-earth iron garnets with the magnetization
oriented along different crystallographic directions.
In addition to room-temperature data, results of tem-

perature-dependence investigations will be presented
for certain crystals. These investigations have re-
vealed great variability in the temperature behavior of
birefringence.

2. DEFORMATION OF OPTICAL INDICATRIX UNDER
THE INFLUENCE OF MAGNETIZATION

Polarized light propagating along an arbitrary direc-
tion in a magnetically ordered crystal should experi-
ence a change in its state of polarization. This change
is connected with the fact that any magnetically ordered
crystal, even if it is cubic from the point of view of
crystallographic symmetry, such as ferrites with
garnet or spinel structure, is an optically anisotropic
medium. The optical anisotropy may be connected with
a lower than cubic symmetry of the crystal, which
leads to a natural birefringence, with magnetic circu-
lar and linear birefringence arising in the presence of
a spontaneous ferromagnetic or antiferromagnetic
moment[5], and birefringence due to magnetostriction
deformations.

We shall analyze the propagation of light within the
framework of the concept of the optical indicatrix of a
crystal!®?] the equation of which can be written in an
arbitrary coordinate frame in the form

Bixzy=1, 1)

and in the particular case of a cubic crystal in the
form
Bo(z + x>+ z*) =1, (2)

where By = 1/nZ and n, is the refractive index.
Equation (2) describes the optical indicatrix of a
cubic crystal without allowance for magnetic ordering.
The change of the refractive indices connected with the
presence of spontaneous magnetic ordering is identical
with the change of the shape, dimension, and orienta-
tion of the optical indicatrix. In the general case, for
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arbitrary orientation of the magnetization, the equation
of the indicatrix takes the form

Bx,® -+ B.x.* + Byxs® 4 2B.z.z, + 2Bstozs + 2Bexizs = 1, (3)
where the sysfem of contraction of the number of
indices is used!®,

The change of the coefficients ABjj under the in-

fluence of the magnetization can be obtained by solving
the matrix equation

ABy = pip MM, = pipaonon M2, (4)

In cubic crystals, the tensor pjji; has only three non-

zero components, P11 = P11, P11ze = P12 and Pagqq
= p4'®%. The expanded form of (4) is

AB, B, — B, Pie Pz Pz 0 0 0 o,® (5)
AB, B, — B, Piz PPz 0 0 O o,

AB; By — B, Pz PPy 0 0 0 oty

AB|=| By |=|0 0 0240 0 ||aa|M

AB, By 0 0 0 0200 Olg0ly

ABg t By 0 0 0 0 0204 |oa,

01307 - 019007 - Prats®
012042 4 P11%? - Pradty® —‘
P1204% 4 Pratta” - 1y ' .

= 20440410ty .

2044005003

20410403 1

The equation of the indicatrix has been written out with
only the terms quadratic in the magnetization taken
into account, i.e., it should describe only effects of
birefringence of light. However, the presence of
spontaneous magnetic ordering should lead to gyro-
tropic phenomena, which are linear in the magnetiza-
tion. In the present paper we shall consider only bire-
fringence effects, i.e., we shall analyze the phenomena
occurring with light propagating perpendicular to the
magnetization, when the gyrotropy vanishes.

Let us analyze the main cases of birefringence for
magnetization directed along the principal crystallo-
graphic directions of a cubic crystal.

2.1. M i {001] (Fig. 1a). In this case the change of
the principal refractive indices of the deformed indi-
catrix is

Any= Angpy = — 1/2nuspan,

(6)

Any = ARy = Afgy == — om0 M2

It follows therefore that the birefringence for a light
beam propagating in the [100] or [010] direction is
given by

FIG. 1. Main cases of orientation of magnetization in a cubic crystal
and variation of the refractive indices: a—M || [001] : Any = Angg,y,
Any = Anyoo = Angye; b-M || [111]: Any = Anyyy, An; = Anyg, = Any o =
Angy;c—M I [110]: Any = Anyyo, Angey # Anygp.
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An = ny— ny = —on* (011 — pp.) M2 (7)

A similar result is obtained when light propagates
along any direction in the (001) plane perpendicular to
the magnetization. In this case, the magnetization
causes the cubic crystal to change from an optically
isotropic one into a uniaxial crystal, and the direction
of the optical axis coincides with the direction of the
magnetization.

