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X-ray natural circular dichroism (XNCD) has been recently detected in the XANES region for
uniaxial and biaxial gyrotropic crystals. Chiral-EXAFS (x-EXAFS) spectra are reported for the first
time over a wider energy range and are analysed in terms of multiple-scattering paths of relevant
symmetry. For such heavily absorbing single crystals as lithium iodate, paratellurite or potassium
titanyl phosphate, the differential absorption between left-handed and right-handed circularly
polarized X-ray photons cannot be measured in transmission but gyrotropy effects can still be
detected in fluorescence excitation spectra. Whereas XNCD and fluorescence-detected X-ray natural
circular dichroism spectra are strictly identical for uniaxial crystals, it has been established that this
was true only to the first order for biaxial crystals such as potassium titanyl phosphate.
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1. Introduction

Since the discovery by Arago and Biot that crystalline
quartz induces a rotation of the polarization vector of
linearly polarized light (Arago, 1811; Biot, 1812), the
optical activity of single crystals has fascinated many
successive generations of physicists. It is, however, only in
these very recent years that X-ray natural circular
dichroism (XNCD) was unambiguously detected in gyro-
tropic crystals (Goulon, Goulon-Ginet et al., 1998; Goulon
et al., 1999a; Alagna et al. 1998; Stewart et al., 1999). Such
pioneering experiments, which were performed about 100
years after the discovery of X-rays (Rontgen, 1896) and of
circular dichroism in the visible (Cotton, 1895), became
feasible due to the recent availability of intense beams of
circularly polarized X-rays at third-generation synchrotron
radiation sources. It has been known for many years that
optical activity can be observed exclusively in non-centro-
symmetrical crystals but let us recall that only a restricted
number of non-centrosymmetrical crystal classes are
suitable for detecting XNCD. Looking for the rotational
invariants of the rank-3 optical activity tensor y;; in O3",
one is led to decompose it into a scalar part, a vector part
and a rank-2 pseudo-deviator part (Jerphagnon & Chemla,
1976). At optical wavelengths, both the pseudo-scalar term
and the pseudo-deviator part contribute to a sizeable
optical activity, whereas, in the X-ray range, only the
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pseudo-deviator part will contribute to XNCD (Goulon,
Goulon-Ginet et al., 1998; Goulon et al., 1999a). This is
because the origin of optical activity is fairly different in
optical or in inner-shell spectroscopies.

(i) In optical spectroscopy the Rosenfeld—Condon rota-
tory strength refers to the interference term E1.M1 invol-
ving the electric (E1) and magnetic (M1) dipole matrix
elements. The pseudo-scalar nature of this term makes it
possible to detect circular dichroism or optical rotation in
powdered samples or in solution as well as in single crystals.

(ii) For inner-shell spectroscopies, magnetic dipole
transitions (M1) are forbidden due to the orthogonality of
the core and valence orbitals (An = 0 selection rule). This
argument is even more restrictive for spectra recorded at
the K or L edges because no magnetic dipole transition is
allowed from a fully symmetrical 1s or 2s atomic state,
while the energy separation between 1s, 2p levels makes
hybridization quite improbable. However, as pointed out a
long time ago (Goulon, 1990), the traceless tensor resulting
from the interference between the electric dipole and
electric quadrupole E1.E2 can also contribute to optical
activity in the X-ray range. This was confirmed by more
recent theories (Natoli et al., 1998; Okutani et al., 1999).
The contribution of the latter terms to optical activity in the
visible range is expected to be very small but it was first
investigated by Barron in the early 1970s (Barron, 1971).
Since the interference tensor E1.E2 is traceless, there is a
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priori no hope of detecting any large XNCD signal in
powdered sample nor in solution in which there is no
orientational order.

