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A fundamental optical study was performed on superconductip§rBaCyOg by using a high-accuracy
universal polarimetefHAUP). As this crystal is strongly linearly dichroic, we developed the extended HAUP
theory which includes the treatments of the optical dichroisms. After having determined the optical nature of
the crystal, we applied the extended HAUP method to a (@@1) plate specimen with light traveling to the
front and rear directions in the specimen. These two experiments permitted us to separate the reciprocal and
nonreciprocal optical effects. No sign of the nonreciprocal effects was found in the HAUP transmission
experiment. A gyration tensor componegy; takes place suddenly &t (90 K), increases with decreasing
temperature, and reaches 1870 * (36°/mm of rotatory powerat 15 K. A steep change of birefringence
An with temperature also occurs beldly. From the behaviors of;3 and An with temperature, it can be
concluded that the crystal undergoes a second-order phase transifigingd an optically active class. The
crystal manifests large linear dichroism, i.Am=—2.2x10"2.

[. INTRODUCTION from another bismuthate Ba,K,BiO3. They attributed the
reasons for the negative results on YBCO to the small sizes

One of the most interesting proposals of the theory ofof domains and bismuthates to sample inhomogeneity.
high-temperature superconduct@kTSC’s) is “anyon” su- Spielman and co-workefs’ developed a Sagnac interfer-
perconductivity by Laughlif. He insisted that in two- ometer which is exclusively sensitive to nonreciprocal ef-
dimensional space there exist specific particles known afects. They performed both transmission and reflection ex-
anyons. These particles manifest superconductivity wheperiments on BiSr,CaCyOg (BSCCO single crystals and
they are electrically charged. A striking characteristic of suchYBCO thin films. They found no signals corresponding to
a superconductor is that in its ground state parity and timethe nonreciprocal effect. It is to be noticed that their method
reversal symmetries are violatédt then follows that if a could not be applied to the detection of any reciprocal ef-
HTSC is truly an anyon superconductor, light which hasfects. Weberet al® measured optical gyration of BSCCO
transmitted, should show nonreciprocal rotation of polarizasingle crystals by transmission and CD of YBCO single crys-
tion equivalent to the Faraday effeéctOn the other hand, if tals by reflection. They found a surprisingly large gyration,
light is reflected from the HTSC, it is expected to produce~2800°/mm in rotatory power, which appeared in BSCCO
the polar Kerr effect:®> Therefore the examination of such below 140 K.
optical effects in superconducting materials has been an ur- According to our experiences of measuring optical activ-
gent problem. However, from the experimental point ofity (OA) of various kinds of solid$} we were concerned that
view, detection of both effects is extremely difficult prima- the previous authors did not seem to pay sufficient attention
rily since they are concealed by the overwhelmingly largeto the systematic errors of the various optical devices used in
birefringence of the specimens. their experimental systems, e.g./4 plates, Faraday cells,

Lyons et al* found the presence of the polar Kerr effect etc. We knew that even the insertion of glass plates or lenses
in YBa,Cu;0,;_, (YBCO) films at a temperature much in the light beam compromises seriously the accuracy of the
higher (250 K) than T by detecting changes of the rotation measurements of OA. It seems to us therefore that one is not
angle of circular dichroism(CD). They also found the ready to draw any conclusions on optical phenomena which
same effect in the cubic bismuthate superconddctorreflect symmetry breaking of parity and time reversal in
Ba;_,Rb,BiO;, where the two-dimensional nature of the HTSC's. Rather fundamental optical properties of HTSC's
electrons was lost. This fact was puzzling from the viewpointhave not been properly measured. For instance, birefrin-
of the anyon theory, but Lyonst al. suggested that some gences and domain texture of any HTSC’s have not been
other mechanisms for the CD phenomenon should be soughtarified at this time. These facts motivated us to begin sys-
for bismuthate superconductors. TAéyproved the appara- tematic optical studies on any of the HTSC's drawing as
tus to be only sensitive to nonreciprocal effects, and obmuch cautions to eliminating systematic errors as possible.
served the same effect in YBCO films on the SrJigub- We developed the high-accuracy universal polarimeter
strate, but failed to see the effect in fims on LaAlO (HAUP),*2~*which enables one to measure simultaneously
Interestingly the nonreciprocal signals disappeared this tim®A, birefringence, and the rotation angles of the indicatrix of
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crystals with any symmetries. In the HAUP measurementiremers® did not apply their formulas to any measurements
the specimens are placed in the vacuum, and no solid matef dichroisms. Moxon, Renshaw, and TebBUtteported

