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Nikulin in his recent papefPhys. Rev. B57, 11 178(1998] reviewed their attempts to solve the phase
problem in x-ray Bragg diffraction. Through three numerical examples, we show that the phase-retrieval
procedure proposed in that paper may lead to contradictory resli$63-182€09)06521-2

The phase problem in light scattering has attracted muchf R(q) in Eq. (2) is analytically continued from real axis to
attention in the last few decad&¥ Phase-retrieval tech- the entire complex plane, it has zeros in the upper half-plane.
niques based on the use of a logarithmic dispersion relatioln a scattering experiment, the phases at the sampling points
have been suggested long befbréThese methods are com- are lost and only the moduly®| is measurable. Suppose
plicated by the problem of localization of zeros of the com-that we utilize two radiation energies to perform the scatter-
plex scattering amplitude® In a recent papérNikulin re-  ing experiments, each of which corresponds to an absorption
viewed their attempfs® to solve the phase problem in x-ray coefficient u;, i=1,2. We follow Ref. 5 to retrieve the
Bragg diffraction. A procedure was proposed to retrieve thePhases from the data given By, i=1,2, at 1024 sampling
complex diffraction amplitude by analyzing x-ray diffraction POINts. The logarithmic dispersion relation results in two
intensity profiles collected for two different radiation wave- Minimal-phase diffraction amplitudes 'R, i=1,2. Two
lengths. Polynomials were employed to fit thénimal-phase ~ Polynomials of power 500 are then employed to fit the two
diffraction amplitudesin order to produce the zeros. These @MPplitudes, respectively. Figure 1 indicates that the polyno-
zeros were categorized into physi¢alie) and mathematical mials can feproduce the minimal-phase amplltudes_ very ac-
(virtual) ones. The true zeros in Ref. 5 meant those whicHurately. Figure 2 shows the modulus of the analytical con-
should be flipped into the upper half-plane. The rule for dis-inuation near some zeros, which correspond to the
tinguishing the true zeros from the virtual ones was the fol-2PSorption coefficieni,. The inset in Fig. 2 is a map of the
lowing: if the zeros produced by the two polynomials used tc?€70S in the sampling range which are produced by the two
fit the two minimal-phase amplitudes aaé the same loca- polynomials; the rest of the zeros lie .outS|d.e of the sampling
tion, they are true; but if thepave quite different locations fange. One can see that the zero pairs which have equal real
in the complex planethey are virtuaf However, the as- values have almost the same imaginary value. Therefore,

sumption suggested and used by the author of Ref. 5 is quel1€S€ zeros argue ones according to Ref. 5 and should be
tionable. We shall give three numerical examples to shov&“pp(ed into the upper half-plane. This is correct according to
Eq. (2

this point in the present comment.
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the Fourier transform of which has the form, Re(q) [A1]

FIG. 1. Interpolation of the minimal-phase amplituggmbol3
. with a polynomial(lines). The parameters for the profile in EQ.)
_ exp2méd)exp2miqd) —1 2) e d=100 A and¢é=6x10"°A ~1. The corresponding absorp-
2nw(igq+ &) tion coefficient isu;=1x10"° A ~1,

R(q)
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FIG. 2. Modulus of the analytical continuation of the minimal-  FIG. 3. Map of zeros for the structure in the inset. Inset: a

phase amplitude showing a part of the zeros in the lower half-planezcomplicated strain profile showing significant strain fluctuations
The structural parameters are the same as in Fig. 1. Inset: Map ofwaithin the layer. Its corresponding diffraction amplitude has four
part of the zeros. Circles represent=1x10"> A ~* and triangles  zeros in the upper half-plane with I¢) =4x 10> A ~*. The rest
represenfu,=2x10"% A ~1, of the zeros are in the lower half-plane. The layer is 100 A thick
with a mean lattice mismatcha/a=2.6x10"3.