We have summarized in Table 1 which ones of the 21
non-centrosymmetrical classes are suitable for detecting
XNCD. Note that there are two crystal classes (432; 23)
which have a non-zero pseudo-scalar term but no pseudo-
deviator term: even though such crystals are optically active
at optical wavelengths, they cannot exhibit any detectable
XNCD as confirmed experimentally. Thus, only 13 crystal
classes are compatible with XNCD: all of them can be
predicted to have a significant non-linear susceptibility at
optical wavelengths and the crystals belonging to these
classes are quite often used for second-harmonic genera-
tion (SHG) with lasers.

The first results which we will review concern uniaxial
crystals of lithium iodate («-LilO3) and paratellurite (o-
TeO,) which belong to the enantiomorphous crystal classes
3 and 422, respectively.

A far more delicate study concerned a biaxial crystal of
KTP (potassium titanyl phosphate: KTiOPO,) which
belongs to the non-enantiomorphous crystal class mm2 so
that one cannot isolate a crystal with either a left-handed or
a right-handed chirality. As pointed out by Thomas et al.
(1991), the symmetry requirements of the point group mm?2
dictate that there cannot be any gyration along the optical
axes of this crystal but a significant gyration with opposite
sign is expected along the [120] and [120] directions of
propagation of the incident X-ray beam.

From the experimental point of view, such crystals are
heavily absorbing in the X-ray range of interest and circular
dichroism cannot be measured in a trivial transmission
geometry. This difficulty can, however, be overcome by
measuring fluorescence-detected XNCD spectra, hereafter
denoted ‘Fd-XNCD’ spectra. As discussed in §2, it can be
established that XNCD and Fd-XNCD spectra are strictly
proportional for uniaxial crystals but this is only true to the
first order for biaxial crystals such as KTP. The formulation
required to simulate XNCD and x-EXAFS spectra in the
general framework of multiple-scattering wave calculations
is also detailed. Further experimental aspects regarding
biaxial crystals are also briefly envisaged before the
presentation of the XNCD spectra in §3.

2. Formulation of XNCD and Fd-XNCD spectra
2.1. Stokes vector in anisotropic absorbing media

The easiest way to introduce the concept of gyrotropy in
anisotropic media is by adapting the theory of refringent
scattering to the X-ray range. For a transverse polarized
wave propagating along the direction n,, the complex
scattering tensor aaﬁ* can be expanded as

yp = O + Lapylty, + QZVVﬂ[”?’] +t o 1

with o, B # y. In (1), a5 and O}, 4 are the well known
electric dipole and electric quadrupole complex polariz-
ability tensors. Much less familiar to X-ray spectroscopists

Table 1
Rotational invariants of y;; for the 21 non-centrosymmetrical
crystal classes.

Enantiomorphism XNCD
Pseudo- Pseudo-
Crystal classes Point groups scalar Vector deviator
43m 6m 6 T, D3, Cs, No No No
43223 or Yes No No
622 32 422 D¢ D3 D, Yes No Yes
6mm 3m 4mm Ce, C3, Cy, No Yes No
634 Ce C3 Cy Yes Yes Yes
42m D,y No No Yes
4 S4 No No Yes
mm2 (& No Yes Yes
222 D, Yes No Yes
2 C, Yes Yes Yes
m C, No Yes Yes
1 C Yes Yes Yes

is the contribution of the complex gyrotropy tensor {4,
which is responsible for optical activity. Inside the crystal
the variation of the Stokes vector |S) with the penetration
depth z is determined by the differential equation

3(S(z)

% = aM|S(2)), 2)

Z

where M can be identified with a differential Miiller matrix
to be written

t’ u'  —v' w
u’ " —w v
M = —y / w / t/ u ) (3)
w —v  —u t'
with
t' = — o, (8) + o, (8)] — [£r:(®) + 8,:(0)]
- [szzx(g) + Qyzzy(g)]’ (4)
u= 4o (£) = ()] + [Goe(F) = &ye( )]
+ [Qeene(F) + Oy ()], (5)
u' = — [o(8) — o, (8)] — [£0:(®) — £,:(9)]
~[Qrenn(®) = 0,0, (0], (6)

V= +2[axY(f) + g‘X,vz(f) + szzy(f)]v (7)
v = =20, (8) + {42 (8) + Qrry(9)] )
w = +2[a)(8) + £},.(8) + Qs8] 9)

W/ = —2[a;y(f) + é‘xl\;z(f) + Q)Zzzy(f)]’ (10)
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in which f and g refer to the dispersive and absorptive
lineshapes, respectively.

