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X-ray analysis of the short-range order in the ordered-alloy domains of epitaxial„Ga,In…P layers
by diffraction anomalous fine structure of superlattice reflections
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Ordered-alloy domains of epitaxially grown~Ga,In!P layers have been observed elsewhere using transmis-
sion electron microscopy and transmission electron diffraction. We used diffraction anomalous fine-structure
~DAFS! experiments at superlattice reflections occurring in several^111& directions to explore the short-range
order around Ga atoms in such ordered domains in epitaxial~Ga,In!P layers grown on~001! GaAs substrates.
The requirements for a reliable measurement of the reflection intensity depending on the photon energy are
described. A quantitative DAFS analysis resulting in short-range order parameters is explained in detail. The

local structure around Ga in the whole~Ga,In!P layer (F4̄3m) can be understood by a local structure model,
while contrary to that the local structure around Ga atoms in the ordered regions (R3m) can be described by
the values expected on the basis of the virtual-crystal model.@S0163-1829~99!09023-2#
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I. INTRODUCTION

In epitaxial layers of III-V ternaries dependent on the p
cess parameters during growth, small superlattice dom
often come into being which are supposed to influence
electronic properties~e.g., gap energy! of this material and
hence of the devices made of it.1 Therefore, the structure o
the ordered domains has been studied by transmission
tron microscopy ~TEM! and transmission electro
diffraction,2–4 the latter giving information about the size o
the ordered domains as well. Mostly a CuPt-like structure
the column III elements sublattice is reported. This empha
on one direction leads to a reduction from the originalF4̄3m
symmetry to a rhombohedralR3m symmetry of the whole
structure. Our diffraction anomalous fine-structure~DAFS!
measurements are exclusively aimed at a quantitative c
acterization of the short-range order of the ordered doma
Therefore we used superlattice reflections,5,6 where only the
relevant anomalous scatterers contribute to the DAFS. T
is important because merely a small fraction~few percent! of
the whole layer volume is subdued to the ordering, result
in a negligibly small contribution to the DAFS of the ma
reflections.

In the present paper we discuss the experimental requ
ments of DAFS measurements at superlattice reflections,
of the DAFS analysis in detail referring to Arconet al.,7

Stragier et al.,8 and Sorensenet al.,9 who described the
theory, experimental methods, analytical techniques
various applications of DAFS. Experiments for study
strained III-V epitaxial semiconductors by means of DAF
were reported by Proiettiet al.10 Methodical aspects of a
quantitative analysis of DAFS experiments with nonce
trosymmetric single crystals were already reported in de
in Ref. 11.

II. SPECIMENS

The epitaxial ~Ga,In!P layers were prepared by meta
organic-vapor-phase epitaxy as described elsewhere.12 The
PRB 590163-1829/99/59~23!/15253~8!/$15.00
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~001! GaAs substrates were misoriented 2° toward the a
muthal @010# direction. The samples investigated differed
growth temperatures, as can be seen from Table I. Orde
was found by TEM for all specimens but at different exte
in @11̄1# and @ 1̄11# directions. Due to the shape of the o
served superlattice reflections, the dimensions of the orde
domains were found to be wide spread in the range of a
micrometers. The ordered domains are mostly arranged
flat discs. In another case Moritaet al.4 reported on lateral
dimensions of the ordered regions in the range up
104 nm2. The percentage of the ordered volume was de
mined by quantitative x-ray phase analysis. For this purp
the superlattice reflection intensities were compared to th
of the corresponding second order reflection intensities
~Ga,In!P $111% lattice planes. Therefore intensities were c
culated taking into consideration the appropriate correcti
of x-ray diffractometry~absorption correction, polarization
and Lorentzian factors!. It is advantageous that the secon
order reflections of the GaAs$111% lattice planes are forbid-
den in case of nonanomalous scattering conditions. The
sults are given in Table II.

III. EXPERIMENT

DAFS experiments were carried out at the Hamburg S
chrotron Radiation Laboratory HASYLAB at the undulat
beamline BW1 using a Si 111 double-crystal monochroma
with fixed exit. The eight-circle diffractometer available

TABLE I. Growth parameters of investigated specimens.

