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Phase of transmitted wave in dynamical theory and quasi-kinematical approximation
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Variation of the phase of the beam transmitted through a crystalline material as a function of the rocking
angle is a well-known dynamical effect in x-ray scattering. Unfortunately, it is not so easy to directly measure
these phase variations in a conventional scattering experiment. It was recently suggested that the transmitted
phase can be directly measured in ptychography experiments performed on nanocrystal samples. Results of such
experiment for different crystal thickness, reflections, and incoming photon energies, in principle, can be fully
described in the frame of dynamical theory. However, dynamical theory does not provide a simple analytical
expression for the further analysis. Here we develop a quasi-kinematical theory approach that allows one to
correctly describe the phase of the transmitted beam for the crystal thickness less than extinction length that is
beyond applicability of the conventional kinematical theory.
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I. INTRODUCTION

It is well known that the propagation of x rays through a
slab of material results in the accumulation of a small phase
shift due to refraction [1]. This phase shift plays an important
role in different applications of x rays, despite x rays having
a small index of refraction typically on the order of 107>
to 10~7. For example, the focusing of x rays by compound
refractive lenses [2] and phase contrast imaging [3] are based
on refraction. It is also well known from the dynamical
theory [4] that in the case of a perfect crystal, the phase of
a diffracted wave in Bragg geometry changes by 7 in the
narrow angular range close to the Bragg angle. This is a
manifestation of the x-ray standing wave generated in a crystal
by two coherent transmitted and diffracted waves [5-7]. It
is interesting to note that the phase of the transmitted wave
also has an additional dynamical correction close to the Bragg
angle that depends on the rocking angle. Moreover, due to
dynamical diffraction, this phase correction is different for
and o polarization of x rays [8,9]. This effect is used nowadays
to develop quarter- and half-wavelength phase shifters for hard
x rays [10,11] and to produce circular polarized radiation
at third-generation synchrotron sources. Probably the most
recent application of the transmitted beam phase in Bragg
scattering geometry is the generation of self-seeded pulses of
x-ray free-electron lasers [12,13].

It is not easy to measure the phase of the transmitted beam
in the scattering experiment due to the fact that in a typical
scattering experiment, it is intensity—the square modulus
of a complex amplitude—that is measured on the detector.
In Ref. [14], it was proposed to measure dynamical phase
correction using interferometry measurements based on a
Bonse-Hart interferometer [15]. By recombining two coherent
beams passing through empty space and a crystal positioned
close to the Bragg angle, an interference pattern was measured
that could be well described in simulation by the presence
of the phase of the transmitted beam. This was still indirect
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measurement of the phase. Recently developed coherent x-ray
scattering methods, such as ptychography [16,17], can, in
principle, measure the phase by reconstruction of the complex
wave field. Ptychographic methods are highly sensitive to
changes of phase and can be used to reconstruct the phase
of the transmitted beam. Such experiment in which the phase
of the transmitted beam in ptychographic measurements was
determined was performed recently [18] (see layout of this
experiment in Fig. 1).

In this experiment, two detectors were used, i.e., one
in the diffraction and one in the transmission direction.
Ptychographic measurements were performed both on empty
membrane and Au crystalline nanoparticles 100 nm thick at
different rocking angles of the sample. These measurements
provided phase information of the transmitted beam that
contained two components: the main one due to conventional
refraction that does not depend on the rocking angle and an-
other one that is much weaker and has an angular dependence
on the rocking angle.

Though physical principles of generation of the transmitted
wave phase are well understood and can be well simulated
using dynamical theory [4], their solutions can be quite compli-
cated in some special cases and often do not provide analytical
results. The kinematical theory based on the assumption of
a single scattering of the incident beam on the sample is
comparatively easier to understand and interpret. However,
kinematical theory does not describe variations of the phase
close to the Bragg angle in a transmitted beam. To fill this
gap, here we develop a quasi-kinematical theory that provides
a simple analytical description for the phase of the transmitted
beam.

Crystals with the thickness larger than the so-called extinc-
tion length [4] typically have to be described by the dynamical
theory. At the same time, crystals with the thickness much
smaller than this extinction length can be safely described by
the kinematical theory [19]. The extinction length provides
the typical crystal size for which multiple scattering effects,
such as coupling between the transmitted and diffracted wave,
become important. We will show that the quasi-kinematical
approximation developed here gives correct results for the

©2016 American Physical Society


http://dx.doi.org/10.1103/PhysRevB.93.184107

O. YU. GOROBTSOV AND I. A. VARTANYANTS

Detector in Bragg

position
Crystal //

Incoming 26,

X-ray —> —>

beam
Detector in
transmission
position

FIG. 1. Schematic layout of the ptychography experiment de-
scribed in Ref. [18]. Intensities of the transmitted and diffracted
beams are measured simultaneously by two detectors, while the
crystal is rotated near the Bragg angle. Ptychographic measurements
were performed on a Au 111 crystalline nanoparticle 100 nm thick.
Reconstruction of the complex amplitude of the transmitted beam
allowed one to observe phase variations as a function of the rocking
angle.

transmitted phase for crystal thicknesses up to extinction
lengths significantly beyond the conventional kinematical
theory.

In this paper, we first revisit the concept of the phase
of the transmitted beam for x rays. Using full dynamical
theory, we show how the kinematical case can be generalized
by including refraction and absorption effects. We present
a general dynamical theory expression for the transmitted
phase that is especially transparent in the case of a perfect
crystal. We present simulations based on dynamical theory
of the phase of the transmitted beam for different crystal
types, reflection orders, and incoming photon energies and
introduce a quasi-kinematical approximation to obtain an
analytical solution for the dynamical phase contribution in
the transmitted beam. We finalize our work with the summary
and outlook section.

II. GENERAL CONSIDERATIONS
A. Nonperiodic media

We will first consider the case of scattering of x rays on
nonperiodic media. In this case, refraction coefficient n of
matter for x rays is given by

n=+y14+xo>1+ x0/2, (1)

where ¥ is the zeroth Fourier component of the susceptibility
x (r,w) that is connected with the electron density p by known
expression [1] xo = —r.\2p/m, where r, is the classical
electron radius and A is the x-ray wavelength. Here we took
into account that for x rays, yo < 1. The x-ray wave passing
through a slab of material of thickness d will get an additional
phase shift,

Eou(d) = Ein(z = 0)e“, 2
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where the total phase ¢(d) accumulated while passing the
material is given by

p(d) = nkd/y = (1 + xo/2)kd/y. 3

Here, k = w/c is the vacuum value of the incidence wave
vector, w is the frequency of x rays, c is the speed of light, and
y = cos(n - K) is the direction cosine with n being the inward
normal to the entrance surface of the material. We can see from
that expression that the phase due to refraction in nonperiodic
media is given by a simple expression,

Prei(d) = xokd/(2y). “

This is a conventional phase shift due to refraction well known
for electromagnetic waves which is proportional to an effective
thickness of the material t = d/y, the only difference for x rays
is that it is negative since xo < 0.