rials are inserted in the light beam passing through themeasurements of dichroisms of Nig®H,O by their
polarizer-specimen-analyz¢P-S-A) system. Therefore any method!® However, the descriptions of the processes of de-
systematic errors except those relating to the polarizer andving its dichroisms were too small to check them in detail.
analyzer are perfectly excluded. In addition, systematic erin the present case we needed the extended HAUP theory,
rors due to parasitic ellipticitiep and g (Ref. 12 of the  which is applicable to crystals with considerable dichroism.
polarizer and analyzer, and the small error anglie (Ref.  For this purpose it was necessary to derive afresh the general
13) occurring in setting up the crossed Nicols can be elimi-equations of the extended HAUP. Following that, we applied
nated reasonably in the HAUP method. Therefore searchable approximation conditions to them for being properly ap-
for optical properties of HTSC’'s are appropriate to ourplicable to our problem.

HAUP method. However HTSC'’s are almost opaque to vis- We define theN matrix'’ of the extended HAUP method
ible light. Therefore it is very likely that there exists nonneg-as®, . It consists of fouN matrices as follows:

ligible linear dichroism(LD) in these crystals. The original
HAUP theory? does not contain any treatment of dichro-
isms. Therefore we must first extend the HAUP method to be
applicable to the crystals with any dichroisms. This paper
reports optical properties of one of the HTSC's, BSCCO,

revealed by the extended HAUP method where large LD ié/vhe_re the nur7nbers of the subscripts @frefer to Jones'
original papett” and

®H:®3+®4+®5+®6: w+|5 —(|go+p0) ’

present.
1/2m T
Il. EXTENDED HAUP METHOD w= E(T) (=N =+ == 2
A. Principle
.. 1/27 11
Moxon and Renshaw’ and Dijkstra, Meekes, and goz—<—)(ny—nx)z— —A, 3
Kremer$® have attempted to extend the original HAUP to 2\ A 2d
include dichroisms. They used Jones matri€etirectly in-
cluding dichroisms, and derived approximate formulas of in- 5= 3(2_77) (m,—m)= 1 EK (4)
tensities of light emerging from the P-S-A system with ex- 2\ A VT 2d™

tremely small dichroisms. In deriving these formulas theyand

duly allowed for the characteristic featurespfndg. Dijk-

stra, Meekes, and KreméPsrepresented the results in the 2

characteristic two-dimensional#(,Y') coordinates after pOZE(T)(my_mx)EiaE- )
L ) 12

having introduced the apparent extinction ange™ where

0’ andY’ designate the apparent azimuth angle and defleddere w, gq, 6, andp, designate circular birefringence, lin-

tion angle from the crossed Nicols posititi> Moxon and  ear birefringence, CD, and LDt andm refractive index and

Renshaw® did not represent their formulas in these coordi-absorption coefficient; and| right-handed and left-handed

nates since they did not include the influence®f. The  circularly polarized light; anah andd mean refractive index

presence obY has already been shown by our various mea-and thickness of the specimen. Then the Jones misltgj>of

surements of OA of solids'819 Dijkstra, Meekes, and the extended HAUP can be readily derived as

cosIQdJr(igOero)SmQﬂ —(w+i5)sm(;Qd
" (01570 costQd—(ige+ o o | ©
|
where and
Q=V(Po+igo)*—(w+id)*=x+iy. (7) N —sin(6+Y)cogy+i cog A+ Y)sing ©