2.2. M il [111] (Fig. 1b). The changes of the refrac-
tive indices in the magnetization direction An,;,;, and
for any direction perpendicular to [111], for example
An(]ll, are

Ann = Anyy == _llenna(pn + ng: + —/LDH)AWZ, (8)
An;_ = Angy = —1/67103(911 + 2912 — 2941)1”2,

and the birefringence for light propagating perpendicu-
lar to [111] is given by

An = ny—ny = —npul> (9)

Just as in case 2.1, for such an orientation of the mag-
netization the optically isotropic crystal becomes uni-
axial with the optical axis along the magnetization.

2.3. M Il [110] (Fig. 1c¢). The principal refractive
indices of the indicatrix are changed in the following
manner:

Angy = —1/4710?'(!311 + P12 + 2PAA)MZY
Ango= —1/47103(9;1 —+ P12 — Zpu)Mz, (10)
Angoy = —-—‘/znﬁpuMz.

The birefringences for light beams propagating along
the directions [001] and {110] are given by different
formulas:

k|l [001],
An =ny—ny = —1/n,’ (P11 — P12 + 2pu) M?, (1 2)

An=ny—n, = —noapusz (11)
k| [110],

i.e., unlike in cases 2.1 and 2.2, the crystal becomes
optically biaxial.

To describe the optical behavior of cubic crystals
under the influence of magnetization, it is convenient
to introduce the ratio of the birefringence values in
the two principal cases 2.1 and 2.2, namely the ratio

204 , (13)
P11 — P12
which describes the magnetooptical anisotropy. If
a =1, then it follows from (7), (9), (11), and (12) that
at any orientation of the magnetization in the crystal
the birefringence will have the same value, i.e., the
birefringence will be isotropic. In this case the
crystal will be optically uniaxial, with an axis directed
along the magnetization, If a = 1, then the crystal will
be magnetooptically anisotropic, and magnetization
will transform it into an optically biaxial crystal, with
the positions of the optical axes dependent on the sign
and magnitude of the ratio (13). It is interesting to note
that if a = 1, then the birefringence will be observed
also when the light propagates along the magnetization
(in addition to the particular cases 2.1 and 2.2), which
leads, in conjunction with the longitudinal Faraday ef-
fect, to gyroanisotropy of the medium, Experimental
observation of this effect in terbium iron garnet was
reported in{ %),

We present here a formula describing the bire-
fringence of light passing through a plate of a cubic
crystal magnetized in its own plane. Let the direction
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FIG. 2. Position of optical axes in a
cubic crystal when the magnetization
is oriented along the two-fold axis at
different values of the magnetooptical-
anisotropy parameter a.

cosines «j determine the orientation of the magnetiza-
tion relative to the crystallographic axes. By defini-
tion, the direction of propagation of light k is perpen-
dicular to the magnetization. Another direction of im-
portance for birefringence is the one perpendicular to
the magnetization and to the light beam. We define this
direction by the direction cosines Bj. Obviously, by the
same token we have defined any direction lying in the
plane perpendicular to the magnetization. We have for
the birefringence

An=ny—n, = 'f2(ne)°’M*[(p1s — pz) (&:* + " + as*
- a12ﬁ1? — azzﬁzz — axzﬁsz) +zpu(aizﬂzz
+ a’as® 4 02"0s® — 0402BiBr — @2asB2Ps — a;aaPifs) ].

(14)

3. POSITION OF OPTICAL AXES IN MAGNETIC
CRYSTAL

As noted above, a cubic crystal becomes in the
general case biaxial under the influence of magnetiza-
tion., Only if the magnetization is oriented along the
high-symmetry directions (the edges and diagonals of
the cube), and also if the condition for optical isotropy
is satisfied, is the crystal uniaxial with optical axis
along the magnetization. In all other cases, the posi-
tion of the optical axes is determined by the ratio of
the coefficients p;; — p;2 and p4. This position can be
determined from the condition (%]

tgV=_[(nn—mn) / (ng—n,)]%, (15)

where V is the angle between the optical axis and the
magnetization direction, and ng, ny, and np are re-
spectively the largest, medium, and smallest principal
refractive indices. By definition, the optical axes al-
ways lie in the plane of the indicatrix with ellipse
semiaxes ng and n;,.