2.2. Analytical formulation of linear and circular dichroisms in
biaxial crystals

The integration of (3) allowed us to derive analytical
expressions for linear dichroism or circular dichroism in
biaxial as well as uniaxial crystals. For an experiment
performed in the transmission geometry one would obtain
the following expressions for the X-ray natural circular or
linear dichroism (up to the second order in d, the crystal
thickness): for XNCD,

ol — o >~ {2adyw — (ad)’[uv’ — v 1}PY; (11)
for XNLD,
% _ g0 ~ {Z(ad)u f— (ad)z[vw +v'w }P?, (12)

0.1350 _ 0-45c ~ {Z(Qd)v/ — (ad)z[uw +u /W/]}Poa (13)

where P}, P) and P are the Poincaré-Stokes parameters of
the incident radiation. The second-order term in (11) was
first discovered by Born (Born & Huang, 1954) with a
model which neglected magnetic dipoles (M1) and electric
quadrupoles (E2). It was rediscovered recently by
Machavariani (1995) who exploited a different approach. It
vanishes for uniaxial crystals since u =u’ =v =v’'=0. To the
best of our knowledge, so far there is no clear experimental
evidence that it can be measured. On the other hand, it is
well documented from symmetry considerations with
respect to the action of the time-reversal operator that
neither o, (g) nor Q... (g) can induce any dichroism unless
a magnetic field is applied. This clearly confirms that
XNCD in a uniaxial crystal can only be related to the
gyrotropy tensor and more specifically to the electric dipole
(E1) electric quadrupole (E2) interference term.

As detailed elsewhere (Goulon et al., 1999b), similar
expressions were also derived for Fd-XNCD/XNLD. What
is measured here is the difference in the fluorescence
intensity emitted in a given direction when the polarization
state of the incident radiation is changed from a left-
handed circular polarization to a right-handed circular
polarization, from a vertical to a horizontal polarization, or
from a polarization at 135° to the orthogonal linear polar-
ization at 45°. The quantities of interest are the generalized
Stokes parameters: for Fd-XNCD,

21,PIT%
So — 2Ol +[t'w+ (v —w P} (14)
cos @
for Fd-XNLD,
21,PTE
S o — =0y [ — (vw v WP (15)
Ccos ¢
21,PTE
S o == 20—y = [tV A+ (ww + u'W)?}, (16)

cos @

where I, is the total incident intensity; I}, characterizes the
fluorescence yield and the polarization state of the fluor-
escence emitted in a direction kr defined by its direction
cosine cos ¢ with respect to the incident beam of wave-
vector k. We found also most convenient to define the
reduced isotropic absorption coefficient,

p=—[t}+15]

If one compares (14) and (11), it immediately appears that
Fd-XNCD is strictly proportional to XNCD for uniaxial
crystals as long as the X-ray beam propagates along the
direction of the optical axis. This is no longer true for
biaxial crystals because the second-order terms are
different. Again, non-gyrotropic crystals with w = w’ = 0
might exhibit non-zero Fd-XNCD spectra if uv’ — vu’ # 0.
However, the latter term is competing with another second-
order term (wt’) which does not exist in transmission
XNCD but is proportional to the gyrotropy term which we
want to access.

