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By
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Peculiarities of the X-ray standing wave technique, realized under two-wave and four-wave X-ray
surface back diffraction are theoretically studied. It is shown that this technique, based on the registration
of the yield of X-ray fluorescence or other secondary emission from the crystal due to the dynamical
surface back diffraction of X-ray radiation, can provide both coordinates parallel to the surface in the
crystal unit cell for impurity atoms deposited onto the crystal surface. Worth noting is the ability of
the technique proposed to fit not only perfect, but also mosaic crystals.

TeopeTHYECKH AHATM3UPYIOTCS BO3MOXKHOCTH METOA CTOSAYMX PEHTI€HOBCKUX BOJH NpPH 2-X U 4-X
BOJIHOBOM MOBEPXHOCTHOW mudpakuuu Haszad. IlokaszaHo, YTO B ITOM METOJAE, OCHOBAHHOM Ha
PETUCTPALUM BBIXOAa (IIyOPECHEHIHY U APYIUX BTOPHYHO-3MUCCUOHHBIX U3J1yYCHHH U3 KPUCTAJUIA
B YCIIOBMSIX IIOBEPXHOCTHOMH AM(PAKIMU HA3a PEHTICHOBCKOTO M3JIy4EHHS, MOXHO ONPEAENATH 0be
napasuiesibHble TTOBEPXHOCTH KOOPAMHATHI B 3JIEMEHTAPHON sveiKe /ISl IPUMECHBIX 'aTOMOB, OCaX-
JEHHBIX Ha IOBEPXHOCTH kprcTaiuia. Ocoboe 3Ha4eHue UMeeT NPUMEHMMOCTD TIPEJJIAaraeMoro MeToaa
HE TOJILKO JIJISi COBEPIIIEHHBIX KPUCTAJLIIOB, HO M JJIi MO3AUYHbIX CTPYKTYP.

1. Introduction

Recently, a new geometry of X-ray surface back diffraction (SBD) has been studied both
theoretically and experimentally [1 to 4]. It has been shown that owing to a combination
of the grazing incidence with the top Bragg angle (65 — 90°), this diffraction geometry has
unique potentialities for the investigation of crystal surfaces. Particularly, using SBD, one
can measure the absolute value of the lattice spacing in the crystal layer of =1 to 10 nm
depth with an accuracy Ad/d < 107°.

In the present paper some additional possibilities for crystal surface studies are considered
in relation to the realization of the X-ray standing wave technique (XRSW) under SBD.
As known from [5 to 11], XRSW enables one to locate impurity atoms in the crystal unit
cell from their X-ray fluorescence, which is proportional to the illumination of atoms by
an X-ray standing wave, formed in a crystal under dynamical Bragg diffraction. Up to now,
XRSW has been realized in three geometries of X-ray diffraction:

I — under Bragg case diffraction (see [5] and subsequent works);

II — under Bragg case back diffraction [6, 7];

IIT — under grazing incidence (or surface) diffraction [8 to 11].

In cases I and II XRSW provides the coordinate of impurity location within crystal unit
cell normal to the surface. In case III the tangential coordinate (parallel to the surface) is
measured, which is of greater interest for applications. Moreover, in case III the signal-to-
background ratio in surface studies is greater by a factor of 10> to 10° due to the grazing
incidence. Finally, the application of XRSW in cases I and IIT is limited to perfect crystals
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alone, whereas in case Il XRSW is free from this limitation, i.e. it allows the study of mosaic
surface structures too due to the large angular scale of back diffraction, which is 10? to
10® times wider than typical diffraction peaks.

Apparently, XRSW under SBD combines the advantages of both cases II and I, i.e., to
provide surface sensitivity and the tangential coordinates, on the one hand, and to be
applicable to mosaic structures, on the other hand. Therefore, this technique may prove to
be a new powerful tool for crystal surface studies. In this relation, Section 2 presents the
theoretical analysis and computations of fluorescence yield from impurity atoms under
two-wave SBD.

In Section 3 we consider the fluorescence yield under four-wave SBD and the possibilities
for measuring two tangential coordinates of impurity atoms in one X-ray experiment.

2. Fluorescence Yield under Two-Wave SBD

As shown in [4], the dynamical diffraction equations describing SBD, are essentially the
same as those describing the surface diffraction with conventional Bragg angles, except for
the different angular dependences of parameter «, characterizing the deviation of the incident
X-ray wave from the Bragg condition. Therefore, one can evaluate the fluorescence yield
under SBD, using equations from [11] for the fluorescence yield under surface diffraction
and substituting therein the angular dependence of o in SBD as obtained in [4].

