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Kouhei OKITSU, Yoshinori UEJI, Takuyo OGUCHI, Hiroshi MARUYAMA, Yuji
HASEGAWA, and Yoshiyuki AMEMIYA : Study on Dielectric Anisotropies in
Crystals by Using the Energy-Tunable X-Ray Polarimeter with a Phase Retarder

A new type of energy-tunable X-ray polarimeter has been developed by introducing a
Hirano-Ishikawa-Kikuta's transmission-type X-ray phase retarder into an X-ray polarimeter
consisting of Hart-Rodrigues’ polarizer and analyzer. By using the new type of polarimeter,
simultaneous detections of X-ray linear birefringence and dichroism, and simultaneous detec-
tions of X-ray linear triple refraction and trichroism, have been made for the first time. The
Kramers-Kronig relation has been confirmed in the absolute scale of dielectric constant be-
tween linear birefringence and dichroism (and between linear triple refraction and trichroism),
which correspond to the real and imaginary parts of dielectric anisotropy, respectively. Phase
shift due to the birefringence (or the triple refraction) has been measured with a precision of

2w /10,000, which is limited mainly by photon-counting statistics.
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(The experimental arrangement of the new type of
energy-tunable X-ray polarimeter with a phase retarder.)
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when rotating the analyzer around the X-ray beam di-
rection. X-ray photon energy is 7770 eV, 61 eV high-

er than the cobalt K-absorption edge (7709 eV) .The el-
lipticity of elliptical polarization produced with the phase
retarder is — 0.02as calculated from the dynamical dif-
fraction theory. A (1120) -oriented hexagonal cobalt
single crystal foil of 12 um thickness is set as a sam-

ple so that c-axis of the sample crystal is inclined by
45° from the horizontal plane. Rotation and ellipticity
of polarization can be obtained from the horizontal and
vertical shift of the bottom position, respectively.).
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the orthogonal directions of x and y (a) is transmit-
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x- and y-directions, u. and p, are different, the po-
larization direction of the outgoing beam rotates (b)
owing to the absorption anisotropy.)
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values of X-ray polarization ellipticity due to bire-
fringence in the cobalt sample (solid curves with er-
ror bars; left ordinates). The dotted curves are ab-
sorption spectra (right ordinates). The ellipticity of
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TRILANRZ bL2SE S5 N7z, (Spectrum of rotation
of polarization due to linear dichroism in the cobalt
crystal (solid curve with error bars; left ordinate). The
identical spectrum was obtained for incident X-rays
with polarization ellipticity of — 0.04, — 0.02, + 0.02
and + 0.04. The dotted curve is absorption spectrum
(right ordinate).)
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spectra in (a) and (b) are Ae' and Ae” calculated from
the ellipticity and rotation of polarization, by using
the procedure described in appendix B. The lower spec-
tra in (a) and (b) are Kramers-Kronig transforms of
A€" and Ag'. The upper and lower spectra areshifted
for clarity. Here A¢'=¢&'— &' and Ae"= &" — &",
where &', &', &" and &" are the real and imaginary

parts of relative dielectricconstants of the cobalt crys-
tal in the a- and c- axis directions. No procedure for

scaling was made both for (a) and for (b).)
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) +0.03ICFFEENTVS. (a), (b), () PAR
7 PO iR, BREROSEAERIZBY
T, XB=EHBFHIEI o TnEI LERLTY
% . (Spectra of absolute values of polarization ellip-
ticity of X-ray beam (solid curves with error bars;
left ordinates) transmitted through (a) (100)-, (b)

(010)- and (c) (001)-oriented plates of the cobalt
complex crystal; the polarization ellipticity of the in-
cident X-ray beam produced with the phase retarder

was set to be (a) +0.03, (b) +0.035 and (c) +
0.03. The clear difference of spectra in (a), (b) and

