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X-ray standing waves in garnet crystals
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Measurement of fluorescent radiation produced by x-ray standing waves is applied to site-
occupancy determination in both thin layers and bulk garnet single crystals. The fluorescence yield
for atoms in different crystallographic sites has been calculated for the (521) and (444) reflections in
the case of gadolinium gallium garnet for both a thin layer and a bulk crystal. Primary extinction is
discussed. We find that, although it may play a major role in determining the line shape of the
fluorescence yield, the effect is not as dramatic in garnets as it is in silicon or germanium, so that
different crystallographic sites give clearly distinctive fluorescence patterns even for bulk crystals.
Finally, theoretical and experimental line shapes are compared.

I. INTRODUCTION

When an x-ray beam is diffracted by a perfect crystal,
interference phenomena between the wave fields excited in
the crystal give rise to a resulting wave field whose inten-
sity has the functional form of a standing-wave pattern, as
is well established by the dynamical theory of x-ray dif-
fraction.! In the case of reflection, the standing-wave pat-
tern is the same for each polarization state. The equi-
intensity planes are parallel to and have the same periodi-
city of the diffracting planes (hkl). The standing-wave
pattern has strong minima and maxima (and in certain
cases nodes and antinodes), whose positions with respect
to the crystal atoms change as a function of the angle be-
tween the incident beam and the crystal. In this way a
modulation occurs in the interaction between the elec-
tromagnetic radiation and the crystal atoms. This modu-
lation can be monitored by secondary events such as
fluorescent emission,”®> Compton and thermal x-ray
scattering,* and photoelectron yield.’

The modulation has been utilized to determine the in-
terstitial or substitutional nature of impurity atoms.’
High-resolution measurements on this subject were first
reported by Golovchenko ef al.” who observed the
fluorescent emission of As atoms diffused in a Si (220)
crystal. The As atoms were distributed in a surface layer
0.4 pum thick. Because of this, the modulation of the
fluorescence yield was not influenced by the primary ex-
tinction (we will return to this subject later). In a subse-
quent work on the same system, but with the As atoms
implanted rather than diffused and with improved experi-
mental conditions, Andersen et al.® achieved a spatial
resolution of 0.02 A in the lattice location of As atoms.
The technique has also been extended to surface-location
studies,’ leading to the solution of the registration prob-
lem in the case of bromine atoms in submonolayer cover-
ages on a Si(111) surface.”

To our knowledge, the technique has until now been ap-
plied only to crystals with quite simple structures, such as
those with cubic-diamond (Si,Ge), or =zinc blende
(GaAs,GaP).!!'=!® Furthermore, in the experiments re-
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ferred to above,’~1%1213 the excited atoms were in surface

layers. In the materials investigated, the standing-wave
method for atom localization within the structure loses
resolution dramatically when extended to bulk measure-
ments, because of extinction.

In this paper we report the application of x-ray
standing-wave experiments to site-occupancy determina-
tion in bulk crystals and in thin films having the garnet
structure.

II. APPLICATION TO GARNETS

The garnet structure, as is well known,* belongs to the
space group Ja3d with all the cations in special positions,
with no positional degrees of freedom, and the oxygen
atoms in the general positions. In the unit cell there are
eight formula units of the type {43}[B,](C3)0;,, where
the different sets of brackets represent sites with different
coordination to oxygen, namely { } represents dode-
cahedral (c) sites, [ ] represents octahedral (a) sites, and
() represents tetrahedral (d) sites. A large variety of ions
can occupy different sites, completely or partially, and
many of the ions occupy more than one site. The site oc-
cupancy of substitutional ions can be determined by size
considerations (the sites have different dimensions), and,
for magnetic garnets, can be determined by magnetic mea-
surements.'®> The scope of this paper is to show that x-ray
fluorescence under diffraction conditions has, for certain
(hkl) reflections, markedly different dependences on the
rocking angle for the different sites. This provides a
direct way of determining cation site occupancy also in
the case of low-substitutional levels, both in bulk crystals
and epitaxial films. The technique can also be applied to
nonmagnetic garnets. As a demonstration, the fluores-
cence yield has been calculated for different reflections
and for the atoms of a Gd;GasO;, (GGG) single crystal
(Mo Ka incident radiation).

The calculation has been carried out by considering that
the fluorescence yield is proportional to the intensity I of
the resulting wave field in the crystal at the atom location.
I is given by the following relation:
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FIG. 1. Theoretical Ga Ka and Gd La fluorescence-yield
curves for the GGG (521) reflection. Mo Ka is the incident ra-
diation. The result for Ga atoms in tetrahedral sites ( )
and for Gd atoms in dodecahedral sites (—.—.—- ) are shown.
Thickness ¢ =500 um.

