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Optical properties of pyroelectric and antiferromagnetic BaMnF, were studied by using a high-
accuracy universal polarimeter in the temperature range including the incommensurate phase transition
point 7;. Both phases above and below T; were found to be optically active. The active gyration tensor
components g;; were consistent with the reported symmetry of the crystal, i.e., C;, and C, above and
below T;. Temperature dependences of all the gyration components were measured. It is striking that
g,3, which exists commonly in both phases, manifested itself a sharp peak at T;. This divergence of g,;
makes the transition perfectly second order. g,; along the incommensurate a axis develops conspicuous-
ly. The present results of the birefringences did not perfectly agree with previous reports: Although the
temperature dependence of An, coincided with the result of Schéfer et al., those of An, and An, were
quite different in their report. Rotation of the indicatrix takes place only around the a axis of the low-
temperature phase. This fact confirms the validity of the point group C, of the low-temperature phase.
The rotation angle of the indicatrix was found to be one order of magnitude larger than that of the crys-
tallographic axes. The rotation angle of the gyration surface was also evaluated. It is approximately two
orders of magnitude larger than the rotation angle of the indicatrix. This fact clearly indicates that gyra-
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tions are very sensitively affected by the change of the order parameter.

I. INTRODUCTION

BaMnF, is attracting much interest since it exhibits
peculiar pyroelectric and antiferromagnetic phases.? In
particular, an incommensurate (abbreviated as IC hence-
forth) modulation takes place below a structural transi-
tion point 7; of 250 K, keeping the pyroelectric state
from the high-temperature side.” The high-temperature
phase (HTP) above T; belongs to an orthorhombic space
group, C32 (A42,am).* The IC modulation in the low-
temperature phase (LTP) below T; occurs along the a
axis with a wave vector q=(0.39, 0.5, 0.5), accompanying
doubling of the unit cell in the (100) plane. The physical
character of the IC modulation of BaMnF, seems essen-
tially different from that of modulations occurred in
A,BX, type ferroelectrics on which a considerable num-
ber of studies were made.’ For instance, the length of the
modulation wave vector of BaMnF, hardly depends on
temperature, and the IC phase does not transform into a
commensurate phase through a lock-in transition.>%’

Cox et al.>® proposed two alternative models for the
IC structure, which were consistent with the theoretical
predictions offered by Dvoifak and Fousek®: One model

realizes an average structure of LTP with the same sym-"

metry as HTP, while another model an average structure
of LTP with a reduced symmetry to the monoclinic sys-
tem. In reality, the symmetry of the average structure of
LTP was successfully determined as C, by Ryan® by us-
ing x rays, and that was confirmed by St.-Grégoire
et al.'® and Ogawa et al."!

On the other hand, considerable data were accumulat-
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ed of optical properties of this crystal. Eibschiitz and
Guggenheim' determined the refractive indices at room
temperature, i.e., n, =1.499, n, =1.480, and n.=1.505,
at the wavelength of 5893 A. Birefringences were mea-
sured by three groups.!>”'* Régis et al.'? revealed the
temperature dependence of An,, birefringence along the
b axis, by using a Babinet-Soleil compensator. Pisarev
et al.’® used both interferometric and polarimetric
methods and measured the temperature change of the re-
fractive indices and birefringences. They drew attention
to measure a rotation angle of the indicatrix, and further
optical gyration in LTP. Schifer et al.'* used an ela-
borate modulation technique for birefringence measure-
ments with a resolution of 10™8 for 1-mm-thick crystals.
The results of Régis et al. and of Schafer et al. were fair-
ly agreed, and they have been confirmed recently by St.-
Grégoire et al.'’

Judging from the consistency between the results in the
papers of Reégis’s and Schafer’s groups, their results
seemed to be correct beyond any doubt. However, their
results were not perfectly convincing on the following
two points: the birefringences in HTP decreased with de-
creasing temperature, and the measurements in LTP were
performed with a complete neglect of possible rotations
of the indicatrix. Thus we felt it necessary to make an
optical study on both phases of BaMnF, with proper al-
lowance for the rotation of the indicatrix and optical
gyration. In particular, the knowledge of the optical ac-
tivity is needed for the elucidation of the IC phase transi-
tions, as have recently been illustrated by us,'"1° with
regard to the A,BX, family. It becomes possible to mea-
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sure birefringences, gyrations, and rotations of the indica-
trix of any crystals simultaneously by using a
HAUP,'%202l  high accuracy universal polarimeter.
However optical study of this crystal is extremely
difficult, since the LTP is monoclinic. We already ap-
plied HAUP method to this crystal.”»?* However, the re-
cent crucial reexamination still disclosed that the previ-
ous reports contained errors in gyrations and rotations of
the indicatrix along the crystallographic b and c¢ axes.?
This paper reports the revised results of our comprehen-
sive optical study of BaMnF, by using the improved
HAUP method.