B. Periodic media

For an x-ray wave passing through periodic media, the
situation is similar to nonperiodic media in most cases, except
incident angles close to the Bragg angle. As it follows from the
dynamical theory [4], at these angles an additional dynamical
correction §n to refractive index n will appear in expression (1).
Contrary to expression (1), it will be dependent on the rocking
angle Af. Asymptotically, far from the exact Bragg condition,
this refractive index correction can be expressed as [4,20].

_ C*xn Xz
4y0(AO — O) Sin 205

Here, x; and xj are the Fourier components of the

susceptibility of the 4 and & reflections, respectively. They
are connected with the Fourier components of the structure
factor Fj, and Fj; by well-known relations,

xn=—TF,, xz=-TF, (6)

on =~

(&)

and parameter I" is given by I' = r,A%/7V, where V is the
volume of the unit cell. In expression (5), C is the polarization
coefficient equal to C = 1 for ¢ polarization and C = cos 20y
for r polarization, A6 = 0 — 0 is the angular deviation from
the exact Bragg conditions, 6y is the angular correction due
to refraction, and 6y is the Bragg angle. We note that this
expression is valid for both Bragg and Laue geometry. As was
mentioned above, the range of validity of this expression is
given by inequality

[AB] > | xnl/ sin20p. @)

It follows from expression (5) that the dynamical phase
correction due to the coupling of transmitted and diffracted
waves is proportional to the product of Fourier components of
susceptibilities x, xj or structure factors Fj, F5,. This phase cor-
rection asymptotically decreases as 1/ A6 with the increase of
the angular deviation from the Bragg angle and is proportional
to the first power of a crystal thickness. Unfortunately, there is
no simple relationship describing the phase of the transmitted
beam for a more general case of an arbitrary thick crystal for
the whole angular range near the Bragg angle, or a crystal
with deformation field that could also change the values of
the transmitted phase. In the following, we will analyze in
detail the case of quasi-kinematical approximation when the
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phase due to dynamical scattering will be considered as a
small perturbation to the phase @¢(d) (4) due to refraction.
The obtained analytical solution will be compared with full
dynamical simulations and the range of validity of the quasi-
kinematical approximation will be determined.

III. DYNAMICAL THEORY APPROACH

A. Theory: General equations

In the following, we will consider a plane x-ray wave
with a wave vector Kk incident on a single-crystal plate of
thickness d. For generality, we will consider both Bragg and
Laue diffraction geometries (see Fig. 2).

The wave field inside a crystal can be presented in the
dynamical theory in two-wave approximation [4] as a coherent
superposition of the transmitted E,(r) and diffracted Ej;(r)
waves,

E(r) = ) [0, Eos (2)e™" + ey, Ejs(2)e™],

N

®)

where ey, and e; are polarization unit vectors, s is the
polarization index, K¢ is the incident wave vector, and ky, =
ko + h is the diffracted wave vector with h = 27H and H
being the reciprocal space vector. Here we also assume that
slowly varying amplitudes E,(z) and Ejs(z) have only z
dependence.

Propagation of transmitted and diffracted amplitudes in
a weakly deformed crystal can be described by the Takagi-
Taupin (TT) equations [4,6,21,22]

dEy ik ihu(z)—W(z
C
dE; ik ihu(z)—
d_z]“ = 5, (X0~ @) Eps(2) + xnCe ™ O VOEg(2)].

(9b)

Here, u(z) and W(z) are the strain field and static Debye-
Waller factor [for a perfect crystal, u(z) = W(z) =01, yo.n =
cos(n - ko ;) are the direction cosines, and n is the inward
normal to the entrance surface of the crystal (see Fig. 2). For
Bragg geometry of diffraction, yy > 0 and y; < 0, and for
Laue diffraction, yy > 0 and y;, > 0. Fourier components of
the susceptibility are, in general, complex valued numbers
Xn = Xnr + 1 xni- The parameter o characterizes the deviation
of the incident wave vector kg from the Bragg condition o =
(k2 — k3)/ k3 ~ —25sin205 A6.
The boundary conditions in Bragg geometry are given by

Eo(0) = E™, Ejg(d) =0, (10)
and in Laue geometry,
Eo(0) = E™, E;s(0) = 0. (11)

We will assume in the following a unit amplitude for the
incoming beam, Ei" = 1.

The intensity of the diffracted beam, or reflectivity, is
defined in Bragg geometry as

2

] , 12)

Yo

E,(0,A60)

B _
PR(AO) == = 0.40)
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and in Laue geometry as

Vi
Ph(A6) = y—’;|Eh<d,A9>|2.

13)

B. Kinematical solution

The kinematical solution [23] for the transmitted wave
Ey(z) can be obtained from Eq. (9a) by neglecting the coupling
term with the diffracted amplitude E,(z). In this case, we
obtain, from Eq. (9a),

dE k xo

= i89Eps(z) where §g = —.
iz o0Eos(2) 0=

(14)

Solution of this equation gives, for the x-ray wave on the exit
surface of the crystal,

EQ™(d) = e = expligwer(d) — pod /2101, (15)
where
k Xor
ret(d) = Re[8od] = 2L d (16)
2y

is the phase due to refraction [compare it with expression (4)]
and o = kxo; is the linear absorption coefficient.

Notice that transmitted wave Ey(z) (15) determined in
this way does not depend on the deviation angle from the
exact Bragg condition A6. It is only attenuated by absorption
due to the imaginary part of the susceptibility yo; and has
a constant phase shift ¢.f(d) due to the real part of the
susceptibility xo,. By this treatment, we already go beyond
the conventional kinematical theory that typically neglects
these effects. However, we still neglected multiple scattering
or dynamical effects that will be taken into account below.