The Jones vecto® andA of the polarizer and analyzer are cod 6+ Y)cogy+i sin(6+Y)sing

expressed as . e
P where 0 represents azimuth angle of the polariZérjs the

deflecting angle of the analyzer from the crossed Nicols po-
®) sition. Then the relative intensity ratio of the transmitted
light from the P-S-A system is given &s

cosd cop+i sind sinp
| sing cop—i coss sinp|’
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1/1o=|ATM4P|?, (100  where
wherel andl, represent the intensities of the emergent light A'()=Hp+H 0+ Hisez,
from the optical system and of the incident light, respec-
tively. Here HAUP condition¥ are applied; sayp~10"3 B'(#)=Hj,+Hj,0,

(rad, q~10"3 (rad, 6<1.7x10°2 (rad), and Y<1.7
X102 (rad). These four quantities will be retained in the
equations up to second powers. In this case, the relative in-
tensity is expressed

and
C'=Hj.

Each coefficienH i’]- is expressed by the previous ones,

[/1o=A(8)+B(0)Y+CY?2, (11)
where Hi;=Ha+ 8YHy+ 8Y2Hgy, (13
A(8)=H;+H,0+H 6%, Hi,=H+ 8YHy,,
B(0)=Hy+Hy,0, Hiz=Hjs,
and Hb,=Hoyt 28Y Hay,
C: H31.

Hoo=Hz,
Each coefficient;; was calculated. The results are collected d
in the Appendix. an

(11) can be represented in th@,Y’) coordinate system Hi=Ha.

by considering the systematic errd¥ of Y,*3 _ _ N
Here 6, can be obtained by solving the condition that

1/1g=A"(6)+B'(8)Y'+C'Y'?, (12 (9196)(1/g)y/—o=0]2

Hiz  (p+a{(goX—Poy)sinh2xd+ (pox+goy)sin2yd}

fo=~ 2H;, 2(p3+g3)(coshxd— cosyd)

_ OY{(Pox+ goy)sinhxd+ (poy —gox)sinzyd} 1 pow+god
2(pg+g5) (coshxd—cosyd) 2 22t gl

(14)

Then it becomes possible to introduce tiecoordinate by referring t@,. The coefficiemH{} in the (6',Y’) coordinate
system are expressed

1/1o=A"(6")+B"(6")Y'+C"Y'?, (15)
A"(0")=HY +H}0" +HY.0'2,

B"(6")=Haz+Hz0",

and
C"=H3,.
Each coefficient is expressed as follows:
Hi,: a term independent o’ and Y', (16)
HT,=H o+ 260H15=0, 17

2(p3+g2)(coshxd—cos2yd)

H//:H/ — ,
13 13 X2+y2

(18
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HY —H. 4 0. :(poé—gow)(gox—poy)sinh2xd (Pod—gow)(PoX+goy)sin2yd
ar e o (xX2+y?)(p5+9) (x2+y?)(p5+95)

(P—a){(goX— Poy)sinh2xd+ (pox+goy)sin2yd}
" x2+y?

(P {(Pox+doy)?— (Poy — gox)*}sinhxd sin2yd
(x2+y?)(p3+g3)(coshxd—cosyd)

(P+a)(PoX+ goY)(Poy — goX) (sintF2xd—sir’2yd)
(x>+y?)(p5+g3)(coshxd— cosyd)
SY{(x2+y?— w?— §?)coshxd+ (x2+y?+ w?+ §2)cosyd}
i x2+y?