II. PHENOMENOLOGICAL RELATIONS
OF OPTICAL PROPERTIES

First, we solve the phenomenological theories for
change of birefringences, gyrations, and rotations of indi-
catrix, which will occur when the crystal changes from
HTP to LTP. The point group of HTP is known to be
C,,.* On the other hand, the true symmetry of LTP can-
not be represented by a three-dimensional space group,?*
as the IC modulation takes place in it.>%’ Recently it
was revealed!” that optical activity sensitively reflects the
incommensurability of crystal structure. Considering
these circumstances we took the following scheme of
analysis: We preliminarily assumed that all the com-
ponents of the gyration tensor were present in LTP and
tried to eliminate the inactive components by the experi-
ments. However, as far as the birefringences were con-
cerned we regarded it sufficiently valid to identify LTP as
C,,> 191125 since they were not sensitive to the chirality
of the structure.

The lattice constants of HTP were reported as
a=5.984+3 A, b=15.098%2 A, and ¢ =4.2216+3 A at
room temperature.* We confirmed these values by using
x rays and identified the three crystallographic axes with
the principal axes of the indicatrix, say, x;, x,, and x;
axes, respectively.

Define the components of the dielectric impermeability
and gyration tensors as B;; and g;; (i,j=1,2,3), and the
rotation angles of the indicatrix as ¥, or
(k,I1=a,b,c). The components B;; and g;; of the two

25265 K
Incommensurate | Normal
average structure C,(2) I C}f(Az,am}
T
i
9 92 9 e
gu gZZ 923 * 923
93 *
By o ° BY o o
B; Bz, Bxs BY *
B B%

FIG. 1. Gyration tensors g;; and dielectric impermeability
tensors B;; of BaMnF, together with phase diagram.
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phases are represented in Fig. 1 by the matrix form refer-
ring to the (x;,x,,x;) axes.

HAUP measurements were performed on the following
six different cases: They are classified by the direction of
the wave vector s of the incident light with respect to
(x,%,,x3) axes in the crystal.

(A) Case-1; s was parallel to the x; axis. (B) Case-2; s
parallel to the x, axis. (C) Case-3; s parallel to the x;
axis. (D) Case-4; s parallel to the direction which was
contained in (001) plane and made 45° with the x, axis.
(E) Case-5; s parallel to the direction in (010) plane mak-
ing 45° with the x; axis. (F) Case-6; s parallel to the
direction in (100) plane making 45° with the x, axis.

Phenomenological treatments will be done in these six
cases.

A. Case-1

The equation of the indicatrix of HTP is written by us-
ing Bi‘} components indicated in Fig. 1:

B\ x}+B%x}+Byxi=1, 8y

where B, =1/n%%, B, =1/n%, and B =1/nP. The
intersection ellipse between a plane through the origin
that is normal to s and the indicatrix (1) is given by sub-
stituting x, =0 to (1),

BY%x3+BYxi=1. )
The birefringence observed in this case, Anao, is derived:
Anl?: _0_ p— — =
V'B 33 V'B gz
The indicatrix of LTP is expressed by using B;; com-
ponents:

B x}+Byxi+Byx3+2Byx,x;=1. )

1
1 n?

—n9 . (3)

The corresponding intersection ellipse is expressed as
Byyx2+By3xi+2Byx,x3=1, 5

where B, =BY,+8B,,, B, =BY+8By, and B
=BY,+8B;,. The equation indicates that the principal
axes are rotated from the old principal axes around the
x, axis. Here let us define the new principal axes of the
ellipse as (x5,x3), and the tensor components referred to
them as B, and B;. Then the equation changes to

BYyx?+Biyx?=1. (©6)

The relation among the new and old components and the
rotation angle ¢, of the indicatrix around the x, axis can
be solved by the Mohr circle construction®®