C. Dynamical solution

An expression for the transmitted wave EJ"(d) on the exit
surface of the crystal in the case of dynamical diffraction can
be obtained as a formal solution of the TT equations (9) in the
following form (for details, see [6]):

E"(d,A0) = expligrer — tod/2y0 + igayn(d, AO)], (17)

where @qyn(d, AB) is the phase contribution due to dynamical
scattering given by

(pdyn(d’ AO) = —

d
lRe[/ dz'C,R(z’,Ae)]. (18)
0

ex

Here, R(z,A0) is the scattering amplitude (for details, see
Appendix A) defined as [6]

1 [Epz,A0)] 1.0
R(z,A0) = —[L]elh“w. (19)
VBY L Eo(z,A0)
In Eqs. (18) and (19), parameter S = yp/|yn| for

Bragg and B = yy/yn for Laue geometries, C; = C(1 —
ip)exp[—W(z)] with p=—X;/X,, and parameter Y =
Vxn/ xim = 1Y exp(i®y). For a centrosymmetric crystal with
a monoatomic lattice |Y| =1, &y = 0. The following pa-
rameters have also been introduced: X, = Re,/xnx; and
X; = Im,/Xux5- The extinction length in Eq. (18) is defined
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(b) Kk

FIG. 2. (a) Diffraction scattering experiment in Laue geometry on a single crystal of the thickness d. Here, 05 is the Bragg angle, ¢, and ¢y,
are the angles between the normal n to the crystal entrance surface, transmitted ko and diffracted k;, wave vectors, respectively. (b) Diffraction
scattering experiment in Bragg geometry on a single crystal of the thickness d.

as [24]

L AYo
ex ﬂ\/ﬁxr.
In the case of a perfect thick crystal, R(z,A6) = Ry(ABO)

and does not depend on the crystal thickness (for details, see
Appendix A) and we obtain, for the dynamical phase (18),

(20)

d
Payn(d,A0) = —7 RelGy Ro(AD)]. ey

ex

Below we will present results of dynamical simulations using
crystals of different thickness, reflection order, and incident
photon energy based on that approach.

D. Simulations

We performed full dynamical simulations of the intensity of
the diffracted beam and phase of the transmitted beam for gold
and silicon crystals of different thickness in Laue geometry.
The diffraction scheme was considered asymmetrical in both
cases with the incident beam perpendicular to the entrance
surface of the crystal as shown in Fig. 1 that corresponds
to the choice of angles ¢p =0 and ¢, = 26 in Fig. 2.
For these simulations, Fourier components of susceptibilities
were obtained from Ref. [25] and all scattering parameters
are summarized in Table I. We note that for the scattering
conditions considered here, the extinction length for Si 111
crystal, L5! = 6.1 pm, was about an order of magnitude larger
than for Au 111 crystal, L2* = 610 nm.

The reflectivity curves and corresponding phases of the
transmitted beam as a function of the rocking angle A8 were
simulated using a full dynamical theory approach. Results of
these simulations for Au and Si crystals of different thickness
fromd = 0.2 L., tod = 1.5 L., are presented in Figs. 3 and 4.
These simulations show that the angular variation as well as
the magnitude of the transmitted wave phase are similar for
both crystals for the same ratio of d/L.,. The higher the value
of this ratio, the stronger is the reflectivity curve and values of
the phase modulation. The only difference is the angular range
in which these variations of phase are significant. It is much

broader in the case of Au crystal and is quite narrow in the
case of Si crystal, which can be explained by the difference in
the real part of the susceptibility (see Table I). In addition, due
to difference in extinction length, the actual thickness of each
crystal (Au or Si) is significantly different (see Table I).

Simulations performed in the frame of dynamical theory for
different reflection orders and incoming photon energies for Au
crystals of thickness d = 300 nm are presented in Appendix A.

There are also some other common features that can be
observed in these simulations. The maximum of the reflectivity
curve as well as the angular position of the sign change in the
phase are shifted from the exact Bragg position (A6 = 0) to
positive values by

Xor(1 £ B)

22
2B sin26g "’ 22)

Oret = +

TABLE I. Parameters used in simulations presented in Figs. 3
and 4 for Au and Si crystals. In all simulations, o polarization for x
rays was considered.

Crystal (reflection) Au (111) Si(111)
Energy (keV) 8.5 8.5
Bragg angle, 65 (deg) 18.04 13.45

70 0 0

Vh 0.808 0.892

Xor —8.31 x 1073 —1.35 x 1073
Xoi 6.87 x 107¢ 2.82 x 1077
Xhr —6.83 x 1073 —7.16 x 107
Xhi 6.83 x 107° 1.97 x 1077
X, —6.83 x 1073 —7.16 x 107°
X; 6.83 x 107 1.97 x 1077
p=-X/X, 0.10 0.027
Extinction length, L,, (nm) 610 6100
Crystal thickness, 0.2 L., (nm) 120 1200
Crystal thickness, 0.4 L., (nm) 240 2400
Crystal thickness, 0.6 L,, (nm) 370 3700
Crystal thickness, 1.5 L., (nm) 920 9200
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FIG. 3. (a),(c) Reflectivity pr(A0) and (b),(d) the phase @4y, (AH)
of the transmitted beam in Laue geometry as a function of the
rocking angle Af =6 — 6. Simulations were performed for Au
111 and Si 111 crystals of different thickness d = 0.2, 0.4, and
0.6 L,,. Dynamical theory simulations (full lines) and simulations
performed in the frame of quasi-kinematical approximation (dashed
lines). Parameters of simulations are listed in Table 1.

where as before the upper sign corresponds to Bragg diffraction
and the lower one to Laue diffraction. This shift due to
refraction is well known in dynamical theory [4]. We note that
in the case of symmetrical Laue diffraction, when parameter
B = 1, this shift due to refraction is zero.

One important feature that we can observe in our simula-
tions is that on the left side of the rocking curve, the phase is
positive and goes through its maximum, and on the right side
of the rocking curve, it has an opposite behavior. In addition,
we can observe that for a thick crystal with d = 1.5 L.,
negative modulation of the phase is slightly lower than the
same positive-valued modulation. To understand the physical
reasons for such behavior, we should recall that according to
the dynamical theory [4], in the vicinity of the Bragg angle

12 — 12
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FIG. 4. Same as in Fig. 3 for crystal thickness d = L,, and
1.5 L.
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FIG. 5. Angular dependance of the amplitude of the weakly
absorbing wave E(()l) (red curve) and strongly absorbing wave E(()z)
(black curve) for different crystal thickness (a) d = L., and (b)
d =10 L,,. In both cases, simulations were performed for Au 111
reflection and photon energy 8.5 keV. The difference in the amplitudes
of the waves for the thick crystal is clearly seen.

in Laue geometry, two standing waves are generated: one,
weakly absorbing, with its nodes at atomic planes and another
one, strongly absorbing, with its antinodes at atomic planes.
In thin crystals, both waves contribute with the same strength;
however, in a thick crystal, the first wave starts to dominate.
Our simulations (see Fig. 5) have shown that on the left side of
the rocking curve, the wave field is dominated by the weakly
absorbed wave, and on the right side, by the strongly absorbed
wave. This also explains the fact that we have on the left side of
the rocking curve positive relative values of phase (that means
that the wave is accelerated) and we have negative relative
values (that means that the wave is retarded) on the right side.
This is due to the fact that when the standing wave is with its
nodes on the atomic planes, the transmitted wave probes an
effectively lower electron density than an averaged electron
density. And, on the contrary, when the standing wave is with
its antinodes on the atomic planes, the transmitted wave probes
an effectively higher electron density than an average electron
density.