SY{(poXx+goy)2sintf2xd+ (poy — gox) ?sirP2y d}
(x2+y?)(p3+g3)(coshxd— cosyd)

26Y (PoX+goY)(Poy — goX)sinh2xd sin2yd
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1
(x2+y?)(p5+95)(coshxd—cosyd) ' (19
. 2(phtgd)(cosxd—cosyd)  2{(pex+goy)sinh2xd-+ (poy — gox)sin2yd}
Hao=Hz= X212 + X212 , (20)
and
L, (ph+gs— w2+ x*+y?)coshxd  (p§+ 05— w?— 8°—x2—y?)cosyd
H31_H31_ 2(X2+y2) - 2(X2+y2)
X+ sinh2xd+ —goX)sin2yd
N (PoX+9doY) . (Zpoy goX)sin2y . (21)
X°+y
|
Now let us apply the approximation conditions of the present 258Y sirfA
experiment to the above equations. The conditions are as H£1=eg+efE_2 coh
follows; circular birefringence and CD are extremely small
compared with linear birefringence and LD, viz., 2 sinA{(p—q)cosA —pe E+qef}
a efF+e " F—2 cos\
Jo,Po>w>6#0, S—0nw
(Pod~ bow) % sina, (25)
Pot+ 9o
and
2= 8= ws=0. 22) HY,=2(eF—cosh), (26)
It must be noted that no conditions are imposed on the mag- H”. = eE (27)
nitude of LD here. If it becomes apparent afterwards that s
(22) is not appropriate to the present experiments, we will
reconsider(22). From (7) and
X=Po, andy=go. @) _(prgsim (eF-cosd)dY  (ppw+God)
0 eF+e E-2coxz eF+e F-2cox\ | 2(pi+gd)
ThenH{; and ¢, are expressed (28)

Hi;=eF+e F-2 cos, (24 The last term in25) becomes
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(Pod—gow) . (Po/90)(0/90) —(w/go) . o 25Y sirfA
77 SINA= 7 SinA B"(0')= g——
Po* 9o (Po/go)*+1 e-+e 2 cosh
 2{(EIAK —K} _ 2 sinA\{(p—q)cosh —pe F+qef}
- T (E/A)ZTL O eF+e F—2 cosA
2{Kk'—k} -2k - +2(eF—cos\) ¢, (39
TTKI L O TRE ™ .
(29) C'=e", (39
and
where
_ —(ptq)sinA (eF—cosh) Y 40
® 5 po E = FreF 2com EFref 2com 0
k=2—, k'=2—, and KZ—:K.
Yo Yo Y% A (100 plate specimen with thickness of 1.20 mm was

prepared. An Ar laser with wavelength=514.5 nm was
used as the light sourc#, was determined first at room
temperature. Then intensities of transmitted light were deter-
(pow+9od) (E/Ak+K"  Kk+k’ mined as double functions of’ and Y'. Values of
2(p2+gd) - (E/A)Z+1 T K2x1 (30) 1A"(67), 1B"(6"), andl,C" at eachd’ position were de-
termined by least-squares fittingl,C” values are plotted
These equations were not derived by Moxon and Rendfiaw,againsté’ in Fig. 1(a), where they were fouEnd to be constant
On the other hand25) is not exactly the same &22) in the |rrespect|v9 of the. change df'. .Then I9e was obtained
paper of Dijkstra, Meekes, and Krem&rsven if E is small frozm the figure. Figure (b) deplctsIOAl’E W't[‘EreSpeCt to
enough to the extent thef=1+E. It goes without saying ¢ - AS a linear relation holds theréy(e"+e "2 cos)

that these equations become the original HAUP equdfions could be determined from the derivative of the straight line.
in the case whep,= =0, Furthermore, sincé,B” was also found to change linearly

with respect tod’ as shown in Fig. (), 21 ,(e5—cosA) and
I,B”(0) were obtained from the derivative and the intercept
HY.=4 sir?é, (31)  of the straight line, respectively. Thiig, A, ande® could be
2 calculated fromlqef, 1o(efF+e E—2 cosd), and 2,(ef
—cos)), and consequentlB”(0) from,B”(0). Results are
A as follows: E=3.4x10' rad, A=290 rad, and
H5,=(p—q—2K)SinA +25Y cosZE, (32 B"(0)=-7.82x10"%. Thusp, was calculated as

