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We investigated the temperature dependence of the birefringence of light in tetragonal
fluorides of Mn"*, Co™, and Ni*". We observed that an additional magnetic birefringence
Anyg, amounting to ~5% of the natural birefringence, is produced in uniaxial antiferro-
magnets. This effect does not depend in the main on the direction of the antiferromagnetism
vector 1 relative to the crystallographic axes. Application of ~50 kOe does not affect the
birefringence in MnF; and NiF.. A noticeable change occurs in the birefringence of CoF;
in a field perpendicular to the z axis, and the crystal becomes optically biaxial. It was
also observed that the magnetic birefringence Anyp; does not vanish at the antiferromag-
netic transition point T and is observed to temperatures ~(2—3)Ty, thus reflecting the
temperature dependence of the short-range magnetic order. Phenomenological expres-
sions are obtained for the tensor ¢j; of the considered crystals.

1. INTRODUCTION

A number of authors! ¥ have shown recently that in
iron garnets the effect quadratic in the magnetization
(magnetic birefringence of light) is comparable in mag-
nitude with the linear effect (the Faraday effect). De-
tailed experimental and theoretical investigations of the
angular and temperature dependences of the magnetic
birefringence in a large group of iron garnets having
cubic symmetry were carried out by Pisarev, Sinif,
Smolenskif, et al.[*** and by Dillon!™. Strong magnetic
birefringence was observed also in antiferromagnets
with weak ferromagnetism (RbFeF,'” a - Fe,0,).

The large values of the magnetic birefringence of
light and the ease with which it can be observed have
stimulated studies of this effect. Its investigation in
magnetically ordered crystals has made it possible to
establish the connection between the optical and mag-
netic characteristics of the material. This connection
can be used to study, by optical means, details of the
magnetic structure of crystals, the temperature de-
pendences of the sublattice magnetizations, magnetic
phase transitions, etc.

In ordinary antiferromagnets, if there is no external
magnetic field there is no macroscopic magnetization.
However, as shown in our preliminary communication [7]
and in the paper by Jahn and Dachs [8], a strong change
of the birefringence takes place in fluorides of transi-
tion metals when antiferromagnetic ordering occurs.
The magnetic structure of the antiferromagnetic fluor-
ides MnF, and CoF, differs from the NiF, structure. In
addition, the external magnetic field strongly influences
the magnetic structure of these crystals. To ascertain
the dependence of the magnetic birefringence on the
magnetic symmetry of the crystal, we have undertaken a
detailed study of this effect in MnF,, CoF,, and NiF, in
a wide range of temperatures (2 — 300°K) and magnetic
fields (0 — 50 kOe).

2. SAMPLES AND NOTES ON THE METHOD

The crystals MnF,, CoF,, and NiF, are tetragonal;
their symmetry is described by the space group DZ’h.
It is known'” that at low temperatures MnF, and CoF,
go over into the antiferromagnetic state, and that the
antiferromagnetism vector 1 is directed along the four-
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fold axis [001]. Below Ty, NiF, goes over into a state
with weak ferromagnetic moment m lying in a plane
perpendicular to the fourfold axis and directed along the
[100] or [010] axis. The vector 1 lies in the same plane
and is perpendicular to m[*%.

In the paramagnetic state, all these crystals are
optically uniaxial. Some magnetic and optical character-
istics of the investigated compounds are listed in the
table. The values of TN in the table were taken from
data on the temperature dependence of the specific heat!'"!
and the values of ng and ng are given for T = 300°K.