As mentioned before, these results were obtained using a
full dynamical treatment. At the same time, we can easily
observe that in the case of thin crystals with d/L., < 1, the
phase variations of the transmitted beam have similar behavior
and are only scaled with the value of the ratio d/L,, < 1. It
would be very useful if a simple analytical expression could be
derived to explain the behavior of this phase variation for thin
crystals. In the next section, we show how such expression can
be obtained from the TT equations (9).

IV. QUASI-KINEMATICAL APPROXIMATION

We will now consider a thin crystal in Bragg or Laue
geometry, such that the transmitted wave does not differ
significantly from the incident wave. To characterize the
difference between kinematical and dynamical solutions for
the transmitted wave, a small parameter

|8ayn(z, A0)| < 1 (23)
can be introduced as [26]
Eo(z,0) ~ explidod + i8ayn(z, AD)], 24)

where parameter §y is defined in Eq. (14). Now additional
contribution to the phase due to diffraction is given by the real
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part of ayn(z,AB),
d¢@ayn(z, AO) = Re[dayn(z,A0)]. (25)

The imaginary part of dgyn(z,A8) will give contribution to
an interference absorption coefficient u;,(A6) (for details,
see [6]).

By substituting Eq. (24) into TT equations (9) (for details,
see Appendix B), it is possible to obtain the following solution
for the dynamical contribution to the transmitted beam in the
quasi-kinematical approximation:

C? —(kd)?* 1 . in Q
Segn(d, AG) = —M—[l - efl(&)} (26a)
8yovn Q Q

QAG) = Q(A0)d /2,
where Q(A0) = (2/L.)[y(AB) + iyo] is a momentum trans-
fer due to angular deviations from the Bragg angle, and
dimensionless angular parameters y(A#) and y, are defined
in Egs. (A2) and (A3).

Expression (26) for the dynamical contribution to the
transmitted beam can also be written in a more compact form
by introducing extinction length L., (20) (see Appendix B),

C2/d \1 o [ Sin 9
den(d,Ae)):—?‘(L—) 5[1 —e’Q(Tﬂ, @7

where parameter C; is defined after Eq. (19). Taking into
account the definition of the phase of the transmitted wave (25),
we obtain

6(pdyn(da AQ)
ot d 1
- o2\L,/) @

x{(l — pz)[l — cos Q<w>j| — 2psin Q(Sin9>}.
Q Q

(28)

(26b)

It follows from these results that the dynamical contribution
to the refraction coefficient is proportional to the product x; x7,
an expression similar to Eq. (5). Another important feature is
that in the quasi-kinematical approximation, the dynamical
phase contribution is proportional to the square of the ratio
d/L., [see Eq. (28)].

In the frame of the same approximations, it is possible to
obtain an expression for the amplitude of the diffracted wave
(for details, see Appendix B),

En(d,A0) = i E0ei¥ie—® (S";Q) (29)
where E,? = Ckdx,/(2yn) and parameter §, is defined in
Eq. (B2) in Appendix B. Substituting this expression in
Egs. (12) and (13), we obtain a well-known expression [19] for
the reflectivity in kinematical approximation in Laue or Bragg
geometry in a quasi-kinematical approximation,

2sin?
o2

We now consider different asymptotics of the obtained
solutions. The dynamical correction in the case of big angular

pr(A8) = | E9| (30)
Yo
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deviations from the exact Bragg angle can be determined from
expression (26). For these angles, we can drop off the fast
oscillating second term in square brackets in expression (26)
and, after substituting the value of the angular parameter
Q(A0) (here we neglect its imaginary part), we obtain

C*xnxy(kd)

(S n dvAO ~ = 1 ’
dy ( ) 4]/0 S 293(A9 - eref)

€19}

where 6.¢ is the angular correction due to refraction (22).
Comparison of this expression with the one obtained from the
full dynamical theory [see Eq. (5)] shows that they completely
coincide.

We can also determine the behavior of the dynamical
contribution to the transmitted beam at small values of the
angular parameter 2(A#). From expression (30), it follows
that reflectivity of the diffracted wave has its maximum
at Q(AH0) = 0. In the limit of Q2(A#) — 0, we obtain, for
Sayn(d,AB) in Eq. (27),

C*( d\*
Sayn(d,A0) — —7'<L—) [2/3Q —i]. (32)

ex

Substituting the values of parameters C; and Q(Af), we
obtain, for the phase of the transmitted beam,

c?/d\°
8@ayn(d,AO) — —?( 7 ) {(l—pz)y(AQ)

3 Lex
+2P[yo—§< p )“ (33)

Taking into account that y(A#) ~ A6, we see that it is exactly
the angular dependence that we observed at small deviations
of angular parameter while performing dynamical simulations
for thin crystals, as shown in Fig. 3.

Direct comparison of expressions (26) and (29) shows that
the dynamical contribution d4yn(d, A6) in a quasi-kinematical
approximation can be expressed through the amplitude of the
diffracted wave as

c? < d )21 .
Sayn(d, AO) = ——L —[1 + in(AO)E(d,A0)],

2 \Lex) Q
(34)
where the following angular parameter is introduced:
2 A .
NAG) = — TN gmitid i (35)

C(kd)xn

As a result of our analysis [see Egs. (26), (34), and
Appendix C], we see that the phase ¢gyn(d, A6) modulations
grow as a second power of a ratio of a crystal thickness to
extinction length L,,. At the same time, the quasi-kinematical
approximation is valid if condition (23) is satisfied that gives,
for the maximum crystal thickness dpax,

V2

7 L dpax = —
max |C1|

Ley. (36)
It follows from Eq. (36) that the quasi-kinematical approxi-
mation is valid, in fact, for crystals with the thickness up to
extinction length.
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FIG. 6. Comparison between the quasi-kinematical approxima-
tion and dynamical theory. Here the relative error ¢ in the phase
defined in Eq. (37) is calculated using a quasi-kinematical approxima-
tion as compared to the dynamical theory as a function of the rocking
angle A6 and relative crystal thickness d /L., . Dashed horizontal line
corresponds to 5% difference in the two phases that appears at the
crystal thickness d >~ 0.8 L,,.