Similarly the last term in28) becomes

A p0=%=1.40>< 104 [em™1]. (41
HY,=4 sin2§, (33
Wilkins, Farrell, and Naimaif measured wavelength depen-
dences of absorption coefficients, andm, along thea and
51=1, (34  c axes.pg can be estimated from the difference of them as
2.55x 10" 4 wm 1] (=500 nm. The agreement is not per-
and fect. However, considering first that Wilkins, Farrell, and
Naimarf® intended to measure only wavelength dispersions
1 A 1 of m, andm, separately, and second that the metal concen-
6p=— = (p+q)cot= — = SY. (35 trations might not be the same in both specimens, the present
2 2 2 agreement can be acceptable as having proved the validity of
our formulas. The birefringence was calculated as

B. Application to tourmaline (elbaite)

x -
In order to examine the validity of our extended HAUP An=S—14=1.97<10 2. (42)
equationg24)—(28), we tried to measure simultaneously lin-
ear birefringence and LD of green tourmalifelbaite, It is in good agreement with the previous report, say,

NaLizAlg(OH)4(BO3),SigO;6. Which is known to have large An=2.0X 1072.24 Thus we could conclude that our formu-
LD, by using them. As it belongs to optically inacti®;,  las for the extended HAUP method were correct.
class?!??the extended HAUP equations become

lll. OPTICAL PROPERTIES OF Bi ,Sr,CaCu,0Oq

I=10A"(8")+1oB"(6")Y' +1,C"Y "2, (36) A. Optical nature

oo . e e " In order to obtain BSCCO single crystals, a mixture of
A"(0")=H];+(e“+e =—2 co)) 0’7, (37)  BiO,, SICQ;, CaCQ, and CuQ in the molar ratios of
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FIG. 1. 1,C" vs 6" (a), | A" vs 6’2 (b), andl,B" vs ¢’ (c) for

the (100) plate specimen of elbaite at room temperature.
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1:2:1:8 was melted in a platinum crucible at 1170 K. A
single crystal, 5.% 6.7x 2.3 mnT in dimensions, was grown

by a slow cooling of the melt. A very thifD01) plate speci-
men with area of 328273 um? and thickness of
0.66+0.05 um could be successfully prepared by making
use of the cleaving habit of the crystal alo@)1) planes.

The thickness of the specimen was measured by using a
scanning electron microscope. The polarizing microscopic
observation unequivocally revealed that the specimen con-
sisted of a single domain. The specimen was also investi-
gated by x rays using the Weissenberg method to confirm the
above observation and to measure the lattice constants;
a=5.43 A,b=5.44 A,c=30.96 A, which are in good agree-
ment with previous reports.

By using a quartz wedge attached to the polarizing micro-
scope the optical nature in tf§801) plane was easily deter-
mined asn,<n,. Then the sequence of the magnitudes of
the refractive indices along the principal axes must corre-
spond to any of the following three casés: n,<n,<n.,

(i) ng<n.<ng, and(iii) n,<n,<n,. We tested the speci-
men by the conoscopic method. Figuré)2indicates the
conoscopic interference figure in the extinction position. An
isogyre parallel to thé axis looked slightly bolder than that
parallel to thea axis. Figure #b) indicates the figure when
the specimen was in the diagonal position. It is clearly seen
that the melatopes are located on thaxis and the isogyres
are symmetrically disposed with respect to the center of the
figure. This fact unambiguously showed tiai0 plane is

the optical plane and, must be the optica¥ axis. Thus the
correct optical nature was determined to be the dasdn
order to confirm this result, the insertion of a gypsum test
plate to the(b) position showed the addition of interference
color. The optical nature of BSCCO is represented in Fig.
2(c).