Now we consider the x-ray reflection amplitude of a thin
epitaxial layer on a thick substrate. In Refs. 5—7 normalized
intensities were used instead of the directly measured interihe zeros. In principle, Eq2), which is an entire functiof,
sities. It can be easily shown that the normalized diffractionhas an infinite number of zeros; and the number of zeros
amplitude for our structure is just the following Fourier which can be taken into account is equal to the number of
transform®® sampling points according to the Sec. Il of Ref. 5. However,
the author of Ref. 5 interpolated a polynomial of power 512
with a polynomial of power 55. This is quite similar to fitting
the points on a parabola by a straight line. Another source
which influences the position of the zeros is noise. The quite
whereH is the reciprocal lattice vectoy(z) is the atomic  different positions for the corresponding “virtual” zero pairs
plane displacement fielgy; is the linear absorption coeffi- in Refs. 5-8 may result from both the noise and the low
cient,d is the thickness of the layer, ar/9z=Aal/a rep-  power polynomials used.
resents the lattice mismatch which is nonzero within the If the positions of the zeros are not correctly calculated,
layer only. The same process as above produces two sets 06 correct scattering profile can be obtained. Surprisingly, it
zeros in the lower half-plane. If we let=100 A, u,=4 seems that the procedure had been successfully utilized to
x10° A "1 andu,=5%x10"° A 71, the map of zeros is retrieve the diffraction amplitudes in Refs. 6—8, which were
the same as the inset in Fig. 2 except for a shift bycited to support the mathematics in Ref. 5. However, the
—H(Aa/a) along the real axisAre these zeros trifeln  success was achieved with the aid dfiek, namely, a regu-
order to be consistent with the first example, they should béarization procedur€® If one reads Ref. 8 carefully, one
true. But it is easy to prove tha®(q) in Eqg.(3) has no zeros would find that the regularization procedure is not indepen-
in the upper half-plane. If one flips all the zeros into thedent of thea priori knowledge about the sample, which
upper half plane, one gets a physically meaningless resuihakes the statement of being model-independent meaning-
that the absorption coefficient is negative. less. We give an example to elucidate it. Shown in the inset

Therefore, we have shown that the rule for selecting theof Fig. 3 is a strain profileAa/a as a function of depth:
true zeros used in Ref. 5 is quite questionable. It leads tevhich fluctuates significantly. The curve is similar to that in
contradictory results for the two examples above. Actually, itFig. 3 of Ref. 8. But the fluctuations were suppressed by the
is not necessary to divide the zeros of the polynomials intoegularization procedure in Ref. 8. The complex diffraction
true ones and virtual ones. Each zero is equally significandamplitude corresponding to the strain profile in the inset has
and should be independent of the numerical implement. Théour zeros in the upper half-plane, which is the reason for the
effect of the absorption is just to shift the zeros along thefluctuationst? The regularization procedure is effectively
imaginary axis. If two corresponding zeros produced by twoequivalent to flipping the four zeros into the lower half-plane
polynomials have quite different locations, higher powerfor our example. If one flips these zeros into the lower half-
polynomials should be used to make the fitting more accuplane, one obtains a smooth strain profile. But without any
rate. The author of Ref. 5 used polynomials of power as lowpriori information, who can make sure that there are no fluc-
as 55 to fit the somehow more complicated curves. We haveiations in the layer?
used a polynomial of power 250 to fit the ddtke minimal- We have calculated the absolute diffraction amplitigg
phase amplitudein Fig. 1. The resulting locations of the by using Eq.(3) with the integrand being replaced by the
zeros are quite different from those produced by the polynoprofile in the inset of Fig. 3. The same procedure as above
mial of power 500. The zeros shown in the inset of Fig. 2results in two sets of zeros which correspond to two different
deviate a little bit from the theoretically expected positions.wavelengths, respectively. The map of zeros is shown in Fig.
The deviation becomes smaller when we fit the dots in Fig. 3. One can see that there are four specific zeros in Fig. 3,
by a polynomial of power 1000 or higher. These results in-corresponding to those which should be flipped into the up-
dicate that the artifact in calculations modifies the position ofper half-plane. The different behavior of the four specific

ddu , . ,
R(q): f a_eZmHu(z)efzﬂ-,uizequzdZ, (3)
o 0Z
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zeros suggests that there is an alternative way to decide In summary, the phase-retrieval procedure in Ref. 5 is
which zeros should be flipped into the upper half-plane. Thejuestionable and the regularization procedure used to sup-
effect of the absorption is to move the zeros by:; along  port the mathematics of Ref. 5 is problematic. An alternative
the imaginary axis. Therefore, if a zero lies in the upper halfrule can be adopted to determine which zeros should be
plane, its actual position is nearer to the real axis if the diflipped into the upper half-plane. Of course, the difference in
fraction was measured by using a wavelength with largegpsorption coefficient between the two radiation energies
absorption; and vice versa. Therefore, if two zeros have thﬁractically used should be large enough to ensure that the

same real value, and one of them which corresponds to gjft along the imaginary axis can be resolved by the numeri-
larger absorption coefficient is nearer to the real axis than thgg, implement.

other which corresponds to a smaller absorption coefficient,
this pair of zeros locate in the upper half-plane; and vice One of the author§M.L.) extends his gratitude to the
versa. Volkswagen Foundation for financial support.
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