By =3(By+By)+r, (7a)
B33 =3By +By)—r', (7b)
and
tan(2y, )=—B 21?; R (7¢)
33 22
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where Thus
r'=[L(By—Bjy)+B%]"*. (7d) B}
[4(By,—Bj; 2] Bl ~B,,+ 23 (8a)
B;;, —Bj;
Judging from the x-ray evidence that the monoclinic
angle was as small as 0.02° at 240K,° ! 4 will also be so and
small that 7’ can be expressed in a good approximation B2,
B;, —Bj;

e 1 B3, The birefringence An, and the rotation angle ¥, can be
2 (B —Byy)+ By,—By; (7e) deduced as
|
172 -1/2
Bj B}
An,=—2 L =B |1- = —By'? 1+ — 22—
\/333 \/B22 B33(By —By3) By, (By; —B33)
0
1 (nP+n%)B3,
=nd—nd+— [(nP8B,,—nP8B3;)+ )
R B (1/ng)2—(1/n3)
and C. Case-3
B B The intersection ellipse of HTP is written as
23 23
~ = 0,2, p0,2_
Vo= B0 _BY  (1/n0P—(1/m07 BixitBypxa=1 (16)
_ ’12 ”3 Bza and
(nz —n®) (10) Anl=n%—nJ . (17
Define the observed gyration in this case as G,. It can  Birefringence of LTP can be obtained by putting x;=0

be expressed by gyration tensor components by using the
direction cosines of s (I, =1, 1,=0, [;=0):

G,= zgijliljzgn . (11)
iJj

From the symmetry, it must be zero in HTP.

B. Case-2

The equation of the intersection ellipse of HTP is ob-
tained by substituting x,=0into (1):

Therefore
And=n9—n9 . (13)

The intersection ellipse of LTP is derived from (4) by
putting x, =0. So the birefringence is represented as

An,= L 1
b — —_—
‘/333 ‘/Bll
~nd—n{+L(nP8B,, —nPsB;;) . (14)

As the direction cosines are expressed as s (0,1,0), the
gyration G, is given as

Gy =82 » (15)
which is zero in HTP.

into (4):

An,~n9—nd+1(nP8B,,—nP8B,,) . (18)

The gyration of both phases is given as
G. =g, (19)
which is zero in HTP.
D. Case-4

The equation of the indicatrix in HTP must be written,
at first, referring to the new coordinate axes (x{,x5,x5% ),
which are obtained by rotating the original ones by 45°
around the x; axis. Both coordinates are related by

cos | = cos i1-r 0
4 4
X, xy
m m "
X, |= |cos |—— | cos|— | O] [x5
4 4 "
X3 X3
0 0 1
1
‘/—E(XI 2)
1 ”n ”n
= \/—_Z(xl +x5) | . (20)
x5

By substituting this relation to (1)
BYx{?+BYxy2+BYxy +2BYxxy =1, (1
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where
BY =BY =1(B, +BY) , (22a)
ou —B33 , (22b)
and
By =1(BY—BY,) . (22¢)

Here the equation of the intersection ellipse can be ob-
tained by letting x ;' =0 in (21):

B(z)lzl 1212 +B0u 112__1 (23)
Then the birefringence An?, in this case is derived as
v2n%n9
Ang=—»t L _po_ L2 (24)

(n(1)2+n(2J2)1/2

,\/BOH ,\/B()u

In LTP the same procedure as in HTP is applied to (4),
BYx{*+Byxy* +Byxy* +2BYxxy

2By x| +2BYxRI =1, Q9)
where
B\1=By»=+(B;;+By), (26a)
By, =By, (26b)
1 " ‘/5
Bi3=By= —2—323 ) (26¢)
and
B\, =4(By—By) . (26d)

The equation of the intersection ellipse is obtained also by
putting x ;" =0:
J
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BYxy*+BYx {2 +2BYxyxy =1 . 27

This equation is rewritten by referring to the principal
coordinate axes (x{",x3",x5"), which are obtained by ro-

tating the previous ones by v, around the x} axis:

BYyxy"* +BYixy"r =1, (28)
where
By, =1(By+By)+r", (29a)
By =3(Byp+Byj)—r", (29b)
tan(2y,, )= ,,23%12’3” ) (29¢)
B3;—Bp
and
r'"'=[HBY —BY)+B5]2. (29d)
By the same reason as in (7e), #"’' is approximated as
B2
(R
"=~2(By—Byj)+ Bl —By (29e)
Thus
B2
B}, =B, +m (30a)
and
BY?
By, =B73; Bl —BY, (30b)

Then the birefringence An,, can be obtained by using
(26a), (26b), and (26¢):

(8B, +8B,,)—n% 8B,

(31)

1 \/En?ng 1 \/Zno3 93
Ang, = =n§— RGN 024,032
\/B“, ,\/Bul (nl +n2 ) 2 ( _+_n )/
0 2vV2nPn§
) n3 (n®2 +nQ )"
+E(”1n2”3323) Ozn(3’2+n?2n(3)2—2n02 02
[
and

" V2ninin8) By,
b = .
® T 2n2p Q2 —( 24 ,02,02)

(32)
n9n$

The gyration G, is obtained by using s=(1/V2,
1/v'2,0),

G =%(811+82) 181 » (33)

which vanishes in HTP.