2.3. XNCD in the framework of the multiple-scattering theory

ADb initio simulations of XNCD spectra are helpful in
determining the absolute configuration of chiral centres.
The theoretical bases for such calculations were established
elsewhere (Natoli et al., 1998; Brouder et al., 1999). The
formulations of the XANES and XNCD cross sections at
the K- or Li-absorption edges are, respectively,

E1.E1 27

2~
OXANES — _?aow[Dl] U{T??c,nc + t??x,lls}’ 17)

. 2
oENE = —% [o] [P, 0] {10y — i) (18)

These formulations, which are consistent with the gener-
alized optical theorem, require the calculation of the dipole
and quadrupole radial integrals D, and Q, as well as the
calculation of various scattering path operators,

Tlmc.l’m’c; Tlms,l’m’s; 7'—lmc,l’m/s; Tlms,l’m’m

expressed here with real spherical harmonics. The latter
operators can be alternatively expanded in series as a sum
of multiple-scattering paths resulting in a general formu-
lation of EXAFS if we refer to (17), and of what we may
call chiral-EXAFS (x-EXAFS) if we refer to (18). Let us
remind the reader that neither atomic EXAFS nor single-
scattering EXAFS can contribute to x-EXAFS (Natoli et
al., 1998; Brouder et al., 1999).

2.4. Further experimental considerations

All experimental data produced in the following section
were collected at the ESRF beamline ID12-A, the optical
configuration of which has been described elsewhere
(Goulon, Rogalev et al, 1998). The standard helical undu-
lator Helios-II was typically used to record the Fd-XNCD
spectra of w-LilO; at the various iodine L-edges. Recently,
we have completed the commissioning of a new electro-
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Table 2

Polarization state of the monochromatic beam when the helicity of
the undulator source is flipped from {P} = P4 = 0.28; +P5 = +0.92}
to {P{ = P4 =0.28; — P§ = —0.92}.

E (P K-edge) = 2150 eV Bragg angle = 66.87°.

P, =0.639 P, =0.639
P,, = 0.055 P, =0346
P,, = +0.777 P, =—0.686

E (K K-edge) = 3610 eV Bragg angle = 33.21°

P,, = 0.854 P, =0854
P,, = 0013 P, =0.167
P,, = +0.323 P, =—0276

E (Ti K-edge) = 4965 eV Bragg angle = 23.46°

P,, =0529 P, =0529
P,, =0.118 P, =0285
P,, = +0.695 P, = —0.650

magnetic undulator (EMPHU) which offers the advantage
to switch more rapidly from a left-handed to a right-handed
circular polarization below 4 keV (Rogalev et al, 1999).
This new source definitely increased the reliability of our
measurements on «-TeO, and made it possible to detect
tiny gyrotropy signals at the phosphorus K-edge in KTP.

Unfortunately, even though helical undulator sources
can produce intense X-ray beams with high circular
polarization rates [0.92 < P%(source) < 0.97], much of this
advantage is often lost in the poor polarization transfer
function of a two-crystal monochromator. Since the Miiller
matrix associated with the monochromator can be calcu-
lated very accurately, one can easily deduce the true
polarization state of the X-ray beam at the sample.

It appears immediately from Table 2 that reverting the
helicity of the photons emitted by the undulator does not
simply revert the helicity of the monochromatic beam at
the sample, especially whenever the undulator beam
contains a significant P; component, because the latter is
severely altered by the monochromator at large Bragg
angles. This point has the dramatic consequence that, in the
case of biaxial crystals, XNCD or Fd-XNCD measurements
are systematically contaminated with a strong linear
dichroism signal (Goulon et al., 1999b). This is because
what is measured experimentally is

[S3] =S; + 26,8, (19)

apparent

if we define P,, = +P§(1 + ¢;) and P, = PY(1 £ &,).

There is no contamination in the case of uniaxial crystals
since v/ =0 — S; =0 according to (13). Note that the
apparent Fd-XNCD spectra of a biaxial crystal are no
longer invariant in a rotation y around the beam direction
because S o< cos 2n(x — xo).

3. Results
3.1. Fd-XNCD spectra of uniaxial crystals: a-LilO3

The absolute configuration of our crystal was consistent
with the laevorotatory structure solved by Svensson et al.
(1983). The [001] optical axis was carefully aligned with the
direction of the incident beam. We have reproduced in
Figs. 1(a) and 1(b) the Fd-XANES and Fd-XNCD spectra
of a-LilO; recorded at the iodine Lyj- and Ly-edges.