The changes of the birefringence of light in the
crystal were measured with the setup shown schemat-
ically in Fig. 1, by a method in which the path difference
produced in the sample was directly cancelled out. The

Ty Hg, Hp. X108,

Compound °KV kOe } kOe cgs emu/mole o e
MnF, 66.5 500 — 24.5 1.472 1.499
1CoFy 37.7 770 241 55 1.514 1.544
NiF, 732 1130 28 6 1.525 1.560
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FIG. 1. Diagram of the setup for the investigation of the variation of
the birefringence of light: 1—optical cryostat; 2—He-Ne laser; 3—filters;
4—lens; 5—polarizer; 6—superconducting solenoid; 7—diaphragm; 8—cell;
9—sample; 10—thermocouple junction; 1 1—-FEU-79 photomultiplier; 12—
compensator; 13—diaphragm; 14—analyzer; 1 5—F-116amplifier; 16—volt-
meter; 17—heater; 18—R-330 potentiometer; 19—solenoid supply; 20—
heater supply.
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light source (2) was an LG-126 He — Ne laser with

A = 6328 A.” The sample (9), mounted inside the optical
cryostat (1), was placed between two crossed polariza-
tion prisms (5 and 14). The resultant path difference T’
was compensated with a Berek calcite compensator
(12)"%), Satisfaction of the total-compensation condition,
i.e., ’'sample —~ I'comp = hA, where h is an integer, cor-
responded to a minimum of light incident on the photo-
multiplier (11). The measured difference between the
refractive indices was ng — ng = I'/d, where d is the
sample thickness.

The compensator employed could measure a minimum
path difference AT ~ 6 x 107 i, corresponding to a re-
fracuve index measurement accuracy ng =ng ~ 1.5
X 107 at a sample thickness ~ 4 mm. Actually, however,
the measurement accuracy depends strongly on the qual-
ity of the investigated crystal, on its size, and also on
the accuracy with which the position of the sample was
duplicated in various experiments. As a result, the ab-
solute accuracy with which ny — ng was measured in our
experiments varied from sample to sample in the range
5xX10°-2x107°

To carry out the investigations in a wide range of
temperatures from 2 to 300°K, we used an optical hel-
ium cryostat (1) (Fig. 1) with a vacuum cell (8). The
holder with the sample (9) was placed inside the cell on
a thin-walled tube of stainless steel. The sample tem-
perature could be varied with the aid of a heater (17)
and was measured with a ZLZh-99-chromel thermo-
couple (10). The relative temperature-measurement
accuracy was ~ #0.05° and the absolute accuracy was
~ £0.3° in the entire investigated interval. The magnetic
field in the instrument (0 — 50 kOe) was produced with a
superconducting solenoid (6).

The MnF,, Con, and NiF, single crystals were
by S. V. Petrov? by crystalllzatlon from the melt"
and the optically-homogeneous crystals were selected
The samples were oriented by x-rays and were cut in
the form of rectangular parallelepipeds with edges
parallel to the crystallographic axex. The sample sur-
faces were optically polished.

own

3. EXPERIMENTAL RESULTS ATH=0

The birefringence in the fluorides was measured in
two experimental configurations: 1) the light was
directed perpendicular to the optical axis [001] of the
crystal,

k|I[010], EI|[101]
(E is the electric vector of the light wave); 2) the light
was directed along the optical axis,

kll[001], EIl[110].

The principal experimental regults obtained with the
first experimental configuration for MnF,, CoF,, and
NiF, are shown in Fig. 2 in the form of temperature
curves of the difference ny —ng of the refractive indices
for the ordinary and extraordinary rays. It should be
noted that for the investigated crystals, the variation of
ng —ng with temperature amounted to 1-5% of the nat-
ural birefringence. Since we were interested only in the
temperature dependence of n, —ng, all three curves of
Fig. 2 were made to pass through zero at 300°K for con-
venience. We shall henceforth use the notation

An(T) = (no — n.)r — (Mo — Be) s00°-
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FIG. 2. Temperature dependence of the birefringence of light in
MnF,, CoF,, and Nin in the case when k || [010]and E || [101]
@ —present data; + —data from [*!7].

A comparison of our experimental data with those of
Jahn and Dachs'®'"] shows good agreement of the results
for MnF, and CoF, (see Fig. 2). For NiF,, the agree-
ment of An(T) is much worse. However, the NiF, sample
used by us was small in size and of low grade, and the
experimental data for the sample are less reliable.