B. HAUP measurements

The extended HAUP equatiofi®4)—(28) were applied to
the same BSCCO specimen as used in the optical study. One
edge of the specimen was glued to a thin Cu plate with a
small opening of a diameter of about 1@0n to pass the
light beam. The HAUP measurements were performed twice
on this specimen; the first measurements with light passing

b=Y

©

FIG. 2. Conoscopic figures of BSCC@®) in
the extinction position, andb) in the diagonal
position. (c) represents optical orientation of
BSCCO,A andB denoting the optic axes.
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FIG. 5. Temperature dependence of linear dichroiEmof
BSCCO.

the specimen through the front surface, and the next ones
with light passing it through the rear surface by reversing the
Cu plate itself. If gyrations observed by the front and rear
measurements are designatedzs andG~, the reciprocal
gyration is given byG,=(1/2)(G*" + G™), and the nonrecip-
rocal gyration byG,=(1/2)(G* —G~). We will describe in

the following the former experiments in detail, but not the
latter, since the results of both experiments were found to be
the same. The temperatures of the specimen were changed
between 15 and 300 K within a stability af0.02 K at each
temperature. An Ar laser with wavelength=488 nm was
used as the light source.

The HAUP experiments were made only when the extinc-
tion ratios of the crossed Nicols condition were found to be
less than & 10 °. The temperature dependence @&f is
shown in Fig. 3. Within a grid of+0.1° square in the
(6',Y") coordinate, the intensities of the emergent light
were measured at 121 points. By least-squares fittings, val-
ues of IGA"(6"), 1,B"(6"), and|1,C" were determined at
various temperatures. For examples, relationsl 8" vs
0, 1,A” vs 6’2, andlB” vs 6’ at 300 K are shown in Figs.
4(a), 4b), and 4c), respectively. Linear relations hold in
each figure, as were the cases for elbdiieA, andB”(0)
could be obtained. Temperature dependende isfshown in
Fig. 5, whereE stayed almost constant at-(.90+0.15)

x 10", E was found to be considerable, and this fact indi-
cated that our extended HAUP method was appropriate for
the study of this material. Figures 6 and 7 show temperature
dependences af andB"(0), respectively.

The next step, which was the most difficult but important
part of this study, was derivations of the systematic errors,
p, g, and §Y. For this aim, the following two equations
were available:

258Y sirfA
ef+e -2 coxr

B"(0)=

2 silA{(p—q)cosA —pe E+qef}
eF+e E-2 cos\

2k
nA!

- mSI (43)

and



53 OPTICAL PROPERTIES OF SUPERCONDUCTING 8ir,CaCyyOg 11791
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FIG. 6. Temperature dependence of retardatioof BSCCO.

b —sinA . (eF—cosh) sy
= Fre F—2 com P79 EFreF-2 com
Kk+k' a4
TRt “9

Here it must be noticed that fat, only the relative values
are accurate. Therefore an arbitrary constanshould be
added to it as shown i44). We had already determined
p=—1.5x10* by using a test crystal of LiNbQ' The
determinations ofp(=p), common ellipticity of LiINbQ
and BSCCO systems, have been described in our previo
work 11819 Wavelength dependences Bf(0), E, and A

the errors and compared them with the observed values in
Fig. 12. The agreement was excellent, the separation of both
series being caused hy. Thus the systematic errors have
been determined as

p=—1.5x10 4
q=7.9x10*4,
and
SY=7.2x10"%, (47)

By using these systematic erroks,G which isgs3 in the
present casedn, andAm were derived from Figs. 5, 6, and
7. the temperatures dependences of these quantities are
shown in Figs. 13—16, respectively. As noted before, these
results were obtained from the front surface experiments. We
repeated the HAUP measurements with the incident light
beam propagating to the opposite directions of the specimen.
Almost the same results were obtained as for the front sur-
face experiments. Therefore we do not describe them again.