The differences were normalized with respect to the
corresponding edge jump. The maximum amplitude of the
XNCD signal is of the order of 0.3%. The signal-to-noise
ratio is not as good at the Ly-edge as at the Li-edge as a
consequence of the noisy background resulting from all
fluorescence channels opened by the Ly-edge photo-
ionization. Nevertheless, the remarkable similarity between
the Ly- and Ly-edge XNCD signals (which have exactly
the same sign) is in striking contrast with what is usually
observed for L-edge X-ray magnetic circular dichroism
(XMCD) spectra. Whereas exchange and spin—orbit inter-
actions are the driving terms in XMCD, this is not the case
here and this leaves very little space for a residual contri-
bution of the E1.M1 terms.

The XANES and XNCD spectra recorded at the iodine
L-edge are displayed in Figs. 2(a) and 2(b) and are directly
compared with MSW simulations. The maximum amplitude
of the XNCD signal is 5.5% after proper correction for the
polarization transfer of the monochromator. Such a spec-
tacular amplitude is still slightly less than what was
predicted by the ab initio simulation (7%) but the agree-
ment between experiment and theory is extremely
encouraging. Note that the maximum amplitude of the
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Todine Ly -edge Fd-XANES/XNCD spectra of o-LilOs.
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XNCD is not observed in the very strong white line but for
the continuum shape resonances.

3.2. Chiral-EXAFS of paratellurite at the tellurium L-edge

«-TeO;, is another uniaxial crystal which exhibits a strong
XNCD signal at the Li-edge of tellurium, as illustrated by
Fig. 3(a). Since the spectra were recorded with the new
EMPHU source, we were able to detect the Fd-XNCD
signal over a wider energy range and EXAFS-like oscilla-
tions can be clearly seen. This result prompted us to try to
identify which were the multiple-scattering paths contri-
buting most substantially to the XNCD signal. For this
specific analysis we used the crystal structure solved by
Thomas (1988). As confirmed by the optical FT spectrum
reproduced in Fig. 3(b), we found that the chiral paths
Te---Oq---O,- - Te involving the nearest oxygen neigh-
bours represent the dominant contribution whereas
chiral paths of the type Te---Te;---Te,---Te or
Te---Te;---O,---Te have a very broad configurational
average spectrum and suffer from a large Debye—Waller
damping due to the fact that the Te atoms are heavy and
are implicitly associated with low-frequency vibrational
modes that are easily populated.

3.3. Fd-XNCD spectra of KTP: the case of biaxial crystals

Given the remarkable applications of KTP in SHG with
lasers, the crystal and electronic structures of KTP have
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Figure 2

Iodine L;-edge Fd-XANES/XNCD spectra: experiment versus
theory.

been extensively investigated in recent years (Tordjman et
al., 1974; Thomas et al., 1990; Hansen et al., 1991; Ryzhkov
et al., 1993). The origin of gyrotropy in this crystal remains
nevertheless somewhat ambiguous: (i) the acentric distor-
tion of the Ti sites with one ‘short’ (1.75 A) and five ‘long’
(2.05 A) Ti- - -O bonds is expected to induce gyrotropy; (ii)
the pseudo helical distribution of the K* cations with a
coordination alternating between 8 and 9 should contribute
as well. So far, the symmetric phosphate groups have been
assumed to induce no significant gyrotropy.