It is seen from Fig. 2 that the An of each compound
varies strongly in the region of Ty. This anomalous
variation of An can be attributed naturally to the estab-
lishment of a magnetically ordered state in the crystals.
As shown by us in a preceding paper[ the temperature-
induced change of An is the sum of pure magnetic bire-
fringence and birefringence due to the temperature-
induced change of the lattice constants:

An(T) = Anu(T) + Ania (T). (1)

We note that Anj,¢ consists of two parts: the bire-
fringence change Angy. due to spontaneous striction, and
the birefringence change An o due to the usual thermal
expansion:

Anjat = Angy + Aner. (2)
To separate the purely magnetic part of the birefrin-
gence it was necessary to find Anj4¢(T). The procedure
for separating Anpg(T) was carried out for MnF, and
CoF,. We shall describe it in greater detail with MnF,
as an example.

Assume that the lattice-induced difference of re-
fractive indices is a function of the degree of tetragon-
ality of the crystal:

(no—n)1at =f(a/c). 3)
Here a and c are the constants of the tetragonal lattice.
Then
a da dc da dc

dmmmm = ()= (-7)=2(0-%) @
Since the lattice constants change less than by 1% in the
entire temperature interval from 0 to 300°K, the quan-
tity M can be regarded as constant for the given com-
pound.

The validity of this treatment in the paramagnetic
region is confirmed by the results of the reduction of
the experimental data, shown in Fig. 12 of the paper by
Jahn % It is seen from this figure, which shows the
temperature dependence of the ratio dln, —ng)/(da/a
—de/c), that the condition M = const is well satisfied
for MnF,, CoF,, and FeF,, starting with ~ 200—300°K
and above. For ZnF,, the value of M is constant in the
entire measured temperature interval. We shall as-
sume henceforth that M does not depend on whether the
change of the degree of tetragonality is the result of the
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. usual thermal expansion or is the result of spontaneous
striction.

Using the data of Gibbons™® for the temperature de-
pendence of the coefficients of expansion of MnF,, we
have plotted the curve

)

Aa  Ac
(%)
The coefficient M was determined from a comparison
of our experimental data for An(T) with the curve cal-
culated from the data of *®

Aa  Ac
M) ==

Anjat (T) =

in the h1gh temperature region (see Fig. 3, and also
Fig. 12 in!'"), It is seen from Fig. 3 that startmg with
200°K and below, the experimental An(T) dependence
does not duplic.,.be the temperature dependence of the
degree of tetragonality of the crystal lattice, Anj,4(T).
The difference between these curves, which represents
the temperature dependence of the magnetic birefrin-
gence Anyy(T), is shown in Fig. 4.
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FIG. 3. Temperature dependence of the birefringence of MnF : @—
experimental, O— calculated from formula (4).
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. 'FIG. 4. Temperature dependence of the magnetic birefringence of
MnF2 (@) and of the square of the static sublattice magnetization (O)
taken from the NMR experiments['°]. The solid line corresponds

to the difference between these quantities.
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FIG. 5. Temperature dependence of the birefringence of CoF,: @—
experimental, O—calculated from formula (4).
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FIG. 6. Dependence of the magnetic birefringence of CoF, on the
temperature.

The experimental data for CoF, (Figs. 5 and 6) were
reduced by the scheme described above, using the re-
sults obtained by S. I. Novikova (Metallurgy Institute of
the USSR Academy of Sciences) for the temperature de-
pendence of the linear-expansion coefficients of CoF, Rt
As seen from Fig. 5, the value of Anj,¢(T) for CoF, is
anomalously large in the ordered state (spontaneous
striction). Consequently, the summary (measured) An(T)
has the same sign as the effect due to the spontaneous
striction. This explains qualitatively the difference be-
tween the experimental An(T) curves for CoF, and MnF,
in Fig. 2.

For NiF,, unfortunately, we were unable to separate
the magnetlc part of the birefringence, since the avail-
able experimental data of Haefner et al. 29 4o not suffice
to determine the coefficient M in formula (2). It is seen
from Fig. 2, however, that the behavior of Any; for NiF,
should be qualitatively similar to that for MnF,.

The experiments performed by us in the second con-
figuration of the experiment, when the light was directed
along the optical axis of the crystal, have shown that in
this case there is no birefringence in any of the com-
pounds in the entire investigated temperature interval.