Let us analyze the positions of the optical axes,
directing the magnetization along the two-fold axis,
M 1 [110] (Fig. 2). We break up the possible cases in
accord with the values of the parameter of the magneto-
optic anisotropy a.

3.1. 1 =|a| == (Fig. 2). We assume that 0 <p,,
- P12 = 2p44; we then obtain from (10)
= Nooy, Dp = N1 and, using (15), we have

(pu_pn'—ZDu) (— 1) a—1
ith:V 0 =V a1’

u— Pzt 20w
where a is the parameter of the magnetooptical aniso-
tropy, and the angle is reckoned from the direction of
the magnetization in the (001) plane. When a = +1, the
optical axis is directed along the magnetization, and at
a = -1 it is perpendicular to the magnetization along
the [110] axis. At a =+, the optical axes make an
angle of 45° with the magnetization, i.e., they lie along
the mutually perpendicular fourfold [100] and [010]axes.

=N;i0, N

(16)
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3.2, 0 = a =1 (Fig. 2). Using (10) and (15), we get

——— 1)
+tgV =V Pu Z;: 2006 _ V
44

1—a
2¢ '
where the angle is reckoned from the direction of the
magnetization in the (110) plane. At a =1 the optical
axis lies along the magnetization, and at a =0 it is
perpendicular to the magnetization along [001].

3.3. 0 =a = -1 (Fig. 2). When this condition is
satisfied, the optical axes lie in the (110) plane and the
angle between the optical axis and the [110] direction
can be determined from the formula

Pu— P2+ 20u —1—a
v n _yTi
g 2a

—4pu
When a =0, the optical axis coincides with the [001]
direction, and at a = -1 it coincides with the [1T0]
direction.

When the magnetization swings from the [110]
direction to another direction, say [001] or [111], the
angle between the optical axes decreases and vanishes
when the magnetization coincides with these directions
(at all values of a).

(18)

4. METHODOLOGICAL REMARKS

The experimental investigation of the birefringence
was carried out with the setup described in'?), The in-
vestigations were made at helium-neon-laser wave-
lengths A =1.15 p and 3.39 u in fields up to 24 kOe.
The phase difference between the two waves passing
through the sample was registered, just as in[?), with
a compensator, and also with a quarter-wave mica
plate.

We investigated in the experiments plates of garnet
single crystals cut in the principal crystallographic
planes (100) (110), and (111). The samples were
oriented relative to the developed crystallographic
faces and by x-ray diffraction. The sample thickness,
depending on the crystal transparency, ranged from
0.5 to 5 mm. To eliminate errors in the determination
of the birefringence due to inaccurate setting of the
crystals, we measured the birefringence at different
orientations of the magnetization in the plane of the
sample, by rotating the crystal around the light propa-
gation direction. When using formula (14), such curves
made it possible to monitor the correctness of the pre-
liminary orientation and to obtain more reliable values
of the birefringence.

The investigations have shown that, in spite of the
fact that the garnets are cubic, many samples exhibit
strong birefringence in the absence of an external
magnetic field, By way of an example, Fig. 3 shows

FIG. 3. Birefringence of light in one
sample of dysprosium iron garnet in the
absence and in the presence of a mag-
netic field in the (110) plane; T = 295°K,
A=1.15u
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the birefringence of one sample of dysprosium iron
garnet in the absence and in the presence of a magnetic
field. The reason for such a strong birefringence of
certain samples is still unclear. It cannot be connected
with crystallographic stresses or with an asymmetrical
domain structure. Most samples on which measure-
ments were made revealed no birefringence in the ab-
sence of an external field.

In Fig. 3 and further in this article, the birefring-
ence is expressed in terms of the phase difference ac-
quired by two linearly polarized waves after passing
through a crystal 1 cm thick. The phase difference g
is connected with the difference between the refractive
indices by the relation

=2a(ny—ni) /A,

where A is the wavelength of the light.

The temperature dependences of the birefringence
were investigated in a cryostat cooled to 77°K at a
fixed position of the crystals.

