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Use of dynamical diffraction effects on x-ray fluorescence to determine the polarity of GaP
single crystals
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The dynamical theory of x-ray diffraction, which predicts a highly structured internal field intensity during
symmetric Bragg reflection from large single crystals, was applied to the ~ (111)and ~ (222) Bragg reflections
from noncentrosymmetric GaP crystals. It was shown that theory predicts an internal field intensity with
maximal and minimal surfaces. At the low-angle side of the region of total reflection, the surface of maximal
field intensity is positioned to sense the least amount of charge density. The field intensity moves into the
crystal during the scan of the total reflection range until it senses the maximum amount of charge density at
the high-angle limit of total reflection. During scans of the (111)and (TTT) reflections, the field intensity
moves across the atomic planes in different sequences so that the polarity of the crystal may be determined by
monitoring the x-ray fluorescence from the phosphorus or gallium atoms. This polarity determination does not
reguire an anomalously scattered component in the difFracted beam as have all previous determinations.
Experimental phosphorus fluorescence profiles were obtained during diffraction of Cu Ka radiation from the
~ (111)and ~ (222) reflections. The long-wavelength phosphorus Ka radiation provided distinct advantages in

detecting the internal field motion, and the ~ (222) reflection profiles provided internal checks on the ~ (111)
results. The experimental profiles agreed with theoretical predictions and determined the Gap crystal polarity.
The polarity was also determined by the traditional anomalous dispersion method using Mo Ka radiation.
The two methods gave consistent results providing experimental confirmation of the predictions of dynamical
and kinematic theories of x-ray difFraction. The fluorescence technique also provides a means for determining
the arrangement of atoms in crystals in a new and direct way.

INTRODUCTION

%hen x rays are diffracted from planes paral-
lel to the surface of a, large single crystal (sym-
metric Bragg ease), the diffracted beam intensity
is nearly equal to that of the incident beam for a
small range of incident angles (typically about
10 sec of arc) called the region of total reflection.
The dynamical theory of diffra. ction' ' predicts a,

distribution of energy inside the crystal as well
as the diffracted beam intensity. Within the total
reflection region the internal field intensity has
periodic maximal and minimal surfaces which are
parallel to the diffracting pl.anes. The positions
of these surfaces relative to the atomic planes
are a function of the angle of incidence, and shift
& the distance separating the diffracting planes as
the region of total reflection is scanned. For
centrosymmetric crystal. s and for "full" reflections
in which all atoms in the crystal scatter in phase,
the internal-field intensity has distinct minima at
the atom positions when the incident beam is at
the low-angle limit of the range of total reflection,
whereas maxima appear at the atom planes at
the high-angle limit.

If the incident beam is energetic enough to
fluoresce atoms in the crystal, the fluorescence
intensity outside the crystal will depend on the
wave-field intensity at the fluorescing atoms.
Fluorescence profiles, obtained as a Bragg reflec-
tion is scanned, can therefore be used to deduce
the position of the field intensity inside the crystal

or, once the motion of the field intensity is under-
stood, the profile can be used to deduce the posi-
tion of the fluorescing atoms. Batterman' ha.s
experimentally verified the dynamical theory's
prediction of the internal-field intensity, and
these predictions have been used to locate the
lattice positions of impurity atoms by monitoring
the characteristic fluorescence of the impurities. '