2

, oy

- E -
I=Igexp(—47K - T) |1+ E_H exp(2miH-T)
0

where I, is the incident intensity, H is the reciprocal-
lattice vector of the reflecting planes, T is a position vec-
tor in the unit cell of the crystal, K the imaginary part
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FIG. 2. Theoretical Ga Ka fluorescence-yield curve for the
GGG (444) reflection. Mo Ka is the incident radiation. The re-
sult for Ga atoms in tetrahedral ( ) and in octahedral
(— — —) sites are shown. Thickness ¢ =500 pm.

curves for the GGG (521) reflection. Mo Ka is the incident ra-
diation. The result for Ga atoms in tetrahedral sites ( )
and for Gd atoms in dodecahedral sites (—-—-—- ) are shown.
Thickness ¢t=0.1 pm.

of the inside “incident” wave vector (I_{(’,’ is always direct-
ed along the surface normal), and (Ey /E,) is the ratio of
the “incident” and “diffracted” field amplitudes inside the
crystal. ,

Equation (1) has been calculated for all of the positions
in the unit cell occupied by the atoms which give rise to a
given fluorescence radiation, and the contributions from
each position added together. Finally, contributions from
the whole crystal thickness have been integrated, also tak-
ing into account the absorption of the fluorescence radia-
tion by the crystal matrix (the GGG has very nearly the
same absorption coefficient for the Ga Ka and the Gd La
radiations). The calculation has been carried out for an-
gular positions corresponding to the diffraction curve of a
given reflection and normalized to unity for angular posi-
tions far from the Bragg condition. Figure 1 shows the
result of such a calculation for the (521) reflection and for
a crystal thickness of 500 um. The solid curve represents
the fluorescence-yield modulation for atoms occupying
tetrahedral sites, while the dotted-dashed curve refers to
dodecahedral sites. The yield curve for octahedral sites
has nearly the same behavior of the curve for tetrahedral
sites. Figure 2 refers to the (444) reflection and to a crys-
tal thickness of 500 pum. In this case, the fluorescence-
yield curves for octahedral sites (dashed curve) and for
tetrahedral sites (solid curve) have markedly different
behavior. The yield curve for dodecahedral sites is, in this
case, exactly the same as the curve for tetrahedral sites.

As mentioned above, the modulation of the fluores-
cence yield due to diffraction is strongly affected by pri-
mary extinction: i.e., by the fact that, when diffraction
takes place, the effective absorption coefficient of the in-
cident beam is a strong function of the incidence angle
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FIG. 4. Theoretical Ga Ka fluorescence-yield curve for the
GGG (444) reflection. Mo Ka is the incident radiation. The re-
sult for Ga atoms in tetrahedral ( ) and in octahedral
(— — —) sites are shown. Thickness t=0.1 um.

and has its maximum at the center of the diffraction
curve, where it achieves several times the value due to
photoelectron absorption.! Of course, the incident intensi-
ty is depleted in favor of the diffracted intensity, and this
may play a major role in determining the line shape of the
fluorescence yield. However, in garnets the effect is not
as dramatic as in Si or Ge, and the distinction between the
different crystallographic sites is still very clear, even in a
bulk crystal, as shown in Figs. 1 and 2. For comparison,
Figs. 3 and 4 show the fluorescence-yield modulation of
the different sites for the (521) and (444) reflections,
respectively, in the case of a relatively thin layer of 1000
A. Comparison of the corresponding curves in Figs. 1
and 2 shows that the effect of primary extinction is
strong, but does not mask the peculiar feature of the
fluorescence-yield modulation. From this point of view,
the situation in crystals with garnet structure (such as
GGQG) is quite favorable with respect to Si or Ge crystals.
For example, the ratio between the penetration depth due
to photoelectron absorption and the penetration depth due
to primary extinction is 2 times greater for a Ge (220) re-
flection than it is for a GGG (444) reflection in the case
of an incident Mo K« radiation.

If we also consider the absorption of the fluorescence
radiation, we calculate that, in the case of GaKa or
Gd L radiation in the (444) reflection of a GGG crystal
(Mo Ka incident radiation), the depth from which the
measured fluorescence radiation is originated is, far from
the Bragg condition, nearly 5 times the corresponding
depth at the center of the diffraction curve. Instead, in
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FIG. 5. Experimental geometry.

the case of the Ge (220) reflection (Mo K« incident radia-
tion), the depth from which the measured Ge Ka radia-
tion is originated is, far from the Bragg condition, nearly
14 times the corresponding depth at the center of the dif-
fraction curve. Evidently, it is possible to reduce or even
to eliminate the effect due to primary extinction by a suit-
able geometry, but in any case with considerable loss of
intensity (Ref. 12). To compare theoretical predictions
with experimental data, x-ray fluorescence yield from
GGG crystals has been measured.

