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Giant asymmetry in soft x-ray resonant reflectivities of left- and right-handed circular polarization modes of
an incident p-polarized beam from 3d transition-metal films was studied using newly developed theoretical and
numerical calculations of soft x-ray resonant magnetic scattering based on the circular-polarization-mode
basis. The physical origin of this novel phenomenon is completely destructive interference effect of soft x rays
scattered individually from charge, orbital, and spin degrees of freedom in the resonant and nonresonant
scattering. This destructive interference selectively occurs only for one circular mode of the two opposite
circular polarizations under specific conditions of the energy and the incidence angle of soft x rays.
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Soft or hard x-ray resonant magnetic scattering �XRMS�
has been widely used to probe and study charge, orbital, and
spin degrees of freedom in multicomponent, ordered mag-
netic materials because it offers exceedingly enhanced,
element-specific sensitivity to such different scattering
sources interacting with incident x rays of energies close to
the absorption edges of elements.1–6 Due to a rich variety of
microscopic interactions between incident photons and each
of those scattering sources, as well as their angular and po-
larization dependences in the XRMS, the initial polarization
state of incident photons can be converted to the different
polarization states of the scattered photons with their angular
variations,1 in turn making it possible to determine element-
specific charge, orbital, and spin orderings by analyzing the
changes of the angular dependent polarization states of the
scattered soft x rays.5

The right- and left-handed circular polarizations �RCP and
LCP� are not only the basis of an irreducible representation
of rotational symmetries in atomic transition processes,7 but
are also the eigenmodes of their interaction with the different
kinds of orderings in broken symmetries, such as an ordered
magnetic system.8 Thus, the physical interpretation of the
XRMS using the circular-polarization-mode basis is much
more informative than the previously implemented linear-
polarization-mode basis to the fundamental understanding of
interactions between photons and various scattering sources
as well as their essential polarization and angular depen-
dences.

In this Brief Report, we report on the first observation of
giant asymmetry in soft x-ray resonant reflectivities of the
circular polarization components of incident p-polarized x
rays from magnetic 3d transition-metal thin film, in proxim-
ity to the normal Brewster angle �B

n �45°. This phenomenon
is found to be caused by a totally destructive interference
occurring selectively for either circular polarization mode of
photons scattered individually from charge, orbital, and spin
degrees of freedom. This work is studied not only by the
theoretical derivation of the XRMS amplitudes and phases of
individual scattering sources using the circular-polarization-
mode basis newly developed from this work, but also by the
numerical calculations of the individual intensities of the

RCP and LCP components using the circular-mode-based
magneto-optical Kerr matrices.9 Also, continuously variable
polarization state, from the RCP, through the linear s polar-
ization, to the LCP �or vice versa� is observed in a wide-
angle region around �B

n .
First, we derive XRMS amplitudes with respect to the

circular-mode basis by considering a total coherent elastic-
scattering amplitude in the pure electric dipole �E1� transi-
tion for the case of 3d transition-metal ferromagnetic mate-
rials. The amplitude can be expressed by f tot= fc+ fxres+ fm,
where fc, fm, and fxres are the charge, nonresonant magnetic,
and resonant scattering contributions, respectively.10–12 In
general, fm is noticeably weaker than fc by a factor of
�� /mc2�0.002 at ��=1 keV, but fxres is comparable to fc
and is much greater than fm in the vicinity of the resonance
edges.10 Here, fxres consists of the radial and angular parts.
The former is represented by a reduced resonance scattering

amplitude, R��l1 , j1 ;1 ; l2�= R̄�l1 , j1 ;1 ; l2� / �1− �� /��x− i��2�
in a fast collision approximation and the latter by a kth rank
spin-orbital coupled moment, M�k��l1 , j1 ;1 ; l2�, and the polar-

ization tensor, T�k��êr
� , k̂r ; êi , k̂i�, where êr�i� and k̂r�i� represent

the polarization and propagation unit vectors of a reflected
�incident� beam, respectively.12

The resonant scattering amplitudes with respect to the
circular-mode basis are given in a matrix form by

	 fxres
R

fxres
L 
 = 4��R��l1, j1;1;l2��

k=0

2

�
q=−k

k � 3

2k + 1

�Tq
�k���êr

�, k̂r; êi, k̂i�Mq
�k��l1, j1;1;l2�

�
3

2
�R��l1, j1;1;l2�
M�0��l1, j1;1;l2�A

−
i

�2
Mm

�1��l1, j1;1;l2�B�	Ni
R

Ni
L 
 , �1�

where Mm
�1�=M�1� · m̂ with a unit vector of magnetization, m̂

=m1û1+m2û2+m3û3 and Ni
R�L� implies the complex ampli-

tude factor of the RCP �LCP� component with respect to the
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circular-mode basis, êi=Ni
Rêi

R+Ni
Lêi

L. Since the magnetic lin-
ear dichroism term M�2� in the magnitude of the scattering
amplitude for 3d transition metals is negligible,8,11–13 only
the M�0� and M�1� terms are considered in determining the
scattering amplitudes.14 The matrices of A and B are given
as A= �êr