E. Case-5

The equation of the indicatrix must be written refer-
ring to the new coordinate axes (x| ,x5,x3 ), which are

obtained by rotating the old ones by 45° around the x,
axis. Both coordinates are related by

cos s 0 cos —
x 4 4 x|
x, |= 0 1 0 x5
X3 0 T x5
cos cos 4
1 ”n "
‘/—5( +X3 )
= x5 (34)
1 n
—‘/72(_ +X3 )
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By substituting (34) into (1)
BY%xy*+BY x> +BYxy*+2BY/xx=1, (35

where
BY =B =1(B},+BY), (36a)
BY =BY, , (36b)
and
By =1(B% —B%) . (36¢)

The equation of the intersection ellipse is obtained by
letting x5 =0 in (35):

BY'x?+BYxy*=1. (37)
Therefore
V2199
Ano=—Lt 1 _ . LA € )

(n(1)2 +ng2 )1/2

,\/BO/; ,\/Bgrzl

In LTP, the equation of the indicatrix can be obtained
by substituting (34) into (4),

B\x?+Byxy?+BYxy*+2B)xYxy +2BYx{x{
+2Bhxxy =1, (39)

where
BIIIIZB’3,3=%(B11+B33) s (40a)
BY, =By , (40b)
J
An 1 1 V2 n?ng _no_l
ca \/B”’ ,\/B,,, ( (1)2 +ng2)1/2 2 2

1975
”n ”n VE
stz—Bu:—Z‘st , (40c)
and
Bg’l %(BII_B:H) . (40d)

Then the equation of the intersection ellipse is written by
letting x5 =0:

B\x*+BYxy*+2B,x x5y = (41)

This is expressed by the principal coordinate axes
n 0 rr

(x{",x5",x5"), which are rotated by ¥, around the x}
axis:

Biix{"+Byxy =1, “)
where
BI12
B! ~BY, _ﬁ , (43a)
Bn—BH
Buz
B ~Bj+—— 0, (43b)
B3, — B
and
BY,
Yoy = — (43¢)
ca B22 -Bll
Then

v2n%nP

W(SB11+8833)—ng38322
03,03
2V2n? 03
(n? +n°2)3/2 "

;(nln n3B23)2

and
VE( n (l)n (2)’1 g )2323

n9 n02+n(1)2n(2)2_2n02 02

(45)

~
ca

Letting s=(1/v2,0,1/V2) in both phases,
G, =381 t833) 181 (46)
which vanishes in HTP.

F. Case-6

The relation between the old and new coordinate axes,
which are rotated by 45° around x, axis, is given:

xy
X, |= | —=(x3—x7)]|. 47)
‘/2 (x2 x'3')

(2)2ng2+n02 02_2n02 02

(44)
1n

[
By substituting this relation into (1)

BOn lr2_+_Bg:21 1212+BOII :12+2B0u " n=1 , (48)

where
BY =BY , (49a)
BY =B =1(B%+BY), (49b)
and
By =1(B%—BY,) . (49¢)

The equation of the intersection ellipse is obtained by let-
ting x5 =0 in (48):

BOH /IZ +B0H NZ_I A (50)
Therefore
V2n%9
Ang = —1 - ———1 ="(1)— 02 20231/2 : (51
VEY VBE | F )
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In LTP, by substituting (47) into (4)
B x\?+BY%xy*+Bx 2 +2BYxxy =1,  (52)

where
BY\=By , (53a)
By =3By +B33+2By;) , (53b)
By =3(By+ B33 —2By;) , (53¢)
and
By;=3(By;—Bp) . (534)

The equation of the intersection ellipse is given by letting
x5 =0:

Biix\?+Byxy?=1. (54)
Therefore
1 1
Anbc
VB, VR
o V2n9n$ _\/Eng3ng3323
=nhy P +n2)2  (n P+ nQ )2

‘/2n03 03

1 3
+t (n32+n22)3/2(8822+8333)_"?SB“

(55)
and ¢, =0.
Letting s=(0,1/v"2,1/V2) in both HTP and LTP
Gy =7(8221T833) 823 » (56)

which becomes g,; in HTP.