We compared the obtained quasi-kinematical result with the
exact dynamical solution discussed in the previous section.
The dynamical phase correction in the quasi-kinematical
approximation given by Eq. (28) was calculated for the same
set of parameters as in simulations presented in Figs. 3 and 4.
Results of these simulations are shown in these figures by
dashed lines. Our results showed that the difference between
the quasi-kinematical and dynamical case was less than 3%
for crystal thicknesses up to 0.6L., (see Fig. 3) and it
becomes significant for crystal thicknesses above extinction
length (see Fig. 4). It is interesting to note that even for
crystals with the thickness d = L., deviation of the exact
dynamical simulation and simulation performed in the frame
of the quasi-kinematical approximation is not so strong, though
diffracted curves already differ substantially (see Fig. 4). To
determine the range of parameters where the quasi-kinematical
approach can be safely used, we performed simulations for
Au 111 crystal with the thickness varying from zero to
d =1.25 L,,. We defined an error function & between two
types of simulations as

o _|30und.20) — guyu(d. 20)
wdyn(da Ae)

where 8¢q4yn(d, A6) is the dynamical phase contribution in the
quasi-kinematical approximation, and @qy,(d, Af) is the same
phase simulated with the full dynamical theory. The results
of these simulations are presented in Fig. 6. As it follows
from these simulations, the quasi-kinematical approach can
be safely used with an error less than 5% up to Au crystal
thicknesses d ~ 0.8 L,,. Similar results were also obtained
for the Si crystal.

, (37

V. DISCUSSION

As discussed in Sec. I, the main interest in understanding
the properties of the phase of the transmitted beam is the
possibility to measure this phase directly in coherence-based
experiments such as Bragg coherent x-ray diffractive imaging
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(CXDI) and ptychography. To demonstrate the generality of
our approach, we will discuss the ptychography experiment
depicted in Fig. 1 in more detail.

In a typical ptychographic experiment, the complex ampli-
tude of the exit surface wave can be determined. Specifically,
in the case of scattering on a crystal, this exit surface wave can
be expressed as [27]

Epsw(X —Xj) = / G(x — X)Ein(x' — xj)dx/, (38)
where G(x) is a Green function of the propagation of x rays in
a crystal, Ej,(X) is an incident wave field, x is the transverse
coordinate, and Xj is a position of the incident wave on the
sample. Assuming that variations of the incident wave are
small on the distances where the Green function is sufficiently
changing, we obtain

Epsw(x —Xj) = O(X) Ein(X — X)), (39)

where O(x) can be considered as an object function in a typical
ptychographic reconstruction. In our case, this object function
is defined by the Green function of the crystal through the
following relation:

O(x) = / G(x — x)dx'. (40)
Since ptychography enables us to independently determine
both the incident beam E;,(x) (that is often called the probe)
and the object function O(x), it also allows us to extend results
obtained in this work for plane waves to arbitrary incoming
beam shape. The only important condition as stated above is
slow variation of the incident beam compared to variations of
the Green function. It is known from the dynamical theory [4]
that the main variations of the Green function in the crystal are
of the size of the Borrmann fan. So, variations of the incident
wave should be smaller than the size of the Borrmann fan.
Also, importantly, the phase of the transmitted wave is defined
completely by the Green function in the form of Eq. (40), which
is rather the property of the crystal and not of the incident
beam shape. These arguments show that although our results
were obtained on the condition of plane-wave illumination in
a ptychography experiment, they are valid for a large class of
incident beams.

In our simulations, we indirectly used the fact that the
crystal lateral size L is large enough to neglect boundary
effects. More specifically, it should be larger than the base
of the Borrmann fan [4],

sin 20p
YoVh

For example, for Au crystal of 100 nm thickness used in
experiment [18], this condition means that the lateral size of a
crystal should be larger than 70 nm. That condition was safely
satisfied in this experiment where the lateral size of the crystal
was 250 nm.

Additionally, in practical applications, there are some lim-
itations on the beam divergence and energy spread. Assuming
that angular divergence of the incoming beam should be
much smaller than the angular distance between the two
closest extrema on the phase variation curve [see Eq. (C8)

L>d

(41)
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in Appendix C], we obtain

AVn
2d sin(26)
Using this result and the relation between the wavelength

spread and angular divergence §A/A = 6/ tanfg, we obtain,
for the wavelength spread,

860 < (42)

AYn
4d sin? 93 ’

In practice, these limitations mean that the angular diver-
gence should be less than 0.8 mrad and the corresponding
wavelength spread should be less than 2.6 x 1073 for ex-
periment on a Au (111) crystal and photon energy 8.5 keV.
Such conditions can be comfortably achieved at present
third-generation synchrotron facilities.

SA/A K (43)

VI. SUMMARY

We studied the phase variation in the transmitted beam
close to Bragg conditions for Au and Si crystals of different
thickness, reflection, and incoming photon energy using
dynamical theory. It was demonstrated that using kinematical
theory alone, it was not possible to observe phase variations in
the transmitted beam close to the Bragg angle. To perform
analysis of scattering in thin crystals, a quasi-kinematical
approximation was introduced. A general analytical solution
for the phase of the transmitted beam in the whole range of
rocking angles was obtained. It was determined that in the
quasi-kinematical approximation, the magnitude of the phase
variation depends quadratically on the crystal thickness. Pos-
sible limitations due to real experimental conditions are also
discussed. These findings are of relevance to ptychographic
experiments performed on thin crystals where the phase of the
transmitted beam can be determined directly from the analysis
of the scattered radiation.
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APPENDIX A: DYNAMICAL THEORY TREATMENT

1. Scattered amplitude in dynamical theory

The amplitude R(z,A0) (19) can be determined in the
general case of the deformed crystal as a solution of a Riccati
type of equation (for details, [6]),

.. dR(z,A0) .
+ lLexd—Z = 2[—)’(A9) — 1Yo + yu]R(Zv A@)

+Ci[1 £ R*(z,A0)), (A1)

where the upper sign corresponds to Bragg diffraction and the
lower one to Laue diffraction. Here the angular deviation from
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the Bragg position is defined by the dimensionless parameter,

sin20p - A0 xor(1 £ B)

y(A0) = /B X W (A2)
and parameters
_xa(1£B) _, Lo dIhu(z)]
yo_i—zﬁX, > (@) =+ —a (A3)

define the attenuation of x rays due to photoelectric absorption
and the shift of the Bragg position caused by deformation in
the crystal. Boundary conditions for the amplitude R(z,Af) in
Eq. (A1) are defined now on one surface. For Bragg geometry,
R(d,A6) = 0, and for Laue geometry, R(0,A68) = 0.

In some special cases (for example, constant strain),
analytical solutions for the amplitude R(z, Af) can be obtained
(see, for example, Ref. [6]). In the general case of an arbitrary
strain field u(z), this amplitude can be determined only
numerically.

For a perfect thick crystal, the solution of Eq. (A1) gives [6]

1
Ry(A6) = F o {(=3(80) — iyo)+/[y(80) + i P % C3).
(Ad)

where the branch with the positive imaginary part is chosen
for the square root and, as before, the upper sign corresponds
to Bragg diffraction and the lower one to Laue diffraction.