Specimen Subtrate temperature ~Ga,In!P layer thickness

60/2 650 °C about 1.90mm
69/2 680 °C 1.69mm
48/2 720 °C 1.90mm
15 253 ©1999 The American Physical Society
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this measuring station was used to obtain the normal of
^111& directions of the~Ga,In!P layers into the scatterin
plane~sample anglev, tilt angle of the sample goniomete
c). For tracking the Bragg angleu versus energyE in the
range of 800 eV above the GaK absorption edge~about
10 369 eV! to get the reflection intensityI (E) the accuracy
of the sample goniometer was sufficiently high (0.001°) b
cause the superlattice reflections of~Ga,In!P were broad~a
full width at half maximum of about 0.4° inu). The reflec-
tion intensities and the GaK fluorescence intensities wer
recorded simultaneously by two thermoelectrically coo
Si-pin photodiodes13 using Keithley 427 and 428 current am
plifiers for the photocurrent measurement, respectively.
GaK fluorescence intensity was used for the absorption c
rection. The incoming monochromatic beam was limited
slits ~2.62 mm in thev direction, and 0.7 mm parallel to th
v axis! and monitored by an ionization chamber situat
between the slits and the specimen. A 1.09-mm slit in fr
of the reflection detector~in the u direction! reduced the
fluorescence background. The energy-dependent backgr
was measured near the Bragg angle of the superlattice re
tion, and subtracted from the measured reflection intens
The polarization vector of the incident radiation was para
to the normal of the scattering plane. For the Bragg an
tracking of the specimen the sample goniometer was mo
using a second-order polynomialv(E)/u(E) which was ob-
tained by a diffraction preexperiment to find out the pe
positions at several energies in the scanning range.
DAFS experiments at the superlattice reflections ran wit
the energy range of 10200–11000 eV with energy steps
eV, and measuring times of 5–15 s depending on the refl
tion intensities. At a mean Bragg anglev of 5°, about 60%
of the radiation intensity interacts with the layer. For spe
men 48/2, Fig. 1 shows the measured reflection intens
I M(E) of the superlattice reflections in@11̄1# and @ 1̄11#
directions. The simultaneously measured normalized GK
fluorescence intensity of the~Ga,In!P layer is shown in Fig.
2. The GaK fluorescence from the GaAs substrate is ne
gible because of the maximum exit angle of only 3°~there is
about a 0.04-mm path length in the layer! given by the po-
sition of the fluorescence detector.

IV. QUANTITATIVE DAFS ANALYSIS

The quantitative DAFS analysis started with an abso
tion correction of the measured reflection intensitiesI M(E)
because these intensities are superimposed by the x
absorption fine structure~XAFS! averaged over all anoma
lous scatterers of the specimen volume, which in our c

TABLE II. Proportion of ordered volume~in vol %! for two
orientations of thec axis.

R3m c axis
~hex. axis! parallel

R3m c axis
~hex. axis! parallel

Specimen F4̄3m @11̄1# F4̄3m @ 1̄11#

60/2 2.660.2 0.360.2
69/2 8.760.2 1.160.2
48/2 6.760.2 1.260.2
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were far more than the few atoms contributing to the sup
lattice reflections. The next steps were the calculation of
smoothed curve~without the fine structure! of reflected in-
tensities and the adaptation of the medium run of the c
rected measured intensity to gain the oscillating part
I M(E), from which the complex-valued fine structure fun
tion was obtained by applying an iterative Kramers-Kron
algorithm. Finally the short-range order parameters were
culated by modeling the theoretical fine-structure funct
and by comparing it with the experimental one as extrac
from DAFS signals. The absorption correction was done
dividing the measured reflection intensities by an absorp
correction factorA(E):

I ~E!5
I M~E!

A~E!
. ~1!

A(E) can be calculated by integrating over the different p
sible path lengths of the x-ray photons in the layer of thic
nesst:

A~E!5

12expS 22m~E!t

sinu cosc D
2m~E!

sinu cosc

. ~2!

FIG. 1. Measured DAFS reflection intensities of theR3m 003
superlattice reflections vs photon energy, hexagonalc axis parallel

to @11̄1# ~a! and@ 1̄11# ~b! directions of the sphaleriteF4̄3m struc-
ture of specimen 48/2.