Both of the above studies were done on centro-
symmetric crystals utilizing so-called "full" re-
flections. In the work reported here, the wave
field in a noncentrosymmetric crystal containing
two different kinds of atoms has been exa,mined.
In such a crystal the minimal surfaces of the
internal field will not necessarily be coincident
with the atom positions at the onset of tota, l re-
flection. Furthermore, as the wave field shifts
during a scan of the total-reflection region, it
can cross planes of different atomic species in a
pr edictabl. e s equenc e. This s equenc e may be
monitored by detecting the fluorescence intensity
characteristic of the various elements, and this
information can, in principle, distinguish between
crystal polarities without recourse to anomalous
scattering effects. Fxperimental phosphorous
fluorescence profiles from Gap single crystals
during scans of the (ill) and (ill) reflections were
measured to demonstrate this new method for de-
termining crystal polarity. Profiles for the (222)
and (222) reflections were also obtained to check
the consistency of the experiment. QaP was chosen
because light atoms provide distinct advantages in
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detecting the important features of the fluorescence
profiles. In previous work4' the effects of primary
extinction (i. e. , the limiting of the x-ray penetra-
tion depth into the crystal in the total-reflection
range) imposed a large dip on the fluorescence
profile because fewer atoms fluoresce in this
region. This dip tended to obscure the effects of
the motion of the wave-field intensity, but the use
of light atom fluorescence minimizes the dip as
fluorescence stimulated deep inside the crystal
for angles of incidence outside the total-reflection
region is absorbed within the crystal before it
reaches the surface. Although the total fluores-
cence observed outside the crystal was reduced,
the effect of the wave-field motion on the observed
profile was enhanced.

Although x rays have been used to determine
crystal polarity and absolute configurations for
over forty years, the correctness of the anomalous-
dispersion technique has recently been questioned. 7

The treatment of anomalous scattering in neutron
diffraction was subsequently checked and verified.
The fluorescence technique reported here provides
an independent check on the treatment of anomalous
scattering in x-ray diffraction.

THEORY

In this section the relevant aspects of dynamical
theory will be reviewed and applied to the GaP
structure. Several summaries of the dynamical
theory have been published; ' ' the treatment and
notation here will follow that of Batterman and
Cole. '

The total wave field 8 inside the crystal can be
expressed in terms of two plane waves, Sp of
amplitude Eo traveling very nearly in the incident
beam direction, and S„with amplitude E„ travel-
ing in the diffracted beam direction, where

go = Eo exp(i~t —2niKO r) exp(- 4vKO' ~ r), (la)

S„=E„exp(i~t —2viK„' ~ r)'exp(- 4vK„" ~ r) . (1b)

The complex wave vectors K= K' —iK" include an
absorptive term owing to the imaginary part —K",
which is the same for both waves. To evaluate
the fluorescence produced by the total wave field
inside the crystal, the amplitudes and complex
wave vectors of the two waves must be calculated.

The allowed wave vectors, Kp and K„, for waves
inside the crystal, must originate from points on
the dispersion surface defined by

$,$„=—,'O'P'r 'F„F„-,

where $0 „=(Ko „~Ko „)'t2—k(1 —I'Fo). The wave
vector of the incident radia. tion in vacuum is k = I/X.
P= 1 and cos2(9 for the (7 and g states of polariza-
tion of the incident beam (each polarization state
may be treated as a. separate problem), I' = (e /

g = —'k
~
P~ I'(F„F„)' [ps (q —1)' ], (3)

where q —= (- Ag sin26+ 1"Fo)/I' I Pl (F„Ftt)' t~ and
&6 is the deviation from the Bragg angle.

The definition of (p implies that $p& 0 for active
points on the n branch of the dispersion surface
and (p&0 for active points on the P branch. Kohler
has shown that points on the upper half of the a
branch and lower half of the P branch lead to non-
physical solutions. Therefore, the minus sign in
Eq. (3) will apply for o branch points and the
positive sign for solutions on the P branch.

When I g I
& 1, no points on either branch are

excited but there are complex solutions for (p
which provide accurate solutions for these condi-
tions. The plus sign in Eq. (3) will lead to posi-
tive imaginary component of (p and the minus sign
implies a. negative imaginary component. A posi-
tive imaginary component of (p leads to an exponen-
tial increase of the incident wave inside the crys-
tal, which is physically unacceptable. Therefore,
the negative sign in Eq. (3) is appropriate for
this range of incident angles.