From Fig. 14, an important result was obtained, BSCCO
does not produce any signs of Faraday effect in the whole
temperature range including,, and becomes optically ac-
tive in the superconducting state. These facts also verify that
the approximation condition§22) of our extended HAUP
method were properly fulfilled in the present experiments.

Besides, as it can be seen from Fig. 15, the birefringence

An also manifests a steep temperature change bdlpw

were measured at room temperature by using Ar, dyes, anfhe coefficients of thermal changes @f; and An are ex-
He-Ne lasers. The results are indicated in Figs. 8—10. Thefressed in Figs. 1@, and 17b). From the behaviors of

the unknown quantities i3) became’Y, q, andk as more
intelligibly expressed below:

2 SirfA 5 2 simA(eF—cox\)
EFre F-2con’ ete F-2com |
2 silA . 2 sinfA(e E—cosh)

K2+1 eFre F—2 con P

B/I(O) —

(49)

Here we defined a residuB(\) which is functions ofsY,
g, andk,

R(A) =2, {B"(0\)°P—B"(0\)%@h2, (46)
A

We made successive approximations. Assuming first khat
was independent of, we searched for the optimum values
of §Y and g, which minimized R(\). They were
7.3X10 %4, and 8.1 10" * respectively. By using these val-
ues, the wavelength dependencekofvas calculated from
Fig. 8. The result is shown in Fig. 11 by full circles. It was

clear at this stage th&twas nearly zero and independent of
. We repeated the process of determining both errors by

using this wavelength dependence lof The results were
8Y=7.2x10"4, andq=7.9x10 *, andk dependence was

these temperature coefficients it can be concluded that
BSCCO undergoes a second-order structural phase transfor-
mation to an optically active phase at the onset of the super-
conductivity. In addition, BSCCO exhibits large LD,
Am=—2.2x10"2, in the present temperature range. It is
about three orders of magnitude larger than those of elbaite.

IV. DISCUSSION

As a way for examining the validity of the present data,
our results ofAn andAm were compared with those derived

unchanged as shown in Fig. 11 by the open triangles. It was
evident that both errors did not change appreciably from the
previous ones and the wavelength dependendeai$o did

not change. In order to confirm that we obtained the correct
values,f, values were calculated by using the final values of
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FIG. 7. Temperature dependenceBsf{0) of BSCCO.
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FIG. 14. Temperature dependence of gyration tensor component FIG. 16. Temperature dependenceAoh of BSCCO.
033 of BSCCO.

ne=2.00. (48)
from optical reflection measurements by Zibeldal >® They ) R
measured polarized reflectance spectra of this crystal bd-"€ Sequence of the magnitudes of the refractive indices,
tween 0.03 and 6 eV at room temperature. By using th&®Y: Na<Np<<nc, accprds with our result denv_ed. from the
fitting processes of the Lorentz-Drude model and a KramersS0N0SCopic observation, ankin=n,—n,=0.15 is in good
Kronig analysis, they showed anisotropic tensor componentdgreement with our result of 0.157. On the other hand,
of the energy-loss function Im{1/c) and the conductivity Values are given as
function o along the crystallographic axes as a function of
frequency v of light, where ¢ and o are expressed as
e=gq tie, ando=2mveyeq. FOr =488 nm, these com- m.=0.39
ponents are given as follows: Im(1/e®)=0.115 for thea b e
axis, Im(—1/c?)=0.085 for the b axis, and Im

m,=0.43,

(—1/£%=0.062 for the ¢ axis, and o®=5.6x1(, 0.2 prrerrr T,
o?=5.4x10%, and 0°=4.2x10%. Then the components of o F (a) ]
¢ along each axis are derived a§=3.40 ande5=1.64, 2 o1k ]
e9=4.01 ands)=1.58, ands$=4.27 ands5=1.23. Ase; =~ L ' 1
ande, are related tm andm by the relationsg;=n?—m? oy i :
ande,=2nm, the refractive indices are derived as 3 00F .
' L r
n,=1.89, s I ]
2-0.1 .
ib 3
n,=2.04, < [ T
02 |+|||||
and 0 50 100 150 200 250 300 350
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FIG. 15. Temperature dependence of birefringerce of FIG. 17. Temperature dependences of thermal coefficier® of