FIG. 2. GaK fluorescence intensity vs photon energy~back-
ground corrected and normalized! measured simultaneously wit
DAFS shown in Fig. 2.



m
at
f-

n

s

ie
/2
ai
o
ly
f
-
o

e
m
e

d
ur

te

om
an
een

e
ic
t

ne

the

ture

-

n

re

of
Ga

po

en

PRB 59 15 255X-RAY ANALYSIS OF THE SHORT-RANGE ORDER IN . . .
with

m~E!5me~E!@12x~E!#1mb~E!, ~3!

whereme ~E! is the absorption coefficient of the edge ato
mb(E) is the total absorption coefficient of all nonedge
oms,x(E) is the XAFS contribution to the absorption coe
ficient of the edge atom,u is the Bragg angle, andc the
tilting angle of the sample. The total absorption coefficie
m(E) of the ~Ga,In!P layer was calculated using Eq.~3!,
including the mass absorption coefficients for the element
Ga, and In~Fig. 3!,14 and a mass densityr54.459 g/cm3

according to Ref. 15. Insertingm(E) into Eq. ~2! then gives
A(E), as shown in Fig. 4. The corrected reflection intensit
I M(E)/A(E) for the superlattice reflections of specimen 48
are shown in Fig. 5. It was assumed that the ordered dom
were equally distributed with depth. In fact a small change
thickness should influence the DAFS analysis only weak
The reflection intensityI (E) is proportional to the square o
the structure factor,uF(E)u2. The kinematic scattering ap
proximation should be justified because of the small size
superlattice domains. For a description of superlattice refl
tions the structure factor had to be evaluated for the rho
bohedral phaseR3m ~space group number 160, 12 atoms p
unit cell!. The observed superlattice reflections correspon
the 003 reflection of this structure. The resulting struct
factor for the 0003 reflection~hexagonal axes! contains only
contributions of Ga and In. This is true if the free parame

FIG. 3. Total mass absorption coefficients of the layer com
nents versus photon energy~Ref. 14!.

FIG. 4. Absorption correction functionA(E) for the superlattice
reflections vs photon energy,~sample 48/2:t51.9 mm; sample
69/2: t51.69mm).
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z of Wyckoff position 3a(0,0,z) of P atoms is equal to the
values of 0.125 and 0.625, respectively. Deviations fr
these ideal positions would yield contributions of P that c
be excluded experimentally by the good agreement betw
calculated and measured~normalized! intensities. The struc-
ture factor F0 ~smooth part without contributions of fin
structure! for the 003 reflection with nonresonant atom
scattering amplitudesf 0Ga and f 0In and their resonan
~anomalous! parts f sGa8 1 i f sGa9 and f sIn8 1 i f sIn9 ~resulting in
corrections of the smooth curve without contributions of fi
structure! is given by

F053~ f 0Ga1 f sGa8 1 i f sGa9 !23~ f 0In1 f sIn8 1 i f sIn9 !, ~4!

where the real part Re(F0) and the imaginary part Im(F0)
can be combined to

Re~F0!53~ f 0Ga1 f sGa8 2 f 0In2 f sIn8 ! ~5!

and

Im~F0!53~ f sGa9 2 f sIn9 !. ~6!

Taking into account the oscillating fine-structure terms of
atomic scattering amplitudesf osGa8 and f osGa9 in our case of
Ga as a resonantly scattering atom, the complete struc
factor F can be written as

F5F013~ f osGa8 1 f osGa9 !. ~7!

In accordance with Sorensenet al.,9 the complex-valued
fine-structure functionx5x81 ix9 is connected to the oscil
lating terms of the atomic scattering amplitudes byf osGa8
5 f sGa9 x8 and f osGa9 5 f sGa9 x9. Neglecting the square terms i
f osGa8 and f osGa9 , the intensity becomes

I;uF0u212 Re~F0!3 f osGa8 12 Im~F0!3 f osGa9 , ~8!

or, with the notation of the complex-valued fine-structu
function mentioned above,

I;uF0u212 Re~F0!3 f sGa9 x812 Im~F0!3 f sGa9 x9. ~9!