We consider a fluorescent atom, located in the structure at a depth z at the point with
the tangential vector g,. The fluorescence yield from this atom under two-wave SBD can
be obtained from the following expression (see [11]):

2 2
In(@o, 2, 2, 0,) = Z {Dé)j) + Dy exp (ihg, + 2ipkyz)} exp (ikou(j)z) . (1)
j=1

Here h is the reciprocal lattice vector, making in general a small angle ¢ with the surface,
k, stands for the wave vector of the incident wave, @, is the angle of incidence (see Fig. 1a).
The parameters D§';? (P, o) designate the amplitudes of two transmitted and two diffracted
waves, conforming to the roots u'**2(®,, «) of the dynamical diffraction dispersion equation
and producing an X-ray standing wave field in the crystal. We omit here the equations for
D2 and u™? because they are completely identical to those in [11], except that the
following expression for « should be used from [4]:

o = 2{30 + (B + ¢)* — 26} . )

Here 86 is the azimuth diffraction angle (the angle between the projections of k, and 4 on
the crystal surface), ¢ = 1 — A/2d a small parameter, characterizing the deviation of the"
Bragg angle from 90° at back diffraction.

As follows from (2), the SBD diffraction pattern and the respective fluorescence yield
depend on two angles, 30 and ®,. Since this dependence is a square-law on both angles,
the diffraction band has a large angular scale; 4(86, ¢,) ~ 1072 to 10~ ? rad.

For definiteness, we consider the fluorescence yield from atoms located on the crystal
surface (z = 0). Conforming to (1), the dependence of fluorescence yield on the coordinates
of the atom is contained in (hg,) = 2n(hx). Here x is the tangential coordinate along A.
The second lateral coordinate y, normal to A, does not affect the fluorescence intensity.
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Fig. 1. Schematic representation of fluorescent yield under X-ray surface back diffraction in a) two-wave
and b) four-wave cases. ko, k,, k, stand for the wave vectors of incident, transmitted, and diffracted
waves, h, for reciprocal lattice vectors, E,,, DY are the wave field amplitudes in vacuum and inside
the crystal, respectively, ¢,, are the misorientation angles of &, @,, ®,, are the incident angle and the
exit angles of the waves, 86 is the azimuth diffraction angle

Fig. 2a, b shows the fluorescence yield I;(®,, 60) from the surface atoms having different
locations with respect to the diffracting planes: a) at sites (hx = 0) and b) at interstitials
(hx = 1/2). The computations were carried out for Ge, (620), CoK,; radiation, ¢ = 4 x 10>,
¢ = 0.Fig. 2cdepicts the respective pattern of the SBD reflection coefficient. The comparison
of Fig. 2a, b clearly demonstrates that the two types of atom location provide substantially
different fluorescence yields over a very wide angular range of ~1 to 2°.
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Fig. 2. Fluorescence yield from
the surface atoms under SBD of
CoK,; radiation on the (620)
planes of Ge (¢ = 4x107%,
¢ = 0). Computations were per-
formed in a two-wave approx-
imation. a) Fluorescent atoms
lie on the diffracting planes
(hx = 0), b) midway between
the diffracting planes (hx = 1/2),
¢) is the respective pattern of
SBD reflection coefficient
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Thus, XRSW under SBD can supply the lateral coordinates of impurity atoms deposited
on the crystal surface. Thanks to the large angular scale of the fluorescence pattern, this tech-
nique is applicable not only to perfect crystals, but also to mosaic structures, provided that
the mosaic spread is less than 1 to 2°.

3. Fluorescence Yield under Four-Wave SBD

As shown in [4], the majority of the SBD cases, due to the high symmetry, are accompanied
by multi-wave effects. For example, SBD on planes (620) in Ge, treated in Section 2 in
two-wave approximation, is in fact a four-wave case with the excitation of additional (440)
and (220) reflections. At the same time, the analysis made in [4] has shown that the multi-wave
nature of SBD is displayed within a very narrow angular band near 60 = 0 (compare the
patterns (Fig. 2¢ and Fig. 3b), computed in two-wave and four-wave approximation,
respectively).

Consider the fluorescence yield under four-wave SBD in the case, when all diffracting
planes are normal to the surface, i.e., the conditions of the surface diffraction are met for
all the reflections (see Fig. 1b). We shall see which additional information on the crystal
surface may be extracted from the multi-wave fluorescence in this particular case.