Birefringences, gyrations and rotation angles of the in-
dicatrix of HTP and LTP are summarized in Table I for
the six different cases, where the formulas of
birefringences are omitted but represented instead by the

C=,
ZC

>9

a=y

FIG. 2. Optical orientation of BaMnF, in orthorhombic sys-
tem. Bold line represents an optic plane. A4 and B denote optic
axes. Optical plane is parallel to (100) plane.

III. HAUP EXPERIMENT

Prior to the HAUP measurements, microscopic exam-
inations of the optical nature of BaMnF, were made by
using a quartz wedge. As the result, the sequence of the
magnitude of the refractive indices along the crystallo-
graphic (principal) axes could be determined. Figure 2
shows the stereographic representation of the optical
orientation of BaMnF, in HTP, which confirmed the va-
lidity of results of Eibschiitz and Guggenheim.!

HAUP experiments for the above-mentioned six cases
were performed by using He-Ne laser light of the wave-
length of 6328 A. The temperature range of the measure-
ments was between 150 and 440 K in each case, the tem-
perature stability being maintained within the accuracy
of £0.02 K. In each case, B(0), retardation A and
characteristic angle 6, were measured at various temper-
atures. These quantities are expressed as!®

A=%[An2+(6/ﬁ)2]‘/2 : (57a)

equation number for the sake of simplicity.

B(0)=(y —2k)sinA+28Y cos*(A/2) ,

TABLE I. Birefringences, gyrations, and rotation angles of indicatrix for six cases.

Case Birefringence Gyration Rotation angle of indicatrix
HTP LTP HTP LTP HTP LTP
n%,9p
1 (3) 9) 0 gu 0 ‘2“%
n3?—n?
2 (13) (14) 0 g2 0
3 a7 (18) 0 g3 0
4 (24) 31 0 gy +g0)+ 0 V2Aningn3 ) B
781 T8xn) T8 Zn?zngz—(nzng +n?2n(3’2)
1 ‘/2("1”2"3)2323
5 (38) (44) 0 (g tgn)ten 0 nPn? +nPn? —2nPn
6 (51) (55) 823 (g0 +g)+en 0 0

(57b)
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FIG. 3. Temperature dependences of (a) B(0), (b) A, and (c) 6, for Case-1 of BaMnF,.
and the quartz wedge. The result was satisfactorily agreed

0p=—1(p+q)cot(A/2)— 18T+ . (57¢)

Here d designates thickness of the specimen, k ellipticity
of the elliptically polarized wave traveling in the speci-
men, ¥ rotation angle of the indicatrix, and 7 mean re-
fractive index. ¥ =p —q and 87 are the major systematic
errors; where p and g represent the parasitic ellipticities
of the polarizer and analyzer, respectively, and 8Y the
deflection angle from the true crossed Nicols condition.
Equation (57b) becomes

B(0)/sinA=y+8Y cot(A/2), (57d)

when k =0. That is to say, B(0)/sinA changes linearly
with respect to cot(A/2) when the crystal is optically
inactive. The similar relation is held for 8, when ¥=0.
Making use of these two relations the systematic errors p,
g, and 8Y can be properly evaluated as described in de-
tails in Ref. 16.

A. Case-1

A specimen with flat (100) planes of the area of
1.20X1.65 mm? and thickness of 0.107 mm was
prepared. The specimen was firstly investigated at a diag-
onal position of the microscope. When the X’ axis of the
quartz wedge was parallel to the x, axis of the specimen,
the retardation of both crystals was found to be added,
while parallel to the x; axis the retardation subtracted.
Thus it was confirmed that the x, and x; axes correspond
to X’ and Z’ axes, respectively. Furthermore, the tem-
perature change of An, =n; —n, was measured by using

™YY

P Rl Y -1
05 1.
cot(a/2) 0

Tcot(a2)

FIG. 4. Relations of (a) B(0)/sinA and (b) 6, with respect to
cot(A /2), for Case-1 of the high temperature phase of BaMnF,.

with that derived by HAUP method which is to be de-
scribed below.