The experimental results represented above enable

- us to draw the following conclusions:

1. Magnetic birefringence due to establishment of
magnetic order is produced in MnF,, CoF,, and N1F
in the region of the Neel temperature (see alsol” ) Smce
MnF, and CoF, have no ferromagnetic moment in the
ordered state, it follows that the resultant Anyps can be
attributed naturally to the appearance of the antiferro-
mag'netlc vector 1. The value of ANy amounts to (1 — 2)
X 107%, which is larger by one or two orders of mag-
n1tude than in the previously investigated ferrites and
antiferromagnets with weak ferromagnetism.

2. At Neel temperatures, a kink is observed on the
An(T) curve of MnF, or CoF,. It is seen most clearly
for MnF, in Fig. 3 (see the insert). For NiF,, owing to
the large scatter of the experimental data, it was im-
possible to observe the kink. The kink temperature
coincide well with the positions of the maxima on the
specific-heat curves cp(T) of these substances. The
first to point out this circumstance were Jahn and
Dachs %7,

3. The results (see Figs. 3 and 5) demonstrate quite
convincingly that in the case of MnF, and apparently also
NiF,, the main cause of the anomalous temperature de-
pendence of birefringence is not the spontaneous
striction, but the direct magnetic birefringence. In the
case of CoF,, the spontaneous striction causes a bire-
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fringence change comparable with the magnetic change.
The value of Anyy is of the same sign for all three com-
pounds, the opposite of the sign of Anj,t¢.

4. The results show that within the limits of the ac-
curacy of our experiments all the crystals remain
optically uniaxial in the antiferromagnetic region: there
is no birefringence in the case when the light is directed
along a fourfold axis®*’,

5. As already mentioned, the magnetic structures of
the fluorides are different, namely: 1 Il [001] for MnF,
and CoF,, and 1 1 [001] for NiF,. However, a compar-
ison of the experimental results shows that the general
character of the phenomenon investigated by us is the
same for all three compounds and does not depend on
their magnetic structure.

6. In the case of MnF,, we succeeded in comparing
AnM(T) with the temperature dependence of the square
of the sublattice magnetization 12, taken from NMR
data¥ and reconciled with the Anpg(T) curve at liquid-
helium temperatures—see Fig. 4. It is seen from Fig.
4 that Anpg is somewhat larger than the value calcu-
lated from the NMR data.

7. Figures 4 and 6, which show the temperature
dependence of the magnetic birefringence, demonstrate
that Any; does not vanish at the Neel point, and is pre-
served up to temperatures ~ (2 — 3)Ty.

4. EXPERIMENTAL RESULTS ATH#0

In the present study we investigated the effect of the
magnetic field (up to ~ 50 kOe) on the birefringence of
light in MnF,, CoF,, and NiF,. It is well known that a
strong magnetic field can change the magnetic structure
of the investigated compounds. In MnF,*", a field ap-
plied at a certain angle to the fourfold axis [001] leads
to a deflection of the vector 1 away from this axis. The
50-kOe field available to us, applied at an angle ~ 15° to
the [001] axis, rotates 1 in MnF, through an angle ~ 10°.
In CoF,, the deflection of the vector 1 is negligible in
such a field. However, the strong Dzyaloshinskii inter-
action causes a deflection of the vector 1 from the [001]
axis in CoF,® to be produced under the influence of a
magnetic field directed along the binary axis [100] (or
[010]); this gives rise to projection of the vector 1 along
the other binary axes I = ! sin 6, where 6 is the
angle between 1 and [001]. According to Ozhogin %

lx, = aH up to fields ~ 100 kOe. In NiF,, a magnetic

field applied along one of the binary axes [100] or [010]
does not change the magnetic structure, but orients the
antiferromagnetic domains and magnetizes the sample.

The influence of the magnetic field on the birefrin-
gence was investigated by us with the following experi-
mental configurations:

a) the magnetic field is directed along the fourfold
axis [001], and the light propagates along the binary axis
[010]. In the case of MnF,, we also performed an experi-
ment in which the magnetic field was applied at an angle
of 15° to the [001] axis.

b) A magnetic field is directed along the binary axis
[100] and the light propagates along the fourfold axis
[oo01].

c) Both the light and the field are directed along
binary axes: k 11 [010] and H ' [100].