It is convenient to parameterize q such that
q=coshu for g&1, g=sinv for I@i &1, and —q
= cosh' for q& —1.. The above results may be
summarized

—, k
~

P
~

I'(F„F„-)'t e " for coshu = q & —1,

—, k)P~ I'(F„Fe)' e'" "t for —1~ sinv = q

—k
~

P
~

I'(F„F„-) t e " for —coshu = r})1 .
(4)

The total wave field 8 is the sum of the two
fields Sp and 8„ inside the crystal. The field in-
tensity in the crystal will be proportional to a
quantity R defined by

R=-8 8* (5)

where the asterisk denotes the complex conjugate.
Combining Eqs. (1), (2), and (5),

R =
~

1+ (E„/Eo)e~' "'")
~

2

1 —(2(0/kPI'Fe)e ""') (5)

where Bragg's law relating Kp and K„so that
K„—K, =H was used. R is constant parallel to

4vqo me )(X /vV), and Fe and Fe are the structure
factors for the reflections from planes defined by
the reciprocal-lattice vectors H and —H, respec-
tively. The determination of (p also characterizes
the ratio of the field amplitudes since

E„/E, = —2~, /kPrF„

The active points on the dispersion surface are
determined by the boundary conditions including
the incident beam angle and the orientation of the
surface with respect to the diffracting planes.
For the symmetric Bragg case
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the diffracting planes and has the periodicity of
the reflecting planes. Note that R is a function of
the position r directly in the exponential and in-
directly in EH, both of which depend on the choice
of origin.

An argument owing to Batterman and Cole' may
be used to arrive at the positions of the minimal
planes of R relative to the atomic planes. These
positions must be independent of the choice of
origin. Let the origin of r be in one of these
planes so that e ""'=1. Then to minimize R,
E„/Eo must be minimized. They pointed out that
if the crystal has a center of symmetry and if all
atoms scatter in phase, nodal planes (i. e. , R = 0)
exist at the center of symmetry when g=0. When

g=1, at the low-angle limit of the range of total
reflection, the nodal surfaces are at the atoms,
and when q= —1, antinodal or maximal surfaces
are at the atoms. ' For the noncentrosymmetric
crystal GaP, and for a reflection in which all the
atoms do not scatter in phase, the nodal planes

&ggg = 4(fo~+ fp) expi[

—a,rctan( f /f, )] (7a)

when g=1 are still positioned so that they sense
the least amount of charge density but they are
not exactly in the atom planes. When q= —1, the
field is positioned to sense the maximum amount
of charge density.

Consider symmetric Bragg diffraction from the
(111)planes of GaP using Cu Ka radiation so that
the imaginary terms in the atomic scattering
factors f may be neglected. Then I F», I

=
I Fg 71.

The [ill] and [ill] directions are defined by
positioning Ga atoms at coordinates (0, 0, 0)+ fcc
positions and P atoms at (—,', —,', —,')+ fcc positions in
the cubic unit cell, as shown in Fig. 1. To allow
the choice of origin to be governed by the minimiza-
tion of E„/Eo, the structure factors E„,and E-;;,
are computed for an origin at a Ga atom plus the
vector r, . Then

and

~ p ~ ~ g o ~ ) ~
0 0 0 0 0 0 F,-,f = 4( fo,+ f~) expi[- 2'&-, -, ~ r,

o g 0 0 0 0 0

~ ~ ~ ~ ~

y a.rctan( fr/fo, )] . (7b)

~ ~
o& o 0 0 0

Substituting Eqs. (7a), 7(b), and (4) into Eq. (2)
for E„/Eo, the minimization criteria become

(22 2)

(222)

~ ~
0 o

~ ~ ~
0 0

~ ~
0 0

oN o

0 o
~ J0

2mH-, -, —, ~ r, = —,w —v+ arctan( f~/fo, ) ~ 2'
for the (111) reflection, a,nd

2vH, « ~ r, = —,'n —v —arctan( f z/f o,)+ 2vn

(8a.)