(c) reveals that X-ray triple refraction is taking place
in the monoclinic crystal. The dotted curves are ab-

sorption spectra (right ordinates).)
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() +0.03ICFHEENTVA. (a), (b), (c) DA
7 PVOWG D RERL, BREROERERICBY
T, XH=ERN S&f) MMIoTnb I LER
L TVv2% . (Spectra of rotation of polarization of X-
ray beam (solid curves with error bars; left ordinates)
transmitted through (a) (100)-, (b) (010)- and (c)
(001) -oriented plates of the cobalt complex crystal;
the ellipticity of the incident X-ray beam produced with
the phase retarder was set to be (a) +0.03, (b) +
0.035 and (c) =+ 0.03. The clear difference of spectra
in (a), (b) and (c) reveals that X-ray triple absorp-
tion (trichroism) is taking place in the monoclinic crys-
tal. The dotted curves are absorption spectra (right or-
dinates) .)
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Ehl -, (b) c-8# & a-#h, (c) a-Eh& b-Bh, A
DFERELEDZE. @), b), )DTFDANRS b
I3, FEREKIRDOZE% Kramers-Kronig 25t L7z AR
7 bV, EEEA#E, RRTVWE)ILEDEETH
TTHLY, LFEROMEIHLETTOy FLTH
DRy =1 ZIEEEN T2V, (The upper spectra
in (a), (b) and (c) are imaginary-part dielectric
anisotropies between the directions of (a) b- and c-ax-
es, (b) c- and a-axes and (c) a- and b-axes of the
monoclinic sample crystal which were calculated from the
spectra of ellipticity and rotation of polarization, by us-
ing the procedure described in appendix B. The lower
spectra in (a), (b) and (c) are Kramers-Kronig trans-
forms of real-part dielectric anisotropies. The left and right
ordinates of each graph are shifted for clarity and are
drawn in the absolute scale of relative dielectric con-
stant. No procedure for scaling was made.)
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L HFEMARDEZRL TS . ZOFHEIRR (26) 12
LoTiTbhz. /90 FORIURED S +2 eVOL
FNVF—IZRONL YTV, A XBRORAEDOAN
VYT A —BEICLYRELTWEZ E2h, HLR
IZEERDLNDTHA . (Spectra of absolute values of po-
larization ellipticity; (a) and (b) are expansions of the
framed regions in Figs.5 (b) and 5 (c), respectively. A
vertical bar drawn in (a) corresponds to a phase differ-
ence of 2 7 /1000 between a- and c-axis polarizations.
This estimation is given by using eq. (26). A signal ob-
served at + 2 eV from the cobalt K-absorption edge is ev-
idently significant since a reversal of the signal is clearly
observed for the reversed helicity of the incident elliptical

polarization.)
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bobah, EHFOEIIIB O ICEFOELHEICL
2 Tb756 &N 5. (A schematic drawing of transi-
tion in polarization state; the initial polarization state

(dotted ellipse) is changed to the solid elliptical po-
larization by transmitted through a crystal which has
different absorption coefficients, p, 4, and different
(real) refractive indices, n.(”, n,( in the directions
of x and y. z is the crystal thickness. D;© and D,
are complex amplitudes of the incident X-rays in the
directions of x and y, and D, and D, are complex am-
plitudes of the outgoing X-rays in the directions of x
and y. The rotation angle of polarization, o depends
mainly on the absorption anisotropy, and the change
in polarization ellipticity depends mainly on the re-

fraction anisotropy.)
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21
cosfr+ 2 cosf - 20)|

Ji
)

cos (wt) cos (74’] —sin (@?)sin (7¢)

cos (@) cos (Az )+ sin () sin (_422_)

% @)
—cos (wt) cos (%J +sin (o?) sin (%) +
cos(or)cos[ 22 ) s ) sin 42
cos[ 22 cos (w1

| ()t

e sin (%) sin () . (23)

EoxX (23) Lo TRENABRAEIRE (DO, DYy )
X, x FRIOEMOE & a=cos (A9R) , y FEIOEOE &
b =sin (A@2) DIRNTWZRWIEFHRRIMZ S, L
72h3o T, A5 RV FEARE (Dx 0, Dy ) DFgHE
Rid, D, © & D, OOBOMAEAGIZL > TRDE ) IT
REN5.