In the experiments with MnF, and NiF,, we were
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"unable to observe any change in the birefringence with

changing field in all three configurations. In the case of
CoF,, on the other hand, it was observed that in the anti-
ferromagnetic state the crystal becomes optically bi-
axial following application of a magnetic field along the
twofold axis (configuration b)). This is clearly seen in
Fig. 7, namely, there is practically no birefringence in
the zero field, and the small effect observed at H = 0
can be due to inaccurate orientation of the crystal.
Application of the field leads to the appearance of

Ang = Anyy — Anyn.
The value of Ang is small, ~ (1 —2) X 107°, but it exists
not only in the antiferromagnetic region, but also some-
what above Tp. In configuration c), introduction of the
magnetic field leads to a decrease of the already existing
An (see Fig. 8). The change 6(An) depends quadratically
on the applied field and amounts to ~ 3 x 107" at H ~ 50
kOe. The influence of the field is noticeable up to tem-
peratures ~ 1.5Ty.

From all these experiments, we can draw the follow-
ing conclusions:

1. The fact that the birefringence of MnF, and NiF,
does not change in the magnetic field indicates that the
birefringence of these substances does not depend on
the orientation of the vector 1 relative to the crystal-
lographic axes or of the mutual arrangement of the
vectors 1 and k. In addition, it is clear that we are
observing not ordinary paramagnetic birefringence, but
the so-called Cotton-Mouton effect, which is quadratic
in the magnetic field:

Anem ~ (X H)?,

where x, is the magnetic susceptibility.

2. In CoF,, the susceptibility x| is of the same order
of magnitude as in MnF, (see the table), so that we can
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FIG. 7. Magnetic birefringence Any =An |  — &n || g of CoF,

in a magnetic field at k || [001], H || [010], and E || [110]in the case
of H=0 (@) and H = 47 kOe (O).
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FIG. 8. Effect of magnetic field on the birefringence of light in CoF,
in the case k || [100],H || [010],and E || [011].
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assume that in this substance, too, the influence of the
magnetir field on the birefringence is not the Cotton-
Mouton effect, but is due to other causes. It appears that
one can assume that the magnetic birefringence of CoF,
is affected by the change of the magnetic structure of
the crystal.

5. DIELECTRIC TENSOR

The question of the microscopic character of mag-
netic birefringence in antiferromagnets has been the
subject of a number of theoretical papers (see,
e.g.,”> ™). We shall attempt below to describe the ob-
served experimental facts phenomenologically, making
no assumptions whatever concerning the mechanism of
the phenomenon, and using only symmetry considera-
tions. On the basis of these considerations, the ex-
pression for the density of the internal electromagnetic
energy of antiferromagnetic fluorides (space group D“h),
with allowance for the terms responsible for the bire-
fringence and quadratic in the components of the anti-
ferromagnetism vector, is given by

E =&+ [MEN + A(EL+HEX)P
+ AE2LE+ M(ES T EX) L+ MEL(Ed+ EJL)

+AEL(EL, + EJ) +MEELL

+ 2 (B2 — B2 (L2 —L7)] /8n.
As usual, the z axis is directed along the fourfold axis
[001], the x and y axes coincide with the twofold axes
[100] and [010], 1 = (M, — M,)/2M_ is the antiferromag-
netic vector, Ex,y’z are the components of the electric
field of the incident wave, and Ap are the magneto-
optical coefficients.

)

In writing down (5), we started from the assumption
that the birefringence in the antiferromagnets is de-
termined primarily by the antiferromagnetic vector 1,
since the magnitude of the magnetization vector m is
smaller than 1 by 2 — 3 orders of magnitude.

Differentiating'E with respect to Ej and Ey, we ob-
tain the components of the symmetrical tensor of the
dielectric constant:

e = &,° T AP+ ALE+ A (12— 1)F),
ey =6"T A’ + AL — A(Id — 1)), & =g+ A1+ A2
Eoy = Epx = }‘t'llxl!/,
€x: = €1z = Aslole T holily, £y = &4y = Asluly + Aol
Here ‘e°l and e‘,’l are the principal dielectric constants
of the uniaxial crystal in the paramagnetic state.