It is possible to show that in this case of a perfect crystal of
arbitrary thickness, an analytical solution for the dynamical
amplitude R(AO) also exists (see, for details, Ref. [6]).
Unfortunately, this solution is complicated for the direct
analysis.

04 . . 0.6 . ,
(@) E=8.5keV Au111 (@ Au111 ——5keV
03 d=300nm Au220| | 051 4-300nm ——85keV [
: Au 222 0.4 ——12keV ||
2 02 b 203
o au 0.2
0.1 b
0.1
0.0 ; - 0.0 - "
200 -100 0 100 200 -400  -200 0 200 400
AB (arcsec) A6 (arcsec)
0204 E=B 5 kev ‘ 0307 ‘
= =8.5 ke g Au111 —_
T 015 d=300nm Aulll E d=u300n Sl;el:/
=4 Au220 | = 0251 ——85keV |
;‘,,,; 0.104 Au222 | 2 — 12 keV
= 4 =
= 0.05 £ 000
g 000 E
£ -0.05 § -0.25
g -0.101 il
= =
& 015 : : -0.50 . .
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A8 (arcsec) AD (arcsec)

FIG. 7. (a),(c) Reflectivity pr(A0) and (b),(d) the phase 4y, (AH)
of the transmitted beam in Laue geometry as a function of the rocking
angle A6 = 6 — 6. Simulations were performed using dynamical
theory approach for a Au crystal of thickness d = 300 nm. (a),(b)
Results of simulations for the incident photon energy 8.5 keV and
different reflection orders 111, 220, and 222 in a Au crystal. (¢),(d)
Results of simulations for a Au 111 crystal and different incident
photon energies of 5, 8.5, and 12 keV. Parameters of simulations are
listed in Tables II and III.
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TABLE II. Parameters used in simulations presented in Fig. 7(a) and 7(b) for different crystal reflections.

Crystal (reflection) Au (111) Au (220) Au (222)

Energy (keV) 8.5 8.5 8.5

Bragg angle, 65 (deg) 18.04 30.39 38.28

Yo 0 0 0

Vi 0.808 0.488 0.232

Xor —8.31 x 1073 —8.31 x 107? —8.31x107?

Xoi 6.87 x 107° 6.87 x 107 6.87 x 107°

Xhr —6.83 x 1073 —5.63 x 1073 —5.04 x 1073

Xni 6.83 x 107° 6.75 x 107 6.69 x 107¢

X, —6.83 x 1073 —5.63 x 1073 —5.04 x 1073

X; 6.83 x 107 6.75 x 107° 6.69 x 10°

p=-X;/X, 0.10 0.12 0.13

Extinction length, L., (nm) 610 580 440

Crystal thickness, (nm) 300 300 300

2. Phase of the transmitted beam for different reflection
orders and incoming photon energies

Variations of intensity of the diffracted beam and phase
of the transmitted beam for different reflection orders as well
as for different incoming photon energies for Au crystal are
presented in Fig. 7. Here we considered 111, 220, and 222
reflections in Au crystal and incoming photon energies of 5,
8.5, and 12 keV. In the first case, the incident photon energy
was 8.5 keV for all reflections, and, in the second case, Au
111 reflection was considered for all energies. In all cases, the
crystal thickness was d = 300 nm and the diffraction scheme
was considered the same as shown in Fig. 2. All other scattering
parameters are listed in Tables II and III. Here we can see that
for higher reflections and lower incident photon energies, the
angular range of the phase variations becomes more narrow
and variations become stronger, which can be explained by the
change of the extinction length (see Table II).

APPENDIX B: DERIVATION OF THE
QUASI-KINEMATICAL APPROXIMATION

To derive an expression for the dynamical correction

quasi-kinematical approximation, we start with the TT equa-
tions (9) where we perform the following substitution:

, . k
Eo(2) = Ey(2)e™ where 8 = =22, B1)
2y
, , k —
BN = B, where sy = 12— g
Vh

which leads to the following form of the TT equations for the

amplitudes E(')(z) and E;,(z):

d_Z 2)/0

dz 2y

dE, _( ik : O,
0 _ (Z—)CXhe’h“(Z)e‘W(Z)e’QZEh(Z)’ (B3a)

JE. ” _ 0
h _ <l—>CXhe_’h“(Z)e_W(Z)e_lQZEO(Z)‘ (B3b)

Here, parameter Q(A6) = (2/L.,)[y(A8) 4 iyy] is a mo-

mentum transfer due to an angular deviation

A6 from the

Bragg angle, and dimensionless angular parameters y(A6)

and yy are defined in Egs. (A2) and (A3).

Now we consider that in the quasi-kinematical approxima-
tion, the transmitted wave E;(z, Af) can be presented as

Sayn(z,A0) in transmitted wave Eo(z,A0) (24) in the Ey(z,A0) = ¢'don@A0), (B4)
TABLE III. Parameters used in simulations presented in Fig. 7(c) and 7(d) for different incoming photon energies.

Crystal (reflection) Au (111) Au (111) Au (111)

Energy (keV) 5 8.5 12

Bragg angle, 0 (deg) 31.77 18.04 12.67

Yo 0 0 0

Vi 0.44 0.808 0.904

Xor —2.40 x 107* —8.31x 1073 —3.806 x 1073

X0i 4.40 x 1073 6.87 x 107° 5.03 x 107°

Xnr —1.97 x 107* —6.83 x 1073 -3.07 x 1073

Xni 4.37 x 1073 6.83 x 107° 5.00 x 107°

X, —1.97 x 107* —6.83 x 1073 —3.07 x 1073

X; 437 x 1073 6.83 x 107° 5.00 x 107°

p=-X;/X, 0.22 0.10 0.16

Extinction length, L., (nm) 270 610 1000

Crystal thickness, (nm) 300 300 300
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where the dynamical correction satisfies the condition
[8ayn(z, AB)| <K 1. Substituting this expression for the trans-
mitted wave into the TT equations (B3), keeping derivatives
of 84yn(z, AB) and approximating Eé)(z, AB0) >~ 1 otherwise, we
obtain

dB4yn ( k ) e o

= = )Cye u(g)e W(z)ezQzE 2), B5a

iz o Xn »(2), (B5a)

dE, _ ( ik )the_ih“(Z)e_W(Z)e_in. (B5b)
dZ 2yh

The first equation should be complemented with a boundary
condition for a dynamical correction, §aqyn(z = 0,A8) = 0.
The second equation (B5b) can be easily calculated, leading
to the well-known expression for the diffracted wave in
kinematical approximation (compare to results in Ref. [6]),

z
E;l(z,AB) — i(k—c>xh / o@D =W =0z 4 (B6)
2¥h 0

If the strain field u(z) and the profile of the static Debye-Waller
factor W(z) are known, then integration can be performed us-
ing this equation. Unfortunately, these parameters commonly
are not known and have to be found using other methods. An
especially simple result is obtained in the case of a perfect
crystal when u(z) = W(z) = 0. In this case, Eq. (B6) reduces
to

, [ kC © o
Ey(z,A0) =i| o— |xn | e '¥dz, (B7)
2y 0

and its integration gives the well-known expression for the
diffracted wave in kinematical approximation for a perfect
crystal of thickness d,

£ d.AO) = i Ckd _ig( Sin 2 (BS)
h ’ =1 zyh Xhe Q s

where the dimensionless parameter

QA0) = O(AO)d)2 = kd ap + xo(1 —p) _ kd
4 Yo 4

| R

<

h
(B9)

is introduced.