The temperature dependences of B(0), A, and 6, are
shown in Figs. 3(a)-3(c), B(0)/sinA and 6, in HTP clear-
ly change linearly with respect to cot(A/2), as depicted
in Figs. 4(a) and 4(b). From these relations the systematic
errors were determined; p=9.14X 1073, g=7.98X 1073,
and 8Y=—2.40X1073. By using these values, k was de-
rived as a function of T as shown in Fig. 5. Then the
temperature changes of G, and An, were derived as
represented in Figs. 6 and 7. As can be seen from Fig. 6,
G, is zero in HTP, but appears in LTP. It was found
that An, in HTP increased with decreasing temperatures,
contrary to the previous reports.'>!'* By combining tem-
perature dependences of A and 6, which are represented
in Figs. 3(b) and 3(c), temperature dependence of i, was
deduced as shown in Fig. 8. It was clearly seen that the
indicatrix rotates in LTP depending strongly on 7.

B. Case-2

A specimen with (010) planes of the area of 1.90X2.80
mm? and thickness of 0.168 mm was prepared. By the
same microscopic examination as in Case-1, the x, and
x3 axes were confirmed to be X' and Z' axes, respective-
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FIG. 5. Temperature dependence of ellipticity k for Case-1 of
BaMnF,.
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FIG. 6. Temperature dependence of gyration G, of BaMnF,.

ly. The preliminary birefringence measurement by using
the quartz wedge also provided nearly the same tempera-
ture dependence as that measured by HAUP.

In Figs. 9(a)-9(c), temperature dependences of B(0), A,
and 6, are shown. From the linear relations of
B(0)/sinA and 6, of HTP with respect to cot(A/2), the
systematic errors were evaluated; p=—1.13X1073,
g=—2.10X10"3 and 8Y=—3.4X10"* After deter-
mining the temperature dependence of k, as shown in
Fig. 9(d), G, and An, were acquired as a function of T, as
depicted in Figs. 10 and 11.

By using the systematic errors and temperature depen-
dences of A and 6,, the temperature dependence of ¥,
was deduced as shown in Fig. 12.

C. Case-3

A specimen with flat (001) planes of the area of
1.82X2.50 mm? and thickness of 0.489 mm was
prepared. The temperature dependences of B(0), A, and
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FIG. 7. Temperature dependence of birefringence An, of
BaMnF,.
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FIG. 8. Temperature dependence of rotation angle of indi-
catrix, ¥,, of BaMnF,.

6, are shown in Figs. 13(a)-13(c), respectively. The sys-
tematic errors were determined as p=—2X10">,
g=—57X10"% and 8Y=4.9X10"% With these
values, the temperature dependence of k was determined
as shown in Fig. 13(d). Then the temperature depen-
dences of G., An,, and 9. were acquired as depicted in
Figs. 14, 15, and 16.

D. Case-4

A specimen with the flat planes which were parallel to
the x; axis and perpendicular to s of Case-4 was
prepared, the area being 2.13X 1.54 mm? and thickness
0.199 mm, respectively.

Temperature dependences of B(0), A, 6, and k are de-
picted in Figs. 17(a)-17(d), respectively. The systematic
errors were determined as p=4.5X 1074 ¢=1.9X 1074,
and 8Y=—2.9X 10" * The temperature dependences of
G,, Angy, and ¢, are shown in Figs. 18, 19, and 20.

E. Case-5

A specimen with the flat planes which were parallel to
the x, axis and perpendicular to s of Case-5 was
prepared; the area and thickness being 1.52X1.76 mm?
and 0.345 mm, respectively. The temperature depen-
dences of B(0), A, 6, and k are depicted in Figs.
21(a)-21(d), respectively. The systematic errors were
p=—179X1073, ¢g=—1.91X10"3 and 8Y=1.90
X 10~ * Temperature dependences of G, An,, and ¥,
are shown in Figs. 22, 23, and 24.

F. Case-6

A specimen with the flat planes which were parallel to
the x, axis and perpendicular to s of Case-6 was
prepared; the area and thickness being 1.99X1.62 mm?
and 0.169 mm, respectively. Temperature dependences
of B(0), A, 6, and k are depicted in Figs. 25(a)-25(d), re-
spectively. From the symmetry it was expected that G,
was nonzero in both phases. In that case, the linear rela-
tion of B(0)/sinA versus cot(A/2) cannot hold, and ac-
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IV. EXPERIMENTAL RESULTS 2050 10" T T T T T T T T T T T
Here we will summarize our experimental results. i ]
From Figs. 6, 10, and 14, it is seen that L
g11=82=833=0 in HTP. Accordingly from Figs. 18 2000

and 22, g, =g,;3=0 in the same phase. Figure 28 indi- 3
cates that only g,; remains nonzero in HTP. These facts
confirm the validity of the representation of the gyration
tensor of HTP shown in Fig. 1.