III. EXPERIMENT

The {Gd;}[Ga,](Ga;)0,, crystals were commercially
available as standard (111) substrates for epitaxial growth.
The crystalline perfection of this kind of crystals, grown
by the Czochralski technique, is very good with regard to
dislocations and inclusions. In practice, crystals that are
free of dislocations and inclusions can be obtained.'®
However, growth striations are always present, due to
compositional fluctuations; these cause lattice-parameter
variations of the order of 0.0002 A.!” The measurements
were carried out on a double-crystal diffractometer, with
the arrangement described in Fig. 5. The x-ray beam,
Mo Ka radiation from a conventional 0.8 kW fine-focus
source, was diffracted by the monochromator, a high-
perfection (111) orientation GGG crystal. The emergent
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FIG. 6. GGG (444) diffraction curve with MoKa incident
radiation. Closed points are experimental data. Dashed curve is
the theoretical Darwin-Prins curve convoluted with the reflec-
tivity curve of the monochromator. The solid curve is the con-
volution of the dashed curve with a Lorentzian function to take
into account the broadening due to structural defects (see text).
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FIG. 7. X-ray fluorescence-yield curves of (a) Ga Ka and (b) g 025} i
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cident radiation. Closed points are experimental data. The . L L L L
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dashed curve is the theoretical prediction for Ga atoms in octa-
hedral and tetrahedral sites and for Gd atoms in dodecahedral
sites. The solid curve is the convolution of the dashed curve
with the same Lorentzian function used to take into account the
broadening of the diffraction curve (see text and Fig. 6).

beam was then directed onto the sample and diffracted by
it. In all cases, the same reflection was utilized for the
sample and the monochromator. The measurements were
carried out by rocking the sample step by step, while
measuring, at each step, the second diffracted beam by a
scintillation counter and by analyzing the x-ray fluores-
cence from the sample by a gas-cooled Si(Li) detector (La-
ben model no. MP 38) and a multichannel analyzer. The
Gd La and Ga K a radiations were detected.

IV. RESULTS AND DISCUSSION

Figure 6 presents the (444) diffraction curve of a GGG
crystal. Closed points are experimental data. The dashed
curve is the well-known Darwin-Prins curve,? calculated
by taking into account the absorption and convoluted with
itself to account for the angular width from the reflectivi-
ty curve of the monochromator. The vertical scale is nor-
malized to the experimental data. The full width at half
maximum (FWHM) of the experimental diffraction curve
is slightly (10%) larger than the theoretical curve. This is
due to the presence of structural defects, probably caused
by growth striations, as discussed earlier (see Sec. III). To
account for this broadening, a phenomenological ap-
proach has been utilized. The theoretical curve was con-
voluted with a Lorentzian curve whose FWHM was the
difference between the FWHM of the experimental and
theoretical curves. The solid curve in Fig. 6 represents the

6 (sec.)

FIG. 8. (a) Diffraction curve and (b) fluorescence-yield curve
of Ga Ka radiation for GGG (888) reflection. Mo K« is the in-
cident radiation. Closed points are experimental data. The solid
curves are, as in Figs. 6 and 7, the result of a convolution be-
tween the theoretical curves and a function which accounts for
the structural defects. The theoretical fluorescence yield has
been calculated for Ga atoms in octahedral and tetrahedral sites.
Gd atoms in dodecahedral sites give the same result.

result of this convolution. The matching with the experi-
mental data is quite good. Figure 7 presents the x-ray
fluorescence yield for (a) the Ga Ka and (b) Gd La radia-
tions as the crystal is rotated through the diffraction
curve shown in Fig. 6. Closed points are experimental
data. The fluorescence yield is normalized to unity far
from the Bragg condition. The horizontal origin is the
center of the experimental diffraction curve. The theoret-
ical fluorescence yield has been calculated according to
the procedure described in Sec. II. In addition, the result-
ing curves have been convoluted with the reflectivity
curve of the monochromator. In Fig. 7 the variation of
the fluorescence yield with the angular position obtained
by this procedure (dashed curve) refers to (a) Ga Ka radi-
ation for atomic location corresponding to octahedral and
tetrahedral sites, and (b) Gd La radiation for atomic loca-
tion corresponding to dodecahedral sites. The solid curve
is the convolution of the theoretical fluorescence yield
with the same Lorentzian curve utilized to account for the
discrepancy between the theoretical and experimental dif-
fraction curves (see Fig. 6 and relative discussion). The
matching with the experimental data is quite satisfactory.
Finally, Fig. 8(a) shows the diffraction curve of the (888)
reflection. Closed points are experimental data, and the
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solid curve is the theoretical diffraction curve also ob-
tained by taking into account the broadening due to de-
fects. Figure 8(b) shows the corresponding modulation of
the fluorescence yield of Ga Ka radiation coming from
atoms in octahedral and tetrahedral sites. The theoretical
predictions (solid curve), obtained following the procedure
described above for the (444) reflection, is in good agree-
ment with the experimental data. For the (888) reflection
all of the crystallographic sites give the same modulation.
Effectively, the Gd La fluorescence yield, not shown here,
which comes from atoms in dodecahedral sites, has the

same dependence on the rocking angle as the Ga K« yield,
both theoretically and experimentally.

In conclusion, it has been demonstrated that x-ray
standing-wave experiments are possible in crystals having
the garnet structure such as the GGG crystals, even in
bulk crystals. For given reflections, the modulation of the
fluorescence yield is different for different crystallograph-
ic sites. This can lead to a direct method of determining
the site occupancy, also in case of low substitutional lev-
els. Further work in this field is in progress, both for bulk
crystals and for epitaxial films.
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