(6)

An analysis of the tensor €;) (6) shows that allowance
for the isotropic-exchange terms alone in the expression
for the energy (5) leaves the crystal optically uniaxial
following a transition to the magnetically ordered state.
The magnetic birefringence produced in this case is
proportional to the square of the antiferromagnetic
vector:

isotr I M As
Any =3( n—“".— n—ﬁ) (7)
The quantity AnlSOtr for g given substance does not de-
pend on the direction of the vector 1 relative to the
crystallographic axes, i.e., on the magnetic structure
of the compound.

(m=7Ye', n'=7Ve,’).

It follows from the form of the tensor eji that the
terms that are anisotropic with respect to the com-
ponents of the antiferromagnetic vector 1 likewise do not

make the crystal biaxial if the vector 1 is directed along

the [001] axis (ix = =0, I, = I). In this case we have
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®)

A comparison of the experimental data with the the-
oretical analysis leads to the following conclusions. The
fact that the phenomenon is similar in MnF, and NiF,
at H = 0, in spite of their different magnetic structures,
suggests that in this case the predominant factor is the
isotropic effect, which is due to the isotropic-exchange
increment to €j;. This assumption explains also why
the magnitude of the birefringence is not affected, first,
by the orientation of the antiferromagnetic domains by
the magnetic field in NiF,, and, second, by the deflection
of the spins away from the [001] axis in MnF, in a
strong field. The magnetic birefringence is described in
all these cases by formula (7).

Any=—|———+—~
21ln ny ny

4 M Az As A ]

n,°

In the case of CoF, at H = 0, the quantity Anp be-
haves in the same manner as in NiF, and MnF,, and is
likewise apparently due mainly to the isotropic-exchange
terms (formula (7)). However, if the crystal becomes
optically biaxial below Ty, then its state can no longer
be described with the aid of only the isotropic-exchange
terms and the terms with l; in (5). In this case it is
necessary to take into account the anisotropic terms
that contain the components ix and ly.

Using the components of the optical indicatrix tensor
Bik = ei'f{, we calculated the change in the refractive
index as a result of the transition of the crystal to the
ordered state for several particular cases correspond-
ing to the conditions of our experiments. The appearance
of the Ix component changes the magnetic birefringence
in the zy plane. This change is described in the formula
for Anpg by an additional term of an anisotropic type

tot | SR Az L2 [ As I I As

A =”v—"’=—z(n,.o‘n7)+ 2 (W‘n—;)+7n;~
In the derivation of (9) we took into account that the
angle of rotation of the axes y and z needed to diagonal-
ize the tensor Bjk, which is given by

2he

0 0
E —E,

9

tg2a = Id.
is small, and the calculation was carried out for the
original coordinate system.

At Iy # 0, birefringence is produced in a plane per-
pendicular to the [001] axis, and is expressed by the
formula

Any=n,—n, = A2/ n," (10)
The behavior of CoF, in the magnetic field agrees
with formulas (9) and (10). Indeed, as already indicated

above, when a field H Il y is applied, the component I,
decreases and Iy appears. Therefore, in accord with
formula (9), a change proportional to /3 and consequently
proportional to the square of the applied field should
take place in the quantity ny — n (inasmuch as , = I*

— l;) (Fig. 8). Formula (10¥exp1a'1ns the birefringence
observed by us in the xy [001] plane (see Fig. 7). It
should be noted that the measured quantity ny — ny is
approximately one-third the change of ny — ny resulting
from application of a magnetic field. This gives grounds
for assuming that the latter effect is due mainly to the
influence of the term with 75 in (9).

Without data on the magnetostriction of CoF, we were
unable in the reduction of the experimental data ob-
tained in the magnetic field, to separate the purely mag-
netic birefringence from the lattice birefringence due
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to magnetostriction. Obviously, the increments intro-
duced into the tensor €ji by the spontaneous striction
and by the magnetostriction can be represented in the
form of terms that are quadratic in /; and /i and have
the same symmetry as in (6).

