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X-ray triple refraction and triple absorption
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X-ray triple refraction and triple absorption have been quantita-
tively measured for the first time. The samples were (100)-, (010)-
and (001)-oriented plates of a cobalt-complex monoclinic crystal.
The apparatus used was an energy-tunable X-ray polarimeter with
a phase retarder. The X-ray energy was scanned over a range of
150 eV near the cobalt K-absorption edge. Both the spectra of
ellipticity and rotation of polarization were completely different
for each crystal plate, which revealed that the biaxial crystal had
three refractive indices and three absorption coefficients in the X-
ray region. The Kramers—Kronig relation between the real and
imaginary parts of the dielectric anisotropy has been quantita-
tively confirmed for all three different orientations.

Keywords: X-ray polarimeters; polarization interferometry;
polarized XAFS; X-ray triple refraction; X-ray trichroism.

1. Introduction

Since the work of Templeton & Templeton (1980, 1982, 1985) on
X-ray anisotropic absorption, it has been recognized that aniso-
tropic crystals have two absorption coefficients depending on the
polarization state of incident X-rays near absorption edges.
However, biaxial features of anisotropic crystals, which might
have three absorption coefficients and three refractive indices,
have not yet been clarified.

Recently, Okitsu et al. (1996) have successfully measured X-ray
linear birefringence and linear dichroism in a hexagonal cobalt
crystal using a new type of energy-tunable X-ray polarimeter
(Okitsu et al., 1996, 1998). This X-ray polarimeter design was
based on an X-ray energy-tunable polarimeter (Siddons er al.,
1990; Hart et al., 1991) consisting of a Hart-Rodrigues polarizer
and analyser (Hart & Rodrigues, 1979). A remarkable feature of
this new type of X-ray polarimeter is that a transmission-type
X-ray phase retarder (Hirano et al., 1993, 1994, 1995) is introduced
as a third optical device, in addition to the Hart-Rodrigues
polarizer and analyser. Not only the magnitude but also the sign of
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the refraction anisotropy of a cobalt crystal in the X-ray region
was successfully obtained, owing to the well defined elliptically
polarized incident X-rays produced by the phase retarder (Okitsu
et al., 1996, 1998).

In this paper, X-ray triple refraction and triple absorption,
measured for the first time using the new X-ray energy-tunable
polarimeter, will be described.

2. Experimental

Fig. 1 shows a schematic drawing of the new type of X-ray energy-
tunable polarimeter. Details of the optical system have been
described in other papers (Okitsu et al., 1996, 1998). (100)-, (010)-
and (001)-oriented plates of a cobalt-complex crystal, [(S)-1-
cyanoethyl][(S)-phenylethylamine]cobaloxime, which belongs to
the monoclinic crystal system, were prepared as samples. The
lattice parameters are as follows: a = 8.777 A, b = 13.390 A, c=
9.540 A, B =96.79° (Takenaka et al., 1993).

The (100) plate, which was about 300 um thick, was set so that
the a axis of the crystal was parallel to the beam direction and the
¢ axis was inclined by 20° from the direction of the major axis of
the incident elliptical polarization from the phase retarder. The
(010)-plate, which was about 500 um thick, was set so that the b
axis of the crystal was parallel to the beam direction and the a axis
was inclined by 23° from the direction of the major axis of
polarization. The (001)-plate, which was about 300 um thick, was
set so that the ¢ axis was parallel to the beam direction and the b
axis was inclined by 45° from the direction of the major axis. The
ellipticity of polarization of the incident X-rays was controlled to
be £0.03 for the a- and c- plates and £0.035 for the b-plate during
the energy scan by changing the reflection angle of the phase
retarder based on calculations from dynamical diffraction theory.
The intensity of the outgoing X-ray beam from the analyser was
measured at 17 analyser angular positions with a step of 900 arcsec
in a range of £2° around the beam direction from the crossed-
nicol position. The X-ray intensity at each angular position of the
analyser was measured for 20s. The ellipticity and rotation of
polarization were determined by a least-square fit (see OKkitsu et
al., 1998) which describes X-ray linear birefringence and linear
dichroism. The X-ray energy was scanned over a range of about
150 eV in the vicinity of the cobalt K-absorption edge, with a step
of about 1 eV.
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Figure 1
Experimental arrangement of the new type of X-ray energy-tunable
polarimeter with a phase retarder. The polarizer and analyser crystals are
similar channel-cut crystals giving four-bounce 422 symmetric Bragg
reflections and are equipped with a Hart-Rodrigues offset mechanism.
The phase retarder is a diamond (001)-oriented plate of 313 pm thickness
giving 111 asymmetric Laue-case reflection with a plane of incidence
inclined by 45° from the horizontal. The X-ray energy was scanned by
controlling the polarizer, analyser and phase-retarder crystals simulta-
neously.
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3. Results and discussion

Figs. 2(a), 2(b) and 2(c) show ellipticity spectra for the (100) plate,
the (010) plate and for the (001) plate samples, respectively. These
spectra are clearly different from one another, indicating that the
monoclinic crystal has three refractive indices; i.e. triple refraction
is taking place in the crystal. Reversed polarization ellipticity
spectra have also been obtained using an incident X-ray beam
with reversed helicity, but are not shown in this paper. Triple
refraction in the X-ray frequency region has been detected and
measured quantitatively for the first time.