Table I, Magnetic birefringence of iron
garnets at T =295°K, x = 1.15 4, and H
= 20 kOe

H | [100]

H | [i11]

Crystal

8, deg/cm 8. deg/cm

Y3Fes0,»
Y3Fey,3Gao, 7012
Sl’llaFEsOlz
EusFesOy,
GdsFes0,
ThsFesO.2
DysFesOy2
HosFesO 2
Yr;FesOyo
LusFesOy2

Q

120
50
250
320
124
45
30
85
110
100

160

90
155
312
160
115
110
155
167
165

—
SIS IS IR ESES F RS

WWNO— O 00— W
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MoaNORrONOD®
oo~ m—
badinhag -4 8885

£, deg/em
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N ‘\/
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X 7{“ g 7 «
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o

160

720
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5. MAGNETIC BIREFRINGENCE OF GARNETS

Table I gives the results on the magnetic bire-
fringence of all the investigated iron garnets. The
table lists the refractive-index difference An =n; — nj
(in units of 10™°) and the phase difference 8. Figure 4
illustrates cases where the birefringence was meas-
ured while rotating certain garnets about the direction
of light propagation in the (110) and (100) planes. The
solid curves were calculated in accordance with
formula (14).

It is interesting to note that the maximum value of
the birefringence is observed when the magnetization
is oriented in the (110) plane at an angle of approxi-
mately 50° to the [100] direction, and when M 1 | 111]
the birefringence turns out to be somewhat smaller
(about 5%) (Figs. 4a, b, c). When the magnetization is
rotated in the (100) plane (Fig. 4d), the birefringence
at the extremal points is proportional to (p,; — p2)
and 2p44 according to (7) and (11).

At room temperature, as seen from Table I, all the
garnets can be subdivided, in accordance with their
birefringence, into two groups, with a > 1 and a <1
(Table II). The case a < 1 is realized in the samarium
and europium iron garnets (Fig. 4c). The value of a
increases on going from Sm;Fes0,; to EusFe;0,,, i.e.,
as the 4f shell becomes filled. Starting with Gds;FesO;.
and beyond, we have a > 1, and a certain correlation
is observed between the value of a and the effective
magnetic moment of the trivalent rare-earth irons.

The closest to being optically isotropic crystals
(a =1) are europium iron garnets. The strongest devi-
ation of the parameter a from unity is observed for
dysprosium iron garnet. For yttrium iron garnet,

a = 1.335. The magnetooptical anisotropy increases to

*‘lﬂ, deg/cm 7
O

001
200 ~ \\/
N

- § S§

ﬂ 1 :“J;J;J; 1 ! 1

89 160 240 F20 o, deg

70 4\:/5) deg/«zm /{\ /.\‘\
VAVAVAY/

00 Y j \h/x A J
. 40
o 1L r b1l
6‘” ig I§ i I E | 1 N S S 1 1 H'E: |§.4 1 §| i ! J
7 8 50 240 Jile«,deg 7 a0 60 240 Flh, deg

FIG. 4. Magnetic birefringence of light in yttrium (1) and terbium (2)
iron garnets (a), in holmium iron garnet (b), and in samarium (1) and
europium (2) iron garnets (c) with rotation of the magnetization in the
(110) plane. T = 295%K, A = 1.15 g, H= 17 kOQe, k || [110]; magnetic
birefringence of light in terbium iron garnet (d) with rotation of the
magnetization in the (100) plane. T = 295°K, A = 1,15 u, H = 16.5 kOQe,

k|l [110].
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Table II, Magnetooptical anisotropy a and
the angle between the magnetization and the
optical axis for the investigated garnets

Crystal a v Crystal a v
Y;Fes0;, 1.335 | 20°40" || ThsFes0ys 267 | 34°
YsFes,sGao,7012 | 1.80 28°5" DysFe;0, 3.67 37°8"
SmsFesOya 0.62 28°65’ |[HcsFesOig 1,825 | 28°20/
FusFesOs 0.975 6°30/ LrsFe;0p0 1.52 25°40/
GdsFes0;2 1.29 19°35” || luaFe;0)2 1.65 26°22"

a = 1.80 when the iron ions in the tetrahedral sub-
lattice are partially replaced by gallium ions.

We note that the ratio analogous to (13) for the
elastic constants in yttrium iron garnets is 0.95, i.e.,

the crystal is elastically isotropic with accuracy 55112,

The analo%ous ratio for the photoelastic constants
equals 1.8

Table II gives, besides the parameter a, also the
angle of inclination of the optical axis to the magneti-
zation, if the latter is directed along a two-fold axis.