The dynamical contribution to the transmitted wave,
dayn(z,AD), at the exit surface z = d can be obtained by a
formal integration of Eq. (B5a),

kC
(den(za AO) = <_> Xn

d
f eihu(z)67W(z)einE’ (2)dz,
2yo ¢

0
(B10)

where a kinematical solution for the diffracted wave (B6) has
to be used. This is a general expression that also includes
strain fields in the crystal. It is clear from this expression
that the presence of strain can modify the phase of the
transmitted beam measured in experiment. Again, we obtain
significant simplification if we consider a perfect crystal. In
this case, u(z) = W(z) = 0, and substituting the expression for
the diffracted wave E},(z) (B8) in Eq. (B10) and performing
integration, we obtain, finally, for the dynamical correction in
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the quasi-kinematical approximation,

C? —(kd)? 1 X in
Sayn(d, A0) = —M—[l - e’Q<Sm )}
8yvoyn Q2 Q

(B11)

Now introducing extinction length L., (20), Eq. (B11) can
be written in the following form:

C*( d\*1 o[ sinQ
5dyn(dsA9)=_7]<L >§|:1—€ZQ< %) >:|, (B12)

where parameter C) is introduced after Eq. (19) in the main
text, and in the case of a perfect crystal is equal to C; =
C( —ip).

Dynamical phase correction in the transmitted beam
8¢@ayn(d, AB) is given by the real part of this expression,

Swdyn(d, AQ)
= Re[ayn(d, A0)]

C?(d\*1 s sin Q2
-5 (2) alo o))
—2p sinQ(M)}.
Q

Comparison of expressions (B12) and (B8) shows that the
dynamical correction to the transmitted amplitude can also be
expressed through the diffracted wave as

(B13)

C*( d\*1 o
den(d,AG)z——l( ) —[1+iKe"@E,(d,A0)],

2\L.) @
(B14)

where complex parameter K = 2y;,/C(kd)yy, is introduced.

APPENDIX C: ANALYTICAL ANALYSIS OF THE
QUASI-KINEMATICAL APPROXIMATION

The derived expression for §p (26) is particularly conve-
nient for obtaining analytical results. First, we should define for
which crystal thicknesses the quasi-kinematical approximation
is valid. Since the original assumption of the approximation
is [8gyn(z,AB)| < 1, it is necessary to understand when
this condition is satisfied. Taking a square modulus of the

CHlxnxalPkd)* 1

expression (26), we obtain
| iof sin Q2
—e
odygyi @ Q

C4|XhXh|2(kd)4L(l_ sin 292

2
|8ayn(d, 26)|*

odygyy @ Q
cos 292 1
BT + ﬁ), (CDH

where €2 is approximated to be real according to expres-
sion (B9).

In the extrema of [§4yn(A8)|, the following condition
should be satisfied: d|8p|?/d2 = 0. This is equivalent to the
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following equation:

sin )2
cos 2 — =0.
Q

The solutions of Eq. (C2) are 2y = tan 2y. Substituting
this expression into Eq. (C1), we obtain, for |8dyn(a')|2 at each
extremum,

(C2)

s (P = CH L xp*kd)* 1
| ay )| N 64)/02th 1+Q%'

It follows that the global maximum is present at 2o = O,
and

(C3)

C?| xn x5 (kd)*
8Yovn '

Substituting expression (C4) into |8qyn(z,A6)| K 1, we
obtain

[8ayn(d)la=0 = (C4)

V2
|C1l
Therefore, as one could expect, the near-kinematical approxi-
mation is valid for small thicknesses.

Next, we want to find the extrema of the quasi-kinematical
expression (28) for the phase. Substituting expression (28) into
the condition d(8¢ayn)/d2 = 0, we immediately obtain

inQ
[(1 — p*)cos Q + 2psin sz](% — cos sz) —0. (C6)

d < L. (C35)
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The factor on the right gives local extrema for the phase,
located at the same points as the extrema of |§ayn(A6)|. The
factor on the left gives

pr—1 1
2 = tan ; — Pxuxy )

where @y, . is the complex phase of x; x;. We are interested
in two extrema closest to 2 = 0, which are

tan Q2 = (CT7)

b1 i
Qo = (5 — goxhxﬁ)modn, (E — goxhxﬁ>modn —m, (C8)

where x mod y represents the non-negative remainder when
dividing x by y.

Substituting those 2 values into Eq. (28), we get the
extremum value

Cc(d\* oo 1
3‘den(d) = —7 7 (I—=p )Q_o.
ex

For reflections considered in this work, ¢,,,. =0 and
Q = £m/2. However, in crystals without central symmetry,
Oxxy 7 0. Equation (C9) shows that the phase Sgayn(d, A0)
modulations indeed grow as a second power of a ratio of a
crystal thickness to extinction length L,,.

(€9

[1] J. Als-Nielsen and D. McMorrow, Elements of Modern X-ray
Physics, 2nd ed. (Wiley, Singapore, 2011).

[2] A. Snigirev, V. Kohn, I. Snigireva, and B. Lengeler, Nature
(London) 384, 49 (1996).

[3] S. W. Wilkins, T. E. Gureyev, D. Gao, A. Pogany, and A. W.
Stevenson, Nature (London) 384, 335 (1996).

[4] A. Authier, Dynamical Theory of X-ray Diffraction, 2nd ed.
(Oxford University Press, Oxford, 2003).

[5] B. Batterman and H. Cole, Rev. Mod. Phys. 36, 681 (1964).

[6] I. Vartanyants and M. Kovalchuk, Rep. Prog. Phys. 64, 1009
(2001).

[7]1 The X-ray Standing Wave Technique. Principles and Appli-
cations, edited by J. Zegenhagen and A. Kazimirov (World
Scientific, Singapore, 2013).