Temperature dependences of g,; and g,, in LTP are
shown in Figs. 6 and Fig. 10. g;; is always zero as shown L i
in Fig. 14. g,, can be estimated by subtracting - ]
(g1 +82) from G,, shown in Fig. 18. Also g3 can be T T
evaluated by subtracting 1g,, from G, of Fig. 22. Both 1'900100 150 200 250 300 350 400 450
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FIG. 19. Temperature dependence of birefringence An,, of
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The temperature dependence of g,; in LTP was obtained C ]
by subtracting 1g,, of Fig. 10 from G, of Fig. 28 and in- 2730 -
dicated in Fig. 32. Summarizing the above results, tem- r ]
perature changes of the gyration tensor components of 2720 =
BaMnF, are represented in Fig. 33. g F 1
The rotations of the indicatrix were detected to occur s C ]
in ¢, (Fig. 8), ¢, (Fig. 20), and v, (Fig. 24), but not in 2710 »
¥, (Fig. 12), ¥, (Fig. 16), and ¢, (Fig. 30) at all. These t ]
facts unequivocally indicate that the indicatrix rotates 2700 T 3
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The temperature dependence of B,; was obtained from 269 T T Ll ]
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FIG. 30. Temperature dependence of rotation angle of indi-
catrix, ¥,., of BaMnF,.

tures. They are shown in Fig. 34, where the superscripts
designate the relevant rotation angles and B,; the mean
value. It is seen in the figure that the coincidence of each
branch is satisfactory.

Finally the temperature dependences of An are summa-
rized in Fig. 35.

V. DISCUSSIONS

We successfully measured the gyration tensor com-
ponents of BaMnF, in the temperature range containing
IC phase transition. So it will be of interest to look at the
relationship between the change of the optical activity
and the IC phase transition.

As only g,; exists commonly in both phases, we will in-
vestigate the change of the gyration in the (100) plane. In
HTP, the gyration G is expressed as follows, when the
light beam with the wave vector s=(0,/,,/;) is incident
on the crystal:

G:2g23121328235in(262) , (58)

where 0, is the angle which makes with the x, axis, and
853 <0. Therefore the negatively maximum value of G
will be observed at 6,=1 /4, and the positively maximum
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FIG. 31. Temperature dependences of gyration tensor com-
ponents g, and g,; of BaMnF,.
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value at 2. The section of the gyration surface?’ of HTP
with the (x,,x;) plane is depicted in Fig. 36(a), where the
negative radius vectors are drawn black and the positive
radius vectors white. It must be noticed in the figure that
the two white and two black ovoid sections are interrelat-
ed by the mutually crossed mirror planes and a diad axis
which are commonly parallel to the x; axis. In this case,
g1, is forbidden to occur by the symmetry. Our experi-
ment clarified that the shape and orientation of the ovoid
sections did not change until the temperature approached
very closely T;. However, the shape of the ovoid sections
suddenly expand near T; as depicted in Fig. 36(b), be-
cause g,; manifests a sharp peak at T;. It is reasonable to
consider that g,; becomes infinite in essence at T; but, in
reality, was measured as a definite value under the effect
of the higher order terms. As the expansion of the ovoid
sections becomes infinite at T, effect of the mirror planes
collapses. Thus it is very interesting to interpret that the
divergence of g,; plays a role of making continuous.

In LTP, the mirror planes disappear, and only a diad
axis remains to exist. Then g, can be generated and the
gyration surface can be rotated in this reduced symmetry.
We really observed g,;(>0) and g,,( <0) below T;. G in
the (100) plane can be expressed as

ngzzl% +28,30,1;3

182,[1+cos(20,)]+g,3sin(28,)

2
=1V/(1/4)g3, +g3% cos(20,+¢)+1g,, , (59)

where
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FIG. 35. Temperature variations of the birefringences for six
cases, where subscripts of An correspond to the relevant cases.
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X3

(a) (b) (c) (d)

FIG. 36. Sections of the gyration surface of BaMnF, with
(100) plane. (a) 260 K, (b) 253 K(=T;), (c) 230 K, and (d) 160
K.