(8b)

Rp Rp

0 0

Rp Rp Rp

v= n/2 v=n/4 v= 0 v= -n/4 v=-rr/2

FIG. 1. Schematic illustration of the GaP structure
viewed along the [112j direction so that the [111]direc-
tion points toward the top of the figure and the [111]
direction points toward the bottom. Open circles repre-
sent phosphorus atoms and solid circles represent gal-
lium atoms. Overlaying the structural schematic are
graphs of the internal field intensity Rp for five angles
of incidence within the total reflection region (v = 27)-

corresponds to the low angle limit). Graphs show the
relationship of the maximal and minimal surfaces to the
atomic planes as the +(111) and + (222) reflections are
scanned. Maximal surfaces move downward in the figure
for the (111) and (222) reflections but move upward for
the (111) and (222) reflections. This movement results
in different field intensities at the phosphorouslayers for
the + (111) reflections but identical intensities at the
phosphorus layers for the +(222) reflections.

for the (111) reflection, where n is any integer.
At the low angle limit of the region of total re-
flection q=1 or v = zn and the nodal surfaces are
slightly below the gallium layers in Fig. 1. As
the total reflection region is travers ed, v de-
creases to ——,m and Fqs. (8a) and (8b) indicate
that the nodal surfaces move in the [111]direc-
tion for the (111) reflection (2wH-, —,f ~ r, increasing),
and in [111]direction for the (111) reflection
(2mH„, ~ r, increasing), as shown in Fig. 1. Note
that the nodal surfaces cross the phosphorus
layers during the (111)scan, but not during the
(111)scan.

Noting the position of the phosphorus layers
relative to the nodal surfaces and the sinusoidal
dependence of the field intensity with position in
the crystal, a function R~ proportional to the field
intensity at the phosphorus layers may be formed,
where
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I 1+ e "-2e "sin[arctan( f~/fo, )]

for q = coshu& 1,
2 + 2 cos[v + arctan( fp/fo~)]R?=(

for l~?)=sinv~ —1,
1+ e "+ 2e "sin[arctan( f?, /fo, )]

for q = —coshu & —1,

Cu X-RAY
TUBE

Ag

TOR D2

Al ABSGRBERS

DETECTOR

where the minus signs in the second equation
apply to the (111) reflection and the plus signs to
the (111) reflection.

The results for the + (ill) reflections may be
contrasted with those for the (222) and (222) re-
flections. In this case,

4(f f )e 2risz2a-. ri

'1+ e "+2e"

R? = 2+ 2sin(v)

for g=coshu&1,

for 1~ g=sinv~ —1, (10)

1+ e —2e for g = —coshu & —1 .

Note that the maximal surfaces are at the phospho-
rus layers at the beginning of total reflection al-
though the wave field is still located so that it
senses the least amount of total charge density
and moves to sense the maximum charge density
at the high angle side of the total reflection region.

EXPERIMEWTWL

GaP single crystals, 2 mm thick and 2 cm in
diameter, with dislocation densities of -3000
dislocations/cm were used. One surface of
crystal No. 1 and both front and back surfaces of
crystal No. 2 were cut parallel to the (111)planes
and chemically pol. ished using sulfuric acid,
peroxide, and water in the ratio 3:1:1. Care
was taken to form both surfaces of crystal No. 2
equally well. One side was labeled A and the other
8 as the polarity was not known initially.

Figure 2 illustrates the experimental apparatus

+2~ —4(f f )e ?~i 2?2 ~i

The position of the nodal surfaces, following the
same reasoning that was applied to the + (ill) re-
flections, will be at the Ga layers at the low angle
limit of the total reflection region. As with the
+ (ill) reflections, the (222) nodal surfaces move
in the [222] direction, and the (222) nodal surfaces
move in the [222] direction, as shown in Fig. 1.
However, because the periodicity of the wave field
intensity is twice that for the (ill) reflections,
the intensity at any atomic plane in the crystal is
the same for the (222) and (222) scans. The in-
tensity at the phosphorus layers will be given by

FIG. 2. Schematic of the experimental setup for re-
cording fluorescence profiles. Detector Dl is a scintil-
lation detector and D2 is a Si(Li) solid-state detector.