A study of the birefringence of the garnets at the
wavelength A = 3.39 4 has revealed a small decrease
of the effect compared with the wavelength A=115u,

Recently, Dillon and co- -workers!'*] reported the
results of measurements of magnetic birefringence in
yttrium and rare-earth iron garnets at room tempera-
ture and at 77°K for two principal orientations of the
magnetization along [100] and [111]. For a number of
crystals (yttrium, europium, samarium, gadolinium,
and holmium iron garnets) our data at room tempera-
ture either coincide with the results of**! or differ
slightly (by not more than 10—15%). For terbium,
dysprosium, and erbium iron garnets, the discrepancy
between the values of the birefringence is appreciable.
For example, for Dy3Fe5012 the disparity between the
data of Table I and'**] reaches 200%. It should be noted
that such a situation is characteristic of room temper-
ature, where the birefringence due to the imperfection
of the crystal may be comparable with magnetic bire-
fringence (see the curve for DysFesO;. in Fig. 3). At
low temperatures, when the magnetic birefringence be-
comes predominant, the data of the present paper are
in much better agreement with!*), For example, for

—/ﬂ, deg/cm
7200
71200 77°
22,6x0e ) 40
|
oot |
400
40+ 295°K
- U J - L L
17 k0o w "5 20 15
7 N ) | . K xOe
v/ 200 300 400 s T K

FIG. 5. Temperature dependence of the magnetic birefringence in
yttrium (1) and europium (2) iron garnets. Insert—field dependences
for EusFes0,, (the horizontal lines show that the birefringence de-

creases with increasing field). All the curves were measured at A = 1.15 u.

The dark dots correspond to orientation of the external field along
[001], and the light circles to orientation along [111].
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‘}5, deg/cm

600 - /8 kOe
war

200 -

I //z;w’w
14 /
- 1 1
ZW”

H Il ]
s Y/ 50 200 250 700

FIG. 6. Temperature dependence of magnetic birefringence in
samarium iron garnet with the external field oriented along the prin-
cipal crystallographic directions in the (110) plane. The light circles
and dots denote the same as in Fig. 5.

the same Dy;FesO,, crystal at 77°K, the birefringence
as given by the two papers is practically the same. It
should be noted that the strong temperature and field
dependences of the birefringence at low temperatures
require strictly identical experimental conditions when
the results are compared.

6. TEMPERATURE AND FIELD DEPENDENCES OF
BIREFRINGENCE

Yttrium iron garnet. The temperature dependence
of the birefringence at M Il {100} and k L M was in-
vestigated for this crystal in the interval 77—440°K in
a field 16 kOe. Figure 5 shows the temperature de-
pendence obtained as a result of averaging several
measurements., The temperature dependence of the
product of the magnetization of the octahedral and
tetrahedral sublattices of YsFes05.'**'*] was also cal-
culated. Comparison, in relative units, has shown that
at low temperatures this curve coincides with that of
the birefringence, but the curves diverge starting al-
ready approximately at 200°K, and the birefringence
decreases more rapidly than the product of the mag-
netizations. Better agreement can be obtained by tak-
ing additional account of the contribution of the octa-

FIG. 7. Dependence of magnetic g
birefringence on the external field in %, - ~
the (110) plane in samarium iron <

. OGO m =000
garnet at different temperatures. The 0 e
light circles and dots denote the same ¢
as in Fig. §. )
o
-100} %
-0 80%
-300 i I L L
0 5w 5 0 B
#kOe
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hedral and tetrahedral sublattices to the birefringence,
which is proportional to the square of the magnetiza-
tion.

Samarium iron garnet. The results of an investiga-
tion of the temperature and field dependences of the
birefringence are shown in Figs. 6 and 7. In the case
when the magnetization is oriented along the difficult
direction, the lowering of the temperature first leads
to a growth of the birefringence, but a decrease of the
effect is observed at low temperatures. If the mag-
netization is directed along the easy axis, then the de-~
crease of the birefringence is observed already at
150°K, and in the region of 100°K the effect reverses
sign, The dependence of the magnetic birefringence on
the external field at low temperatures has an unusual
character. Unlike the other investigated iron garnets,
the relative change of the birefringence with increasing
field is different for H It [100] and H I [111]. In the
former case, the effect increases, and in the latter it
decreases. These phenomena can be connected with
the strong growth of the magnetic-anisotropy energy["]
or with the relative change of the contribution made to
the birefringence by the orbital and spin moments of
the samarium sublattice'®),

We note also that the paraprocess in the samarium
sublattice at room temperature leads to an increase of
the effect with increasing field (both for H Il {100] and
H Il [111}). Comparison with YsFesO;, shows that the
contribution of the samarium sublattice to the general
birefringence turns out to be noticeably larger than the
contribution to the magnetization (approximately 0.42
uB at T = 0°K with a total magnetization of the
samarium iron garnet 5.43 ug'®).