6. SHORT-RANGE ORDER

As already noted, for all the investigated substances
the magnetic-birefringence does not vanish at the point
of the antiferromagnetic transition, and remains ap-
preciable up to temperatures on the order of ~ (2 — 3TN
(Figs. 4 and 6). The presence of Anyj above Ty can
apparently be attributed to the fact that in our experi-
ments we observe the fluctuations of the vector 1 (short-
range order).

According to!®****) and Sec. 5 of the present article,

the observed aAn); is proportional in the isotropic case
to the mean-squared total antiferromagnetic moment or
the magnetic energy of the crystal. As a result, the
mean value A(Anpg) due to the deviations of the vector 1
from its static value does not vanish. The character-
istic lifetimes of the fluctuations are larger by two or
three orders of magnitude than the period of the oscil-
lations of the light wave. The fluctuations contributing
to the refractive index are those in the ranges of char-
acteristic dimensions a 2> Ajjopt and a2 << Apjop¢e In
our case at T ~ Ty, the condition a << Alight 18 satisfied.

A comparison of the temperature dependence Any;(T)
and that of the square of the static magnetization of the
sublattices for MnF,, taken from NMR experiments (¥
ggee_Fig. 4), shows that even below Ty the difference
I — I? does not vanish, i.e., the fluctuations of the vector
1 are appreciable. This quantity is approximated in the
case of MnF, by the law @T? in the interval from 2 to
60°K (T = 66.5°K). It should be noted that this law is
not a trivial consequence of spin-wave theory, since the
theory is valid for T << Ty.

Short-range order in magnetically ordered systems
is also observed in other experiments, such as two-
magnon scattering of light, inelastic scattering of
neutrons by spin waves, and measurement of the specific
heat. In comparison with these experiments, ours has
a number of advantages, namely, An itself is measured
with sufficiently high accuracy and Anyp constitutes a
large fraction of the measured An and can be separated
quite accurately if data are available on the temperature
dependence of the expansion coefficient of the inves-
tigated substance.

The temperature dependence of the short-range order,
according to general theoretical representations, should
be represented in the region T >> Ty in the form of a
series in successive powers of the reciprocal tem-
perature:

2
A_T-"_+B(ﬁ) 4.
T T
In the region Ty, the scaling-theory laws should be ful-
filled®%), Attempts to observe these laws on our experi-
mental curve were unsuccessful (see Fig. 9). It turned
out that the accuracy of our experiments was insufficient
for a comparison in the two indicated temperature
regions. However, as follows from Fig. 9, the following
law is satisfied in a sufficiently wide range of temper-
atures (70—-110°K):

Any, o T-27,
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FIG. 9. Temperature dependence of the magnetic birefringence of
MnF, at T > Ty. The dashed curve is a plot of Amy & T™7.

An analysis of the tensor €ji (6) shows that in the
absence of a magnetic field the observed short-range
order is the result of only the isotropic-exchange terms
and the term l;. The anisotropic terms, which include
the x and y components of the vector 1, have a zero
average value above TN. When a magnetic field is ap-
plied, these anisotropic terms also make a contribution
to the short-range order. This is experimentally con-
firmed with CoF, as an example.

It is interesting to note that in the case of cubic mag-
netically ordered crystals, where only anisotropic terms
in the dielectric tensor are responsible for the magnetic
birefringence, no short-range order should be observed
above Ty in the absence of the magnetic field.

In conclusion, we are grateful to P. L. Kapitza for
interest in the work and to I. E. Dzyalonshinskii and
D. N. Khmel’nitskii for fruitful discussions.

DIn the case of MnF, and CoF, we operated in the region far from the
absorption bands, and in NiF, we operated at the edge of the absorp-
tion band [12714]. A

2)The authors are sincerely grateful to S. V. Petrov for supplying the samples

3)The authors are sincerely grateful to S. I. Novikova for measuring the
temperature dependence of the linear-expansion coefficients of CoF,
and for kindly supplying the results of these measurements.
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