used to obtain the fluorescence profiles. Crystal
No. 1 served as a monochromator for the 8.04-
keg Cu Kn x rays from the vertical x-ray tube.
The Cu Ka x rays diffracted from the (ill) planes
of crystal No. 1 impinged on the surface of the
second crystal. Crystal No. 2 was slowly rotated
about an axis perpendicular to the plane of dif-
fraction and through the (ill) reflection of the
second crystal. The beam diffracted from crys-
tal No. 2 was monitored by the diffracted beam
detector. Aluminum absorbers were placed in
front of this counter to prevent overloading of the
counting system. As the peak was scanned, the
fluorescence detector, a Si(Li) solid-state detec-
tor placed in front of the second crystal, moni-
tored the phosphorus fluorescence. The Si(Li)
detector had an energy resolution of 1SO eV and
the spectrum of x rays it received is shown in
Fig. 3, as recorded by a multichannel analyzer.
The Cu Ke radiation in the spectrum was due
primarily to Compton and thermal diffuse scat-
tering and the Ga Ka line was due to fluorescence
from crystal No. 2 stimulated by higher-order
harmonics in the incident beam. The Si Kz line
was stimulated within the detector crystal and
was effectively eliminated electronically by the
single-channel-analyzer discrimination indicated
in Fig. 3.

The x-ray tube was run at 40 keg and 20 mA and
the second crystal was continuously scanned at
0. 1074 sec of arc per min. After the two crystals
were aligned so that the (ill) diffraction vector
was in the diffracting plane and perpendicular to
the axis of rotation of the second crystal, scans
of approximately 300 sec of arc through the (ill)
reflections for side 4 and side B of crystal No. 2
were made. The counts accumulated by both de-
tectors were recorded every 800 sec. The
average fluorescence count rate was about 3.5
counts/sec. Six to ten scans were averaged to-
gether to produce the fluorescence profiles shown
in Fig. 4. The diffracted beam profiles were
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FIG. 3. Energy spectrum re-
ceived by detector D2 as re-
corded by a multichannel analy-
zer. Characteristic peak»f »,
P, Cu, and Ga are indicated.
Small peak at 3.0 keV is prob-
ably owing to the Ag or Pb in
the collimation system. Win-
dow setting of the single-channel
analyzer (SCA) used for record-
ing phosphorus fluorescence is
indicated. There was no struc-
ture in the spectrum between
3.5 and 7. 0 keV.

used to provide an angular reference for each
fluorescence profile in the averaging process.
The variations in incident beam intensity were 1
to 2/g with periods of from 10 to 20 h, and these
variations were effectively averaged out by using 6
to 10 48-h scans to obtain the final fluorescence
profiles. No effects owing to multiple reflections
mere observed as fluorescence profiles for sever-
al azimuthal positions were obtained by rotating
crystal. No. 2 about its diffraction vector.

Because only the fluorescence from atoms near
the surface of crystal No. 2 contributed to the
fluorescence profiles, any differences in per-
fection of the two surfaces could have a significant
effect on the profiles obtained from side A. and side
8. To cheek for such differences in surface per-
fection, profiles for the (222) reflections from both
sides of crystal No. 2 were obtained with crystal
No. 1 set to diffract from the (222) reflection.
Theory predicts that these profiles mill be the
same and any significant differences in surface
perfection or experimental procedures in the two
cases woul. d become evident.

RESULTS

The phosphorus fluorescence profiles obtained
during reflection of Cu K~ radiation from the
(ill) reflections and the (222) reflections are
shown in Figs. 4 and 5. The difference between
the (111)profiles from side A and 8 was evident,
and resulted from the way the internal wave field
moved through the crystal in the two cases. The
(111)profile from side A showed a 6/q increase

above the background level on the lom angle side
of the range of total reflection and a dip of about

equal magnitude as the total reflection range was
scanned. The dip in the (111)profile from side 8
was more than four times that from side A. It

may be concluded that the maximal planes of the
internal field intensity passed through the phospho-
rus layers during the {ill) reflection from side
A. but did not during the side 8 reflection. The
effects of extinction in the total reflection region
tended to reduce both the observed fluorescence
profiles, but the passing of the field intensity
through the phosphorus layers during the side A

reflection led to a small. er dip than for the side
8 reflection. On the basis of these resul. ts, it
was concluded that the outward normal to side
A was in the [ill] direction and the outward nor-
mal to side 8 was in the [ill] direction.