Europium iron garnet. In this crystal the contribu-
tion of the europium sublattice to the birefringence is
likewise much stronger than the contribution of the
summary iron sublattice, in spite of the small moment
of the europium ion in the garnet!®!%), At room tem-
perature, EusFes;0,;, exhibits the largest Cotton-
Mouton effect among all the garnets (Table I). Lower-

B, deg/em
200
. Hu ) 3
7009 -
y .-
Hul#n] o
1000 -
Hulnm) &
»zm}f
L H 1 1 S
2 w 200 o, W

LK

]

FIG. 8. Temperature dependence of the magnetic birefringence in
terbium iron garnets in the (110) plane with the magnetization oriented
along the principal crystallographic directions.
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FIG. 9. Temperature dependence and field dependence (insert) of
the magnetic birefringence in dysprosium iron garnet. The light circles
and dots represent the orientations of the external field in the (110)
plane along [111] and [001], respectively.

ing the temperature leads to a growth of the birefring-
ence, which is different for the two magnetization
orientations (Fig. 5). The insert of Fig. 5 shows the
field dependence of the birefringence at room and
nitrogen temperatures. In strong fields, a small de-
crease of the effect is observed with increasing field.
Obviously, this decrease should be attributed to the
demagnetization of the europium sublattice with in-
creasing field, since this sublattice is oriented opposite
to the summary iron sublattice.

Terbium iron garnet. The temperature dependence
of magnetic birefringence for the principal crystallo-
graphic directions, shown in Fig. 8, differs somewhat
from the previously published datam. The discrepancy
can be attributed to the presence of residual bire-
fringence in the previously investigated sample.

Dysprosium iron garnet. The temperature and field
dependences for the difficult and easy magnetization
directions are shown in Fig. 9. For all the directions,
a growth of birefringence is observed with decreasing

/5, deg/cm B .
1200}
|
1200} a0t .
o
22,6 %08
an} - M i
|
oy e —_
L TTF W U5 17 Fkoe
/ %'\w %
i |
- 1 1 H 1
il 0 7 700 wr Tk

FIG. 10. Temperature dependence and field dependence (insert) of

magnetic birefringence in holmium iron garnet. The symbols are the
same as in Fig. 9.
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temperature, but the growth is not exactly the same.
At 295°K we have An(H Il [100]) > An(H 1 [111]), and
in the region of the magnetization compensation point
the effect for these directions reverses sign, after
which the curves intersect, so that at nitrogen temper-
ature we have An(H Il [111]) > An(H 1 [100]). This
process is clearly illustrated by the field dependences
at different temperatures, shown in the insert of Fig.
9. The compensation point T¢ = 234°K turned out to
be higher than in{****! where T, = 226°K. In the other
investigated sample, the compensation temperature
was 219°K. The passage through the compensation
point is accompanied by a change not only in the sign
of the effect but also in the slopes of the plots of the
birefringence against the external fields. The slopes
of the curves, as in the other garnets, are obviously
connected with the paraprocess in the rare-earth sub-
lattice, and the change of slope is connected with the
reorientation of the magnetizations of the dysprosium
and the summary iron sublattices at the compensation
point.

Holmium iron garnet. The results of the investiga-
tion of the temperature and field dependences at
H 1 {100] and H Il {111] are shown in Fig. 10. Lower-
ing the temperature leads to a growth of the birefring-
ence with a reversal of the sign in the region of the
compensation point. The anomaly observed in terbium!*!
and dysprosium (Fig. 9) iron garnets on going through
Te is even more strongly pronounced in this case,
especially when the external field is oriented along the
difficult direction. At room temperature, the bire-
fringence increases somewhat with increasing external
field (insert of Fig. 10). At nitrogen temperature, the
field dependences reveal no saturation and do not be-
come linear, making it difficult to determine the bire-
fringence connected with the spontaneous magnetiza-
tion.