BSCCO. gsz and(b) An of BSCCO.
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and reciprocal effect of it. Therefore the present results do not
seem to agree with the evidence reported by Lyons and
m=0.29. (49 co-workerd=® but support the conclusions of Lawrence,
Am=m,—m,=—0.04 is not largely different from our re- SZcke, and Laughlirf® However, it must be noted that the
sult of —0.022. Thus the work by Zibolet al. supports a results of Lyonset al. were derived from reflection measure-

part of our data. Bozovfé determined average values of the Ments. Above all, considering the possibility of an antiferro-
dielectric constants, which agreed with values calculatedn@gnetidAFM) model™ it might be premature to draw a
from the data of Zibold® decisive conclusion on the violation of time-reversal symme-
Temperature dependencesAuii shown in Fig. 15 and of Ty in the superconducting state, Canright and Rojo
Am in Fig. 16 may appear contradictory at a glance from theShowing explicitly that the reciprocal gyration also occurs

Kramers-Kronig relation. The standard deviations\ef and for the AFM model. It has been clearly revealed that the
Am are in the same order of magnitude, say B ° and symmetry of parity is lost in the supercon_ductlng phase.
9% 1075, respectively. However the values afn are ap- Spielman and co-workefs’ used a Sagnac interferometer

proximately one order of magnitude larger them. Then it which could detect only nonreciprocal effects but reject any

follows that the change of the same order of magnitude 0feciprocal ones. Therefore their results are not inconsistent

Am as that ofAn (about 4% in maximumcannot be de- with our results. . . .
tected in Fig. 16. Closing the paper we think it of particular importance to

We took care of the effect of the reflectance on the fronSi'€SS that BSCCO undergoes a structural phase transition
and back surfaces on CD. Specimens with different thick_togetherwith the onset of superconductivity. This fact should
ness, say, 0.79, 0.68he présent specimgr0.47, and 0.35 be taken into account for the elucidations of the mechanism

um were used for the test. They provided us with almost theof high-temperature superconductivity.
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APPENDIX: EXPRESSIONS OF THE COEFFICIENTS Hj; IN (11)

Each coefficient;; in (11) is expressed as follows:

(coshxd—cosyd){w?+ 82+ 2(p—q)(ped— gow)}+ (coshxd—cosyd){(p—q)%(pa+g3— w?— 6°)}

n 20 +y?) 207 +y?)
sinh2d{(p+a)(wy— &%) = (p*=a*)(Pox+goy)} _ sin2yd{(p+a)(wx+ dy)+(p*—a*)(Poy —goX)}
+ X2t y? X2t y?

. (coshxd-+cosyd)(p+q)?
2 1

2(pow+god)(—coshxd+cosyd) 2(p+q){(—pgy+gox)sinh2xd+ (pex+goy)sin2yd}
(X*+y?) " (X*+y?)

Hio=

2(p3+g3)(coshxd—cos2yd)
13~ 2+ yz

_ (Po@+god)(—coshxd+cosyd) sinhxd{2p(—poy+goX) — (wX+8y)} ~sin2yd{2p(poX+goy) — wy + X}
2= XZ1y2 ' X21y2 + 2Ty ,

2(p3+g3)(coshxd—cosyd)  2{(pox+doy)sinh2xd+ (pgy — doX)sin2yd}
20— X212 + 2Ty ,

and

(p3+ g3+ w?— 6%)(coshxd—cosyd) . (coshxd+cosyd) sinh2xd(pox+goy)  sin2yd(poy — goX)

Hai= 2(x%+y?) 2 x2+y? X2 +y?
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