b
R= (24)
(A0
_ sin ( 5 ) 25)
cos (éﬂ)
2
A
=tan(—éz). 06)
L7z o T

Ap=2 tan"l R. (27)

£ (26) &K (27) 1F, RAEDOREMATS “HATB )R
WOEFUDPZNEV) EHEDOD & THAHZ A L1
RROMOBELBHRYS525. BHFICLoTERS
NBFEMEIZAG= AP ¢ DEBEDTIZ LD (26) 12 &
>THZONS . BHEFIZL 5 A5 XEOREELERD
2V bPa—-VIEZOFEICESWTIThI. K@) 12
B AHEMAROEMEIR & B2, #X(24), (25), (26)
BLUKQ27) BV THDLNBEEAERRIIREEDOANY
VT4 —DEREEUCHEFEOEKTHS . X (17)
X (Q27) ERATAHLE
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R, b RS, DOEE,

A (2 tan R— Ag!P")
An(’) = ( ) (28)

2nz

P, BHETFEERT AEAREBRWTIE) £ Z
EBETo. Thbb, kFEw (RA#E) »545° &
W7 FEPMR e ASIESE 5 BURAN & SR I & o TIRIEIREEDS
BT 5EE, BHEROERLS L RAEDBIEAHTT
BN EVEVIEBPD D &1, BIRDEHH Ap i3k
(12) ko THRON, BIRORFHAOIFF (28) (2
foTHEzo6N5.

B WREBIRDRAMEDBINTGE (MELEE)

RS A B TIEBN LB BEL LTERT S
RXDIRE 2 EH L L TR RS HBE%E L. ®RiomE
LA SRR O B A M L, HAROEIEROR
FHIET 2 2 L R U205, BEICIZIHIZIEL
v, BAREORBOKSFH L 2T AEA4S" 2
bRELThAZLIZEY, $-EREEIIC L 518H
BOBHNAKEL ZBILIZED, HifiADERIZBW
FEREG 2 B D . KEICBVTIE, XBORIE* %
BELTIRIZEICX Y, EREAVS I &2 B
BEICRINE EIROR AR BRT A FEMICTOVTR
BY5. BETRSLIHVEBRNLERLREICTS.

x- BTN LT y- BiARORB ORARLS 72 B, iR
TIEDOHEAS1 | Ro DEVTWARWERREL (D @, D, @)
i, BEHERTRO L) ICKSINS.

o)
DX ’ 1
o) )

LI XBOMEICHPIL-ERTHE EEZDOHDT
BRI TRSRERENLZETIEIZY) . EoxX
(29) 1ZHEMER, DTV WER Y OMARETH
5. H12I2BVTHEBRTREIN TV L REKRE (D@,
Dy@) 3 kxR (29) TR S NBREAI 0 DEIFIRIE

(29)

25252 ETRASINLDT
Df“’) —(cos@ —sin 1
{Dﬁ")) - E (sin 6 cos6 ] (—R,,i) (30)
_ JT‘ cos 6+ R,isin 0
Ve lsin@-Rjicos8/ (31)

AL FEHEEXT, H12ICBWTEROKEHTREINT
WA REHERE S BT A AL ROFEXEKE (D, D)
i, k0 kHicEz6N5.
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EIL #, BRA)IHE, WEES
D\ —(cos(6+a) —sin(@+a)\( 1
(Dy)_ﬁ(sin(0+a) cos(6+a)](-R,'j (32)

7 [cos (6 + )+ Risin (9+a))

sin(@+a)—Ricos(6+a)/ (33)

I'IREEBRBO X BOEE B L - EHTH D (GHEE
FOHDTIIHL I TREIFEREHLETIIRW) .
120 TRLTH S &) IHEHEREBRORL
KEE (D, D) 13, AFXBORAIKE (D@, D,@) |2
FoTRDEIIZKRENS.

' (34)

(ij i [D‘x”) exp[-2i (n, 1) 2/A]

D, Di") exp [—27ri (n.v - 1) z / A]

y

oz (34) 12BNT, & n IEEBIAFETHY, X
DEHITEKENS.