The results of the temperature investigations show
that the magnetic birefringence can change with tem-
perature in a variety of manners (increase, decrease,
and reversal of the sign of the effect), and cannot be
explained by means of a simple quadratic dependence
on the magnetization. The formulas for the birefring-
ence, for example (4), were written out for the case
when the effect is determined by one value of the mag-
netization, i.e., they can be valid for a ferromagnet or
a collinear antiferromagnet. It is obvious that in the
case of a more complicated magnetic structure (a two-
or three-sublattice ferrimagnet), the birefringence
should depend on the magnetization of all the sub-
lattices. Thus, formula (4) can be represented in the
more complicated form

3 L W% o
AB!‘J":E pijklmkmt+ E QM.
13

T

(19)

In such a formulation, the first term takes into account
the contribution made to the birefringence by the indi-
vidual sublattices, and the second term should describe
the deviations from a simple additive dependence, i.e.,
it should take into account the interaction of the sub-
lattices.

The different temperature dependences of the mag-
netizations of the individual sublattices can lead to a
complicated temperature dependence of the observed
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birefringence. Thus, if a large relative contribution is
made by the sublattice having the stronger temperature
dependence of the magnetization (for example, the rare-
earth sublattice), then a lowering of the temperature
can lead to a predominance of the relative contribution
from this sublattice and to a change of the monotonic
variation or of the sign of the summary birefringence,

The competing influence of the sublattices on the
magnitude of the birefringence can be seen already
from a comparison of the data for yttrium (two-sub-
lattice structure) and rare-earth iron garnets (three
and more sublattice structures). Thus, in terbium iron
garnet the rare-earth sublattice decreases strongly the
value of the birefringence at H I [100] (from 125 to
45 deg/cm, Fig. 4a), leading to a reversal of the sign
of the birefringence with further increase of the mag-
netization of the terbium sublattice.

A quantitative interpretation of the magnitude and
observed temperature dependence of the birefringence
must apparently be deferred for the time being until
more complete field and temperature investigations
are performed and a microscopic theory of this phe-
nomenon in magnetic crystals is developed.

From the phenomenological point of view, iron
garnets are an interesting example of tunable optical
crystals, where the magnitude of the birefringence,
the position of the optical axes, and the phase velocity
of differently polarized rays can be varied in a wide
range as functions of the magnetization orientation
(strong birefringence anisotropy), by varying the tem-
perature and also by using componsitions with different
ion concentrations in the sublattices.

By way of an example let us consider the tempera-
ture variation of the parameter a and the motion of
the optical axes in samarium, europium, terbium,
dysprosium, and holmium iron garnets (Fig. 11). In
the samarium and europium iron garnets, in which
there is no magnetization compensation point, the a(T)
dependence is smooth. When the external field is
oriented along a twofold axis (Fig. 2), the optical axes
of Sms;Fes0,; move with decreasing temperature from
the (110) plane, which contains the magnetization M,
to the (110) plane, which is perpendicular to M. The
transition is through the [001] axis, so that no bire-
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FIG. 11. Temperature behavior of the optical axes in samarium, euro-
pium, terbium, dysprosium, and holmium iron garnets when the magnet-
ization is oriented along a twofold axis. The position of the optical axis
is determined by the value of the parameter a in accord with Fig. 2.
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fringence is observed at T ~ 100°K for light propagat-
ing along [001] perpendicular to M (the Cotton-
Mouton effect geometry!). A similar experiment in
EuzFes0;, in the investigated temperature interval
leads to a deflection of the optical axes from the mag-
netization in the (110) plane.

In garnets with a magnetization compensation point,
the parameter a experiences a discontinuity in the
region of this point and becomes infinite (Fig. 11).
This shows that the optical axes in the crystals, for
example in Th3Fe;0;2, move on passing through T,
(Fig. 2) in the (001) plane through the [100] axis
almost to the [110] direction. In HosFe;0,s, a similar
process takes place, but the axes move farther with
decreasing temperature, and go over first into the
(110) plane, which is perpendicular to M, and then
through [001] to the (110) plane. In DysFe;0;s, the
optical axes execute a ‘‘complete revolution’’: they go
over in succession from the (001) plane to the (110)
plane and then to (110), after which they return to the
(001) plane.

The authors are grateful to Correspondine Member
of the USSR Academy of Sciences G. A. Smcienskii for
interest in the work and to N. N. Syrnikova for x-ray
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