The profiles for the {222) reflections from
side A. and I3 were indistinguishable. In both
cases the fluorescence intensity dipped on the low

angle side of the total reflection range and peaked
on the high angle side. The internal wave field
moved so that its intensity at the phosphorus
layers is the same for the (222) and (222) reflec-
tions and its maximal surfaces were at the phos-
phorus layers at the beginning of the total re-
flection ra.nge.

To obtain a more quantitative measure of the
agreement with theory, several experimental. fac-
tors were considered. Rp, given by Eqs. (9) and
(10) for the + (ill) reflection and the + (222), re-
spectively, is proportional to the field intensity
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at the phosphorus layers for a particular polariza-
tion of the incident beam. During total reflection,
the intensity of the wave field is exponentially
damped with depth into the crystal owing to the
imaginary component of Ko and K„, that is, Ko"
= K„"= —$0'/sing. The fluorescence intensity
reaching the surface of the crystal is limited by
Qa, P absorption of the phosphorus Ke x rays.
When the fluorescence intensity is detected per-
pendicular to the surface of the crystal, the in-
tensity is proportional to (p, , + p,„,) where p. , is
the linear absorption coefficient of phosphorus
Kn radiation in GaP, and

6 for I~I)1
J[Lext =

—4vfo'/sing for
I q I

& 1 .
Another factor affecting the observed profiles

is the divergence in the incident beam. Each
wavelength diffracted from crystal No. 1 emerged
with an angular profile T, where

T= Iq+(q 1)

The actual intensity at the phosphorus layers in
the crystal will be proportional to the convolution
of R~ with T.

Finally the incident bea, m conta. ined two states
of polarization which can be treated independently.
The 0 polarization in the plane of diffraction and

the p polarization out of the plane of diffraction
were in the ratio 1 to cos29 as a result of dif-
fraction from crystal No. 1. Taking these fac-
tors into account, the experimental profiles should
be proportional to Rt~" where

Rp = [I/(4&+ p„t)]Re T

+ [I/(p. , + p. ',„,)] I
cos29 IR' * T', (ll)

where the stars denote convolutions. Figures 4
and 5 contain the calculated profiles obtained from
Eq. (11) where the following parameters were
used in the calculation: p, =11727 cm ~ (derived
from the calculated mass absorption coefficient
for 2. 75-A radiation" assuming a A. dependence
for p, ), GaP lattice parameter g = 5.450 A, '
~=1.542 A, and IFiii1=111.80 and IF~„I =52. 03
from calculated atomic scattering factors"'"
neglecting ~f". The proportionality constant was
determined by matching the fluorescence intensity
away from the Bragg peak and fitting the calculated
and measured profiles. In this manner a single
proportionality constant was obtained for the + (111)
profiles and a, different constant for the + (222)
prof iles.

To check the fluorescence results, the polarity
of the GaP crystal was determined by the traditional
method of measuring integrated intensities of re-
flections (kkl) and (kkl) when the diffracted beam

paar /pnaI —
I a&i I

/
I +a7Ii I

~ (12)

The measured ratios and calculated ratios from
Eq. (12) using theoretical values for the atomic
s ca ttering factors' and anomalous dispersion
corrections'4 are shown in Table I. This technique
verified that the perpendicular to side A corre-
sponds to the [111]direction and to side 8 corre-
sponds to the [111]direction, in agreement with
the fluor es cence r esults.

DISCUSSION

The calculated profiles contained the prominent
ieatures of their respective profiles. The reversal
of the angular position of the peaks and dips for the
+ (ill) and+ (222) reflections was verified. Also,
the relative height of the peaks and dips in the mea-
sured (ill) and (1 1 1) profiles agreed with the cal-
culation. All the calculated profiles were sharper.
This disparity was probably owing to the perfection
of the GaP samples. The dislocation density was
sufficient to cause broadening of the reflected
beam profile, ' and consequently the dynamical
interactions inside the crystal took place over a
larger angular range and were less strongly
coupled within the region of total reflection.