� · êi�RL=URL
sp†�êr

� · êi�spURL
sp and B= �êr

�� êi�RL

= �URL
sp†�êr

�� êi�spURL
sp �. The unitary operation in the matrices

transforms a linear to circular polarization basis or vice
versa, which leads to

A = 	 1
2 �1 + cos 2��
1
2 �1 − cos 2��

1
2 �1 − cos2��
1
2 �1 + cos 2��



and

B = 	− 1
2m1 sin 2� − im2 cos �

1
2m1 sin 2� + im3 sin �

1
2m1 sin 2� − im3 sin �

− 1
2m1 sin 2� + im2 cos �


 ,

where � is the angle of incidence from a reflection surface as
defined in Fig. 1. These matrices represent the polarization
dependence of the total amplitude according to a given scat-
tering geometry. The A is symmetric, independently of m̂
and hence gives rise to its symmetric contribution to the
scattering amplitude of each circular polarization. In con-
trast, the B is asymmetric with respect to the longitudinal and
polar magnetizations. This originates from the conservation
of each helicity in the presence of an axial symmetry with
respect to m̂.7 For the longitudinal �m2= 	1,m1=m3=0� and
polar �m3= 	1,m1=m2=0� magnetization cases, the B have
the forms of

Blon = 	− im2 cos � 0

0 im2 cos �



and

Bpol = 	 0 − im3 sin �

im3 sin � 0

 .

The operation of B thus leads to êi
R�L�→ êr

R�L� and êi
R�L�

→ êr
L�R� for each case, respectively, resulting in a possible

asymmetric interference of scattered beams of the individual
circular polarizations.

For the specific case of E1 resonant scattering at the line
L3 with m̂= + û2, using the results of 3

2�R�� 2
5 �e /��2���1

− �� /��x− i��2�−1��3d�r�2p3/2��2� / �
I−
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9�2
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M̄�1�, f tot
R,L are finally ob-

tained as

	 f tot
R

f tot
L 
 = ��− r0Fc�K� � + iFM̄�0��A −
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4
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1
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�2�

Equation �2� shows that each of the charge r0Fc�K� �, resonant

nonmagnetic FM̄�0�, and resonant magnetic FM̄�1� scattering
terms individually contributes to f tot

R and f tot
L . The asymmetric

polarization dependence between the RCP and LCP compo-
nents gives rise to the differential scattering amplitude, i.e.,
f tot

R � f tot
L . It suggests that the maximum value of �Ni

R−Ni
L�

can yield the largest difference between f tot
R and f tot

L . The
incident p-polarized beam, êi

p=− i
�2

êi
R+ i

�2
êi

L, which consists
of the RCP and LCP components with � phase difference, is
the case, and f tot

R,L for this case is given by

	 f tot
R

f tot
L 
 =

1
�2
�ir0Fc�K� � + F
Nh�2� − i

2�Sm

�
��	 cos 2�

− cos 2�



+
F

4�2

�Sm + 3Lm� − i

�Nh�2�
2�

�	cos �

cos �

 . �3�

Here, we denote that f tot
R�L�= fc

R�L�+ fxres:0
R�L� + fxres:1

R�L� , where fc,
fxres:0 and fxres:1 represent the charge, resonant nonmagnetic

Reflected photon
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φ
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3û 2û
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FIG. 1. �Color online� Definition and coordinate system used in
the text for a specular reflection geometry with the linear s- and p-
as well as RCP- and LCP-mode bases of the incident and reflected
photons.
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and resonant magnetic scattering amplitudes, respectively.
Due to the different angular dependences, i.e., cos 2� for
fc

R�L� and fxres:0
R�L� , and cos � for fxres:1

R�L� , the magnitude of fxres:1
R�L�

could become comparable to fc
R�L�+ fxres:0

R�L� at specific angles
near �B

n . It can yield their differential reflectivities at some
specific conditions, where either �f tot

R �0, f tot
L �0� or �f tot

L

�0, f tot
R �0� can be fulfilled. A specific example for the case

of f tot
L �0 and f tot

R �0 is illustrated in Fig. 2. We estimate the
circular-polarization-selective Brewster angles �B,+lon

R�L� by
solving f tot

R�L�=0 at �B,+lon
R�L� =45° +��B,+lon

R�L� for a strong reso-
nant case of r0Fc�F in a first-order approximation of
��B,+lon

R�L� ,

��B,+lon
R�L� � + �− �

�2�Sm + 3Lm�
16Nh�2�

− 	Sm + 3Lm

16Nh�2� 

2

. �4�

From Eq. �4�, ��B,+lon=�B,+lon
R −�B,+lon

L is given approxi-
mately as �2�Sm+3Lm� /8Nh�2�. By inserting into Eq. �4� the

numerical values of Fc�K� ��Z=28, F�50r0, Sm�1.56, Lm
�0.13, Nh�2��2.5, ��5 eV, and ��1.2 eV for Co,15–17

we estimate ��B,+lon
R�L� =3.81° �−4.09°� and ��B,+lon=7.9°.