[8] V. E. Dmitrienko and V. A. Belyakov, Sov. Tech. Phys. Lett. 6,
621 (1980).

[9] V. A. Belyakov and V. E. Dmitrienko, Sov. Phys. Usp. 32, 697
(1989).

[10] K. Hirano, K. Izumi, T. Ishikawa, S. Annaka, and S. Kikuta,
Jpn. J. Appl. Phys. Lett. 30, L407 (1991).

[11] C. Giles, C. Malgrange, J. Goulon, F. de Bergevin, C. Vettier,
E. Dartyge, A. Fontaine, C. Giorgetti, and S. Pizzini, J. Appl.
Crystallogr. 27, 232 (1994).

[12] G. Geloni, V. Kocharyan, and E. Saldin, J. Mod. Opt. 58, 1391
(2011).

[13] J. Amann, W. Berg, V. Blank, E.-J. Decker, Y. Ding, P. Emma,
Y. Feng, J. Frisch, D. Fritz, J. Hastings et al., Nat. Photon. 6,
693 (2012).

[14] K. Hirano and A. Momose, Phys. Rev. Lett. 76, 3735
(1996).

[15] U. Bonse and M. Hart, Appl. Phys. Lett. 6, 155 (1965).

[16] J. M. Rodenburg, A. C. Hurst, A. G. Cullis, B. R. Dobson,
F. Pfeiffer, O. Bunk, C. David, K. Jefimovs, and 1. Johnson,
Phys. Rev. Lett. 98, 034801 (2007).

[17] P. Thibault, M. Dierolf, A. Menzel, O. Bunk, C. David, and
F. Pfeiffer, Science 321, 379 (2008).

[18] M. Civita, A. Diaz, R. J. Bean, A. Shabalin, O. Gorobtsov, I. A.
Vartaniants, and I. K. Robinson (unpublished).

[19] W. Zachariazen, Theory of X-ray Diffraction in Crystals (Dover,
New York, 1967).

[20] Note the difference by a factor of two between this expression
and the one given in the book [4].

[21] S. Takagi, J. Phys. Soc. Jpn. 26, 1239 (1969).

[22] D. Taupin, Acta Crystallogr. 23, 25 (1967).

[23] We should note that strictly speaking in the case of kinematical
scattering the transmitted amplitude is equal to unity. Here
we include in the transmitted amplitude refraction and normal
absorption but neglect dynamical effects of multiple scattering.

[24] It should be noted that our choice of extinction length differs
from that commonly used [4] by the factor 7.

[25] S.  A. Stepanov, http://sergey.gmca.aps.anl.gov/x0Oh.html
(unpublished).

[26] Compare this expression with the one for the transmitted beam
in kinematical approximation (15).

[27] A. Afanasév and V. Kohn, Acta Crystallogr. Sect. A 27, 421
(1971).

184107-11


http://dx.doi.org/10.1038/384049a0
http://dx.doi.org/10.1038/384049a0
http://dx.doi.org/10.1038/384049a0
http://dx.doi.org/10.1038/384049a0
http://dx.doi.org/10.1038/384335a0
http://dx.doi.org/10.1038/384335a0
http://dx.doi.org/10.1038/384335a0
http://dx.doi.org/10.1038/384335a0
http://dx.doi.org/10.1103/RevModPhys.36.681
http://dx.doi.org/10.1103/RevModPhys.36.681
http://dx.doi.org/10.1103/RevModPhys.36.681
http://dx.doi.org/10.1103/RevModPhys.36.681
http://dx.doi.org/10.1088/0034-4885/64/9/201
http://dx.doi.org/10.1088/0034-4885/64/9/201
http://dx.doi.org/10.1088/0034-4885/64/9/201
http://dx.doi.org/10.1088/0034-4885/64/9/201
http://dx.doi.org/10.1070/PU1989v032n08ABEH002748
http://dx.doi.org/10.1070/PU1989v032n08ABEH002748
http://dx.doi.org/10.1070/PU1989v032n08ABEH002748
http://dx.doi.org/10.1070/PU1989v032n08ABEH002748
http://dx.doi.org/10.1143/JJAP.30.L407
http://dx.doi.org/10.1143/JJAP.30.L407
http://dx.doi.org/10.1143/JJAP.30.L407
http://dx.doi.org/10.1143/JJAP.30.L407
http://dx.doi.org/10.1107/S0021889893007976
http://dx.doi.org/10.1107/S0021889893007976
http://dx.doi.org/10.1107/S0021889893007976
http://dx.doi.org/10.1107/S0021889893007976
http://dx.doi.org/10.1080/09500340.2011.586473
http://dx.doi.org/10.1080/09500340.2011.586473
http://dx.doi.org/10.1080/09500340.2011.586473
http://dx.doi.org/10.1080/09500340.2011.586473
http://dx.doi.org/10.1038/nphoton.2012.180
http://dx.doi.org/10.1038/nphoton.2012.180
http://dx.doi.org/10.1038/nphoton.2012.180
http://dx.doi.org/10.1038/nphoton.2012.180
http://dx.doi.org/10.1103/PhysRevLett.76.3735
http://dx.doi.org/10.1103/PhysRevLett.76.3735
http://dx.doi.org/10.1103/PhysRevLett.76.3735
http://dx.doi.org/10.1103/PhysRevLett.76.3735
http://dx.doi.org/10.1063/1.1754212
http://dx.doi.org/10.1063/1.1754212
http://dx.doi.org/10.1063/1.1754212
http://dx.doi.org/10.1063/1.1754212
http://dx.doi.org/10.1103/PhysRevLett.98.034801
http://dx.doi.org/10.1103/PhysRevLett.98.034801
http://dx.doi.org/10.1103/PhysRevLett.98.034801
http://dx.doi.org/10.1103/PhysRevLett.98.034801
http://dx.doi.org/10.1126/science.1158573
http://dx.doi.org/10.1126/science.1158573
http://dx.doi.org/10.1126/science.1158573
http://dx.doi.org/10.1126/science.1158573
http://dx.doi.org/10.1143/JPSJ.26.1239
http://dx.doi.org/10.1143/JPSJ.26.1239
http://dx.doi.org/10.1143/JPSJ.26.1239
http://dx.doi.org/10.1143/JPSJ.26.1239
http://dx.doi.org/10.1107/S0365110X67002063
http://dx.doi.org/10.1107/S0365110X67002063
http://dx.doi.org/10.1107/S0365110X67002063
http://dx.doi.org/10.1107/S0365110X67002063
http://sergey.gmca.aps.anl.gov/x0h.html
http://dx.doi.org/10.1107/S0567739471000962
http://dx.doi.org/10.1107/S0567739471000962
http://dx.doi.org/10.1107/S0567739471000962
http://dx.doi.org/10.1107/S0567739471000962