The four-wave fluorescence intensity may be written in the form (compare with (1) and [12])

I¢(9,, 80, 2, 9,)
2

~
~

3)

4 3
Y {Déf) + >, DY exp (ih,0, + “Pmkoz)} exp (ikouz)

j=1 m=1
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Here D’ and D{?, ; are the amplitudes of transmitted and diffracted waves in the crystal,
conforming to four solutions u*” with Im (1) > 0 of the dispersion equation (11) from [4];
h, , 5 are the reciprocal lattice vectors, y,, = 2¢,, sin (0,,); @, 3 are the misorientation
angles of h, , 5 with respect to the surface. For definiteness, (3) was written for a c-polarized
incident wave.

The right-hand side of (3) does not contain a factor characterizing the escape probability
of fluorescent quanta from the crystal, since the depth of quantum formation under surface
diffraction (&1 to 10 nm) is much less than their absorption depth, and hence all quanta
escape from the crystal.

For the evaluation of D§’, DY, and u'? the reader is referred to [4]. Thus, (3) provides a
complete description of the fluorescence yield under four-wave SBD.

Fig. 3a presents an example of four-wave fluorescence yield computation with (3). The
comparison of Fig. 3a with Fig. 2a reveals that the multi-wave nature of the fluorescence
yield is displayed only in the vicinity of 86 = 0.

Consider the effect of the coordinates of a fluorescent atom in the crystal unit cell on
the fluorescence yield in a narrow multi-wave band. Let the atom lie on the surface (z = 0)
and v, , 3 = 0. Then (3) transforms to the following form:

4 3 2

5 {Daf> + 3 DYexp (ih,,,au}
1

j=1 =

)

Ifl(@07 699 Z, Ql) ~

m=

The tangential coordinate vector ¢, can be resolved into two components (x, y) parallel
and normal to h; = hgyp, respectively,

Qi = 2TE(-X€SBD + yenorm) . (5)
Then, accounting for the correlations: h, L hy and h, + hy = h, (see [4]), we obtain

(h,0,) = 2nh;x, (hy0,) = 2mhy(x sin® Oy, + V),

(hy0,) = 2mh,(x sin® O3 — ), (6)

where y' = y sin O, sin O3, 0y,, 055 are the Bragg angles.

It follows evidently from (4) to (6) that the fluorescence yield in a multi-wave angular
band is sensitive to both lateral coordinates x and y of the atoms, as distinct from the
two-wave case, where only x-sensitivity takes place.

Secondly, due to the x-dependence of (h,0,) and (h;0,), the sensitivity of fluorescence
yield to x in a multi-wave region differs from that in a two-wave region. For illustration,
consider four-wave SBD on the (620) planes in Ge with the excitation of the (440) and
(220) reflections. Here in the two-wave region the fluorescent atoms produce the same
fluorescence pattern, if they are located in the unit cell at a spacing Ax = (1/12, 1/4, 0). At
the same time, in the four-wave region the atoms produce the same pattern, if the spacing
between them is a multiple of 3Ax (and Ay is a multiple of (1/8, —3/8, 0), since only at
such spacings both (h,Ag,) and (h;Ag,) are multiples of 27.

Based on the above consideration, we can propose a technique for obtaining the two
lateral coordinates of impurity location on the crystal surface by one XRSW measurement,
taken under multi-wave SBD. In this technique the x-coordinate is obtained from the
analysis of the fluorescence pattern shape in the two-wave region, and then the y-coordinate
is determined by analyzing the shape in the central multi-wave band. The effect of the
y-coordinate of the atoms on the fluorescence yield in the central multi-wave band at
different x is shown in Fig. 4.
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It is evident that the proposed multi-wave technique will not be suitable for mosaic
structures, since the narrow multi-wave pattern will be spread. In this case x and y can be
obtained through measurements of a few two-wave fluorescence patterns, taken for two
nonparallel SBD reflections.
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Fig. 3. Thesame asin Fig. 2,
but computations were per-
formed in a four-wave ap-
proximation with accounting
for the excitation of (440)
and (220) reflections. a)
Fluorescent atoms lie at the
point of intersection of the
three diffracting planes (#;0,
=0), b) is the respective
pattern of the four-wave
SBD
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Fig. 4. Four-wave fluorescence yield as a function of azimuth diffraction angle for different tangential
coordinates x and y of fluorescent surface atoms. Computations were carried out for @, = 10'; the
other parameters were the same asin Fig. 2,3.a) x = 0,b)x = 1. Solid lines correspond to y* = 0, dashed
lines to y' = 1/2

In conclusion, it should be noted that the above considerations can be applied not only
to fluorescence yield, but also to other secondary emissions (for example, to Auger electrons).

The author believes that the proposed techniques for measuring impurity coordinates
on the crystal surface could find wide application in surface studies. He is willing to cooperate
with colleagues, who are interested in the implementation of the proposed experiments.
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