These angular shifts from �B
n are quite large for the cases of

3d-transition metals. This allows one to select either the LCP
or RCP component of scattered soft x rays by changing the
incidence angle across �B

n .
To verify the theoretical prediction of the giant asymmet-

ric soft x-ray resonant reflectivities of the opposite photon
helicities near �B

n , we also numerically calculated the inten-
sities of the individual RCP and LCP components as well as
the linear s and p components of photons reflected from a
model of a 10-nm-thick Co layer on Si substrate, for both
cases of m̂= 	 û2 with a linearly p-polarized incident beam at
the Co L3 edge. In the calculations, we used the circular-
mode-based magneto-optical Kerr matrix10 and the optical

parameters of a Co thin film obtained from soft x-ray circular
dichroism spectra.9 Figure 3�a� shows the angular variations
of the individual reflectivities of individual polarization com-
ponents for a demagnetized state of the Co film. In the re-
flectivity profiles, there exists only the �B

n due to no net
magnetization. In comparison with the nonmagnetized case,
contrasting reflectivity profiles between the individual polar-
ization components are observed around �B

n from the longi-
tudinally magnetized Co film for the incident p polarization,
as shown in Fig. 3�b�. As predicted by the XRMS theory
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R
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( )R
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L
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L
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( )π

FIG. 2. �Color online� Illustration of interference effect in each
of the RCP and LCP components of photons scattered individually
from fc, fxres:0, fxres:1 scattering sources, in terms of the real and
imaginary terms. The radius of each circle represents the magnitude
of the corresponding scattering amplitudes. The direction of the
arrow inside each circle indicates the corresponding phase differ-
ence which is indicated in the parenthesis with respect to the inci-
dent p polarization.

FIG. 3. �Color online� Calculations of the intensities of the lin-
ear s, p polarization and of the RCP and LCP at the Co L3 edge for
incident p-polarized x rays for �a� a demagnetization state of Co and
�b� the longitudinally magnetized states of m̂= 	 û2. The super-
scripts and subscripts in I+,−

s,p,R,L denote the corresponding polariza-
tion components in the scattered photons and either state of m̂
= 	 û2, respectively. �c� Calculations of the Stokes parameters as a
function of � for m̂= + û2. The relations of the Stokes parameters
and the degree of linear PL or circular PC polarization are expressed
by S3= PC and S1

2+S2
2= PL

2.
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based on the circular-mode basis, the destructive interference
of the LCP �RCP� component and the giant asymmetry in the
reflectivities �I= �I+

R− I+
L� / I+

L �104 and �I+
L − I+

R� / I+
R�103 are

observed at �B,+lon
L =39.5°, �B,+lon

R =48.4°, respectively.
The degree of circular polarization, represented by the

Stokes parameter S3, thus reaches +1 or −1 at �B,	lon
R,L , indi-

cating that almost pure circular polarizations can be obtained
from the incident p-polarized beam and that the opposite
photon helicities can be readily switchable either by chang-
ing the incident angle from �B,	lon

L to �B,	lon
R or simply by

reversing the longitudinal magnetization, as seen from Fig.
3�c�. Also, at �B,	lon

p 
45.2° the degree of linear polarization,
represented by S1, reaches +1, indicating the presence of the
pure s polarization. The values of ��B,+lon

R�L� =3.4° �−5.5°� ob-
tained from the numerical calculations are in good agreement
with ��B,+lon

R�L� =3.81° �−4.09°� estimated from Eq. �4�. In the
above numerical calculations, it is worth noting that continu-
ously variable polarization states can be obtained by chang-
ing � across �B

n in a specular reflection geometry. The dra-
matic variation of the polarization state of scattered waves
with the incidence angle can be described by maps of the
Stokes parameters on the Poincaré sphere, as seen in Fig. 4.
Reversing the magnetization direction yields the change of
S2 and S3 in sign, and thus yields the switching between the
opposite circular components. The variation from the RCP to
LCP through the linear s polarization can be simply obtained
by tuning � to �B,+lon

L =39.5°, �B,	lon
p =45.2°, and �B,+lon

R

=48.4° in a wide angular range, or vice versa for the oppo-
site magnetization orientation, as shown in Fig. 4.

In conclusion, we theoretically derived XRMS amplitudes
for the individual RCP and LCP components of soft x rays
scattered individually from the charge, orbital and spin de-
grees of freedom for a linearly p-polarized incident beam.
From these derivations, we discovered giant asymmetric ef-
fect in soft x-ray resonant reflectivities of the opposite circu-
lar components in a wide incidence-angle range near �B

n .

This novel phenomenon originates from totally destructive
interference occurring selectively for either the RCP or LCP
at specific angles in proximity to �B

n . Also, we found that
there exist the opposite circular-mode-dependent Brewster
angles in a wide angle range, as much as ��B,lon=8.9°, and
that the continuously variable polarization states are control-
lable with slight changes in the incident angle of a linearly
p-polarized photon beam.
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