COosQp = —-Zg—i——z_ ’ (60a)
\/g 5 T4g5;
2

simp = ——;22_—3_—2 N (60b)

Vigh +4gh
and

2

tanp=— :23 . (60c)

22

The negatively maximum value of G will appear at 0,,
which satisfies the condition of cos(20,+¢)=—1, i.e.,
6,=m/2—@/2. On the other hand, the positively max-
imum value of G occurs at 6;,=m—¢@/2. As tang is nega-
tive, ¢ can be expressed as

¢,=_721+/3 . (61)
Then

92:%—1'2”— (62a)
and

9;=%Tr—£23— : (62b)

In HTP, 0, and 0} are always 7/4 and 3/47. In LTP,
with the increase of the magnitude of g,,, 8,, and 6; de-
crease and the two kinds of ovoid sections rotate clock-
wise simultaneously. Using Fig. 33 change of 6, could be

50 T T T T T T T T T T

4

T

6,(deg)
g
o)
|I|'|lll|lllllll1l

PRI U S N U U S 1

o &40y I B
140 160 180 200 220 240 260 280 300
TEMPERATURE (K)

FIG. 37. Temperature dependence of 0,.
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(a) (b)

(c) (d)

FIG. 38. Schematical representation of the change of the gyration surface of BaMnF, at various temperatures. (a) 260 K, (b) 253

K(~T;), (c) 230K, and (d) 160 K.

deduced as depicted in Fig. 37. The sections of the gyra-
tion surface at 230 and 160 K are drawn in Figs. 36(c)
and 36(d).

Below T, g;, appears and increases with decreasing
temperatures as shown in Fig. 33. Total changes of the
gyration surface with decreasing temperature are
schematically depicted in Fig. 38; (a) at 260 K (C,, ), (b)
253 K (=T;), (c) 230 K (C,), and (d) 160 K (C,).

As has already been mentioned, the sharp peak of g,;
makes the transition of BaMnF, perfectly second order.
It is an interesting problem to investigate whether the
gyration always manifests such a phenomenon when the
transition between two optically active phases is of
second order. However, we must wait for the accumula-
tion of much more experimental data for getting the con-
clusion.

At last, we revealed the temperature changes of the ro-
tation angle ¥, of the indicatrix and the rotation angle
B/2 of the gyration surface, in addition to the lattice pa-
rameter o angle.11 It is remarkable that 3/2 is 2 orders
of magnitude larger than v¥,, which is 1 order larger than
a. This fact indicates that gyrations are affected very
sensitively by the change of the order parameter.

Our results on the birefringences do not agree with
those of Régis er al.,'” Pisarev et al,'’ and Schifer

2350x 102

3200x 10T
(a) 1

] 2340 -

0850x107f~ J

2330 -1

3150 2320 -
g £0800 €230 -
3100 § 2 ]
3 22% -

0.750 J

T _ - T 1 2.280] -
50 200 250 300 B0 200 260 300 150 300
TEMPERATURE (K) TEMPERATURE (K) TEMPERATURE (K)
FIG. 39. Comparisons of temperature dependences of

birefringences for (a) An,, (b) An,, and (c) An,.. Present results
are designated by 1 and Schifer et al.’s by 2.

et al.'* except An,. Comparisons are made in Fig. 39 be-
tween the results of Schafer et al. and of ours, where the
appropriate values are put to the three birefringences of
Schifer et al. since the absolute values were not shown in
their report. Although both reports agree in An,, tem-
perature dependences of An, and An, are wholly oppo-
site.

Deflections of the three major birefringences, 8(An, ),
8(An,), and 8(An,), in LTP from those in HTP are
shown in Fig. 40. Remarkable fluctuations of the refrac-
tive indices are observed above T;, as were already men-
tioned in previous reports.'** From the figure,
8(An,)=6n;—06n,<0, O6(An,)=06n;—06n,;<0, and
8(An,.)=8n,—8n,>0. Then it can be concluded that
8n,>8n,>6n,. In other words, the change of
birefringence is maximum along the IC axis when the or-
der parameter appears. It is necessary to add that the
gyration component takes place along this axis below T
and develops conspicuously.

In summing up the present work, we find the various
peculiar properties manifested by BaMnF, fascinating
and intriguing. Among these properties, the sharp peak

5 X IO[‘ LA BN R S | —r v v 1 v 1 v v v 17T

L S

TD
6(any) l'
45....14..41....]1..

150 200 250 300
TEMPERATURE (K)

0
. ]
e} - .
_]O—- —

8% .
o

FIG. 40. Temperature dependences of the deflections of
birefringences 8(An) of the low temperature phase from those
of the high temperature phase.
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of a gyration tensor component at the transition, and the
large rotation of gyration surface in the IC phase, will be
useful for understanding the IC phase transition of
BaMnF, from a different viewpoint.
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FIG. 38. Schematical representation of the change of the gyration surface of BaMnF, at various temperatures. (a) 260 K, (b) 253
K(=T;), (c) 230 K, and (d) 160 K.