(r) 4 @)

n.=n, +n/l, (35)

n,= ni') + n;i)

i. (36)

Tabb, @12IR L7 Dy DyDRRIIBIT BB
B, 1y % EORER Y BIREIEREE RO, 0,0 L5
BB EIIZEoTIHR-TEDTHA. L72H>T Wy,
W& n®, n,ODERIERONTEZHNS.

(0 __ My
n, an (37)
O My
n,’ = s (38)
A (34) 6D, I DyERDDERDE )15
Dy ] Di”) exp (—2711Anz/l) (39)
ZZTAn=n—nThb. LI2W>T
D,D
exp (—2miAnz / )= D:DE"’ . (40)

Eox 40) 12X (31) &R (33) ¥RATAHILICK
DRORX%EES.

exp (-2miAnz / A) = B, 1)
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BHINEEETEXBRI I A=Y —ICL 2RO FERERTHOMEE

B

[cos (6+a)+ Risin (6 +a)](sin 6 - R,i cos 6)
[sin (6+ ) — Ri cos (0 +a)] (cos @+ R,iisin 6)

42)

—J exp (— 27iAnz/A) \IfLA L HHER 5 2 ATEDOFE L
LTROELHIZEKRENS.

exp (—2mwiAnz / A) = exp (—27riAn(')z / l) exp (27tAn(i)z / l).

(43)

ZZTCTAn=np0— ny(r), An () = n;® — ny(i) "C"‘ﬁ)é o e
Ao T A0, An 3R, (42) TEZRSNAEEHB OfL
A EHHEZ AV TRD L) IZEB SN .

—27An"z/ A =arg B, (44)

exp (ZnAn(i)z [ /1) =|B|. (45)
L7zA5oT

Nﬁ=*%%ﬁ’ (46)

An' = _lzlnleBl' 47)

BHEHEBOERN 42) OALEHRT 2 EITERICL
STEDOBENTRXTHL IR EETHS . BHETFIC
Lo THEBRENBHEMRR, IBHFEHRIZL > TFOMHE
BREFLEOTHBEEINS . T3 % LOERIZBW
TIRI DIEIZER E NS %5 03B B O LFH OIE
EATHYABEZRE L EETHL M IRoTWA.
R & alZH2D L) RNFGKRFIRTO T 74NV EET
3 V22 1ICEER LTINS L VBT T A2 812X » T
bNBEETHAS. ROFFIIR, D55 % i S8 7-EE
WED (528 MAZENTEL. ThbbR (42)
TERINTHEREB I, HxlE, AL BICEH S
5. DFNEAEOEIE BEHOR LI, KX 46) ,
@7) ICEDWTREIZENENIDOTHS.

EIAT, FERe b (BERITT 2) BREZE &
BBEE) 20 I3 ZDERIEDVTRD L) ICBROIT NS .

%5 HEERLEMICE D IR DMEIZIZE% ~ 10 BIREDENDDH B, =
DFERICOVTIRBR A TIIHL TRV,
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e=1+y,. 48)
WRAFxLyZek ollBHAL, x Ly FAINDEE xo %

%@—& L—(, ég)L:ASZSX_Ey, Axg:Zox—XDy t%%
TA5EEDR 48) HHHLMIC

Ag = A,’(” 3 (49)

TR IIROKXTEZONS .

n=yl+2, (50)
sl+lxa. (51)
2

X (50) 2263 (51) ~DEFIL, X BT o DIE
PUIZHRTEDLDTHIEWV (o=10-4~10-5) 2 &
WEBEUTHSL. K @49) &K (51) 2HROBHM%
ESE W= VAT (W

1
An = 3 Ay, (52)

1
=—AE.
2 (53)

Eos (53) 13, An b AeDEERE BEIZH L TEFRE
7405 RV ASY /)

Ae") =2A0", (54)
A =2An", (55)

t27 a3l E32IBVWTURLAEFERRGBOER
CEE (M7 B XUR10) ZFRERA O (=Ag) »F
X 42) , X (46) BLURK (54) #HWT, Ae O (=
Ae") AR 42) , X (@7) BXURK (55) FHAVWTEHE
ENLDTHA.
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