3.3.1. Titanium and potassium K-edge Fd-XNCD. These
time-consuming experiments were performed with the
helical undulator Helios-II. This explains why we had to
restrict our investigation of the angular dependence of the
Fd-XNCD spectra to only four discrete angles (xo; xo + 45°;
Xo + 90°; xo + 135°), all measurements being reproduced 12
times. This proved to be enough to disentangle the
respective contributions of gyrotropy and linear dichroism
as illustrated by Figs. 4 and 5.
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Figure 3

(a) Tellurium L;-edge Fd-XANES/XNCD spectra. (b) Optical FT
spectra of the Fd-XNCD spectra: experiment versus theories.
Theory 1 includes only the shortest Te---Oy---O,---Te chiral
paths; theory 2 includes Te- - -Tey- - -Te,- - -Te or
Te- - -Te;---O,- - -Te chiral paths as well. All FT spectra were
tentatively corrected for the phase and amplitude of the shortest
multiple-scattering path.
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A nice XNCD signal assigned to X-ray gyrotropy is
observed in the pre-edge region of the Ti XANES spectrum
and, after proper correction accounting for the polarization
transfer function by the monochromator, its maximum
amplitude was of the order of 0.45%. This signal was found
exactly where the electric quadrupole (E2) transitions to d
states can be predicted to exhibit the highest amplitude.
Also supporting our assignment is the fact that the X-ray
gyrotropy signal has the opposite sign for crystals cut
parallel to the planes (120) and (120), respectively.

The experiments at the potassium K-edge were more
difficult due to the poor polarization transfer of the
monochromator. Nevertheless, after correction, the
amplitude of the signal assigned to the crystal gyrotropy is
of the same order of magnitude (0.5%) but its maximum
amplitude is now found beyond the edge.

3.3.2. Spectra recorded at the phosphorus K-edge. The
detection of such a small X-ray gyrotropy signal was a
formidable challenge which would have probably failed
without the advantages offered by the new electromagnetic
helical undulator (EMPHU). We have reproduced in
Fig. 6(a) the strong linear dichroism signal S associated
with n = 2 in the Fourier decomposition of the apparent Fd-
XNCD signal. On the other hand, we have reproduced in
Fig. 6(b) the rotational invariant signal associated with
X-ray gyrotropy and which is perfectly anticorrelated for
measurements performed with crystals cut parallel to the
planes (120) and (120), respectively. The maximum ampli-
tude of this X-ray gyrotropy signal would be of the order of
0.1% if one takes into account the polarization transfer of

1 1 1 M
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Ti K-edge
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bt
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A 0000
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Energy (eV)
Figure 4

(a) XNLD; (b) X-ray gyrotropy of KTP at the Ti K-edge.

the monochromator. There is also a weak residual signal
(0.05%) which keeps the same sign and the same amplitude
for the two crystals: this signal was provisionally assigned to
a residual contribution of the second-order term (Goulon et
al., 1999, 2000). From the crystal symmetry one would
anticipate [uv’ — vu’] = 0 but this is no longer true if the
crystal axis is not strictly parallel to the X-ray beam
direction and the residual effect would precisely keep the
same sign for crystals cut parallel to the (120) and (120)
planes.

4. Conclusion

We have proposed a theory of X-ray gyrotropy for uniaxial
or biaxial crystals. It clearly establishes that X-ray
absorption spectroscopy can give access to the absolute
configuration of chiral structures through the detection of
the E1.E2 interference terms. A major restriction with
respect to optical spectroscopy is that these terms vanish in
the absence of orientational order. Not only XNCD signals
but also x-EXAFS oscillations can be detected and
analysed. The extraction of tiny signals related to X-ray
gyrotropy will ever remain a fairly difficult task for biaxial
crystals due to the contamination with strong linear
dichroism signals. We have shown, however, that a careful
Fourier analysis of the angular dependence of the apparent
Fd-XNCD spectra recorded for discrete orientations of the
crystal rotated around the beam axis is a powerful method
of disentangling linear and circular dichroisms. This
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Figure 5

(a) XNLD; (b) X-ray gyrotropy of KTP at the K K-edge.
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(a) Phosphorus K-edge XNLD spectra of the real and imaginary
parts of the second Fourier moment. (b) Extracted contributions
of X-ray gyrotropy and second-order XNCD of KTP at the
phosphorus K-edge.

method may offer also the possibility of extracting the
second-order circular dichroism term, ie. [uv' — wvu'],
which is existing within the pure electric dipole approx-
imation.
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