The intensity ratio measurements done with
Mo Kcy radiation indicated some difference in
crystalline perfection on the two faces of the

TABLE I. Calculated and experimental integrated in-
tensity ratios for the (hhh) and (hhh) reflection pairs of
GaP using Mo K~ radiation.

Calc ul ate d

833/$33=~ »
p444/p444=& oo

p555/p 5&= 0, 82

Expe rim e ntal

~ pS f did B/ PS i dN A ~333
—1.2 1

~Peide B/Pside A~444

~Pei de B/Pside A~555

contains a strong anomalous scattering component. "
The intensity ratios for the + (333), + (444), and

+ (555) reflections were measured using Mo Kcy

radiation which is sufficiently energetic to pro-
duce a large anomalous scattering component from
the Qa atoms. The double-crystal spectrometer
shown in Fig. 2 was used with crystal No. 1 set
to diffract from the (333) reflection. Integrated
intensities for each of the three reflections from
side A and from side B were measured, integrat-
ing over the Ke, —Kcy~ doublet for the (333) re-
flections but only over the Ko., line for the (444)
and (555) reflections.

Cole and Stemple have shown that the ratio of
the integrated intensities p„~, /p-„-, -, is independent
of crystal perfection and is given by
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crystal. Each measured ratio was greater than the
calculated value with the + (555) intensity ratio in
closest agreement. Any difference in perfection
would have a smaller effect on higher-order re-
flections because the dynamical and kinematic
theories predict the same integrated intensities
in the limit of weak reflections. However, be-
cause the (222) and (222) profiles were indis-
tinguishable, these differences in perfection had a
negligible effect in the fluorescence profiles.
Therefore the differences in the (111)and (111)
profiles must have resulted from the difference in
the internal wave field motion relative to the
atomic planes.

The calculated profiles were obtained neglecting
the imaginary terms in the atomic scattering fac-
tors. If the imaginary terms had been included,
the magnitudes of E„,and EBr for Cu Kn radia-
tion would differ by less than 0. 5%. More im-
portantly, the phases of the structure factors
would be changed. For the (111) reflection, the
angle arctan( f~/fo, ) in Eqs. (7)-(9) would be-
come arctan[( f~+ ufo', )/( fo, —Afv")j. These angles
differ by less than 2', justifying the approximations
for the cases treated here.

SUMMARY AND CONCLUSIONS

The dynamical theory of diffraction has been
applied to a noncentrosymmetric crystal and the
details of the internal wave field were calculated
for the symmetric Bragg case. The maximal and
minimal surfaces of the internal field intensity
were shown to move normal to the surface and into
the crystal as the region of total reflection is
scanned from a low to a high angle of incidence.
Using fluorescence from the phosphorus atoms in
GaP, the position of the internal wave field as a
function of incident angle was monitored. The ex-
perimental fluorescence profiles were obtained
dur ing symmetric Bragg reflections fr om the

(111), (111$, (222), and (222) reflections from Gap.
The qualitative features of the experimental pro-
files agree with calculated profiles and can be
used to determine the polarity of the crystal. This
new technique for determining polarity is significant
in that it does not depend upon anomalous scat-
tering contributions, as have all previous deter-
m jnations 15 16& 18

A polarity determination for the same GaP crys-
tal using the conventional anomalous dispersion
technique yielded results consistent with the fluo-
rescence technique. This experimental check of
the x-ray anomalous dispersion technique refutes
claims that have been made that x-ray absolute
configurations determined by anomalous scattering
are wrong. The application of the anomalous
scattering to neutron diffraction was recently
checked and the results reported here may be
viewed as a confirmation of the anomalous dis-
persion technique for x-ray diffraction.

The movement of the maximal surfaces of the
internal wave field generated during a Bragg
reflection has been monitored on a finer atomic
scale than has been done previously. The ap-
plication of this technique, although restricted
to crystals of high perfection, allows the de-
termination of the arrangement of atoms in crys-
tals in a new and direct way.
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