Figs. 3(a), 3(b) and 3(c) show polarization-rotation spectra for
the (100)-, (010)- and (001)-oriented plates, respectively, caused
by the difference in absorption coefficients in the a-, b- and c-axis
directions of the crystal. Identical spectra corresponding to (a),
(b) and (c) were obtained when the polarization helicity of the
incident X-ray beam was reversed. Triple absorption (trichroism)
in the X-ray frequency region has been detected and measured
quantitatively for the first time.

Fig. 4 shows spectra of the imaginary part of the dielectric
constant anisotropy between (a) the b- and c-axis directions, (b)
the c- and a-axis directions and (c) the a- and b-axis directions,
calculated from the ellipticity and the rotation of polarization,
together with the Kramers—Kronig transforms of the real part of
the dielectric constant anisotropy. The right and left ordinates in
Figs. 4(a), 4(b) and 4(c) are shifted for clarity and are drawn on an
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Figure 2

Spectra of ellipticity of polarization of an X-ray beam transmitted through
(a) (100)-, (b) (010)- and (c) (001)-oriented plate crystals. The ellipticity of
polarization of the incident X-ray beam produced by the phase retarder
was set to be (a) +0.03, (b) +0.035 and (c¢) +0.03. The clear difference
between the spectra in (a), (b) and (c) reveals that X-ray triple refraction is
taking place in the monoclinic crystal.
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absolute scale of relative dielectric constant (no procedure for
scaling was made).

The procedure for calculating the real and imaginary parts of
the dielectric anisotropy is as follows. First, consider an elliptical
polarization with an ellipticity R,, the major axis of which is
inclined by 6 from the optical x axis in an xy orthogonal coordi-
nate system in the sample crystal. D and D§0), the amplitudes of
the incident X-rays in the x and y directions, are given by

DO cosf —siné 1 M
DO ) \sin cosh —Ryi
cosf + Ryisinf
= ) @
sin@ — R,icos O

X-rays transmitted through the sample crystal can be represented
in a similar way by

D, DO exp[—2mi(n, — 1)z/A]
(o) ~(op et —vem) @

) V) exp[—2mi(n, — 1)z/A]
_<cos(0 + o) + Risin(6 + oz))

=\ .. . “4)
sin(f + ) — Ricos(6 + «)

Here, D, and D, are the amplitudes of X-rays transmitted through
the sample crystal in the x and y directions, A is the X-ray wave-
length, n, and n, are the complex refractive indices for polariza-
tion in the x and y directions, z is the sample thickness and R and «
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Figure 3

Spectra of rotation of polarization of an X-ray beam transmitted through
(a) (100)-, (b) (010)- and (c) (001)-oriented plate crystals. The ellipticity of
the incident X-ray beam produced with the phase retarder was (a) +0.03,
(b) +0.035 and (c) +0.03. The clear difference between the spectra in (a),
(b) and (c) reveals that X-ray triple absorption (trichroism) is taking place
in the monoclinic crystal.
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are the ellipticity and rotation of polarization, respectively.
Dividing D, by D, gives

D,/D, = (D /DY) exp(—2miAnz /) )
__cos(f + a) + Risin(0 + ) ©)

sin(6 + a) — Ricos(d + )’
where An = n, — n,. Similarly, dividing DY by Df,o) gives
DE.OJ/D;O) = (cos O + Ryisin0)/(sin @ — Ricosb). ™)
Comparing (5), (6) and (7), we obtain the following relations:

exp(—2miAnz/\) = B, 8)
[cos(8 + «) + Risin(0 + o)](sin 6 — R,i cos 6) ©

B .
[sin(6 + &) — Ricos(0 + o)](cos @ + Ryisin 6)

If the real and imaginary parts of An are denoted by An‘” and
An® then

exp(—2miAnz/)) = exp(=2miAn"z /1) expQaAn?z/2). (10)
Comparing (8), (9) and (10), we obtain

—2nAn"z/x = arg B, (11)

exprAn?z/10) = |B|. (12)

Here, arg B and |B| are the argument and the absolute value of the
complex value B, as defined by (9). The real and imaginary parts
of the relative dielectric constant anisotropy, As™ and Ag®, are
given by

A" =2An", (13)
AeD =2An7, (14)

Spectra shown in Figs. 4(a), 4(b) and 4(c) were calculated by using
(9) and (11)—(14). The Kramers—Kronig transforms were obtained
by numerical integration.

We cannot give any explanation of the physical origin of the
spectra in Figs. 2, 3 and 4 at present. However, data analysis to
extract physical information related to the crystal structure is now
in progress.

4. Conclusions

X-ray triple refraction and triple absorption (trichroism) have
been detected and measured quantitatively for the first time using
a new type of X-ray energy-tunable polarimeter with a phase
retarder. The Kramers—Kronig relation was confirmed quantita-
tively between the real and imaginary parts of the dielectric
anisotropies.
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Figure 4

Spectra of the imaginary part of the dielectric anisotropy between (a) the
b- and c-axis directions, (b) the c- and a-axis directions and (c) the a- and b-
axis directions of the monoclinic sample crystal, calculated from the
spectra of ellipticity and rotation of polarization, and the Kramers—Kronig
(K-K) transforms of the imaginary part of the dielectric anisotropy. The
left and right ordinates of each graph are shifted for clarity and are drawn
on the absolute scale of relative dielectric constant.
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