Since we directly follow Sorensenet al., we have to note
here that a distinction is not made between contributions
all of the electrons and of the core electrons excited at the

-
FIG. 5. Absorption-corrected DAFS reflection intensities (R3m

003 superlattice reflection, hexagonalc axis parallel to@11̄1# ~a!

and @ 1̄11# ~b! directions of the sphalerite structure of specim
48/2! vs photon energy.
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K edge tof sGa9 . The f sGa9 used here stands for the core ele
trons alone. In the present case this neglection can caus
error of the coordination numbers calculated from the fi
structure in the order of 10%. Finally for the~Ga,In!P 003
reflection (R3m symmetry! we derive

I;uF0u2118@~ f 0Ga1 f sGa8 2 f 0In2 f sIn8 ! f osGa8

1~ f sGa9 2 f sIn9 ! f osGa9 ] ~10!

or

I;uF0u2118f sGa9 @~ f 0Ga1 f sGa8 2 f 0In2 f sIn8 !x8

1~ f sGa9 2 f sIn9 !x9]. ~11!

The resulting quotients of the absorption-corrected meas
reflection intensitiesI M(E)/A(E) and uF0(E)u2 calculated
with the atomic scattering factors for Ga and In,14 and the
corrections calculated according to Cromer and Liberma17

are shown in Fig. 6 for sample 48/2. Normalized absorpti
corrected measured intensities oscillating arounduF0u2 of
these superlattice reflection intensities are shown as exa
in Fig. 7. DAFSx8 and x9 signals were derived using a
iterative Kramers-Kronig algorithm and adapting the mo
function

FIG. 6. DAFS reflection intensities related to the theoreti
reflection intensitiesuF0u2

„R3m 003 superlattice reflection, hex

agonalc axis parallel to@11̄1# ~a! and @ 1̄11# ~b! directions of the
sphalerite structure of specimen 48/2….

FIG. 7. Normalized intensities~full line! anduF0u2 ~dashed line!
for theR3m 003 superlattice reflection, hexagonalc axis parallel to

@11̄1# direction of the sphalerite structure of specimen 48/2.
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I 2uF0u25Ax81Bx9 ~12!

to the measured extracted DAFS. The valuesA and B are
equal to about 20 and 1, respectively. Therefore a first
proximate value forx8 can be obtained by dividing the mea
sured fine-structure contribution toI (E) by A neglectingx9.
A Kramers-Kronig transformation givesx9 from x8. In our
case one further iteration step already resulted in stablex8
andx9 signals within the accuracy of the intensity measu
ment. The results from iterative Kramers-Kronig analysis
shown in Fig. 8 ~filtered with respect to high-frequenc
noise!. For the quantitative GaK XAFS and DAFS analysis
we calculated the theoretical fine structure functions of
ideal structures of~Ga,In!P using the programMODEX,16

which is based on a single-scattering plane-wave model,
theoretical scattering phase shifts, and amplitudes of McK
et al. Assuming a lattice parameter a50.566 nm~Ref. 15!
for the ZnS-type structure~Ga,In!P, interatomic distances
and effective coordination numbers of the neighborhood
Ga atoms are compiled in Table III, which also contains
effective coordination numbers in the case of ordering c
sidering that the electrical field vector realized in our expe
ment was perpendicular to the plane spanned by the^111&
and @001# vectors. The contributions expected from bac
scatterers to the GaK XAFS shown in Figs. 9 and 10; how
ever, were calculated with the parameters from Table
resulting from the fit to the measured XAFS values. Fro
Figs. 9 and 10 we can see the following.

~1! The GaK XAFS and DAFS are dominated by th
contributions of the first P neighbors of Ga.

l FIG. 8. Real partx8 ~line! and imaginary partx9 ~dots! of the
complex valued fine structure function vs photon energy (R3m 003

superlattice reflection, hexagonalc axis parallel to @11̄1# and

@ 1̄11# directions of the sphalerite structure of specimen 48/2!.

TABLE III. Local structure parameters of the Ga neighborho
in sphalerite~Ga,In!P and in case ofR3m-type ordering as calcu-
lated from long-range ordered structure model.

Neighbor
of Ga Distance

Effective
coordination

number inF4̄3m

Effective
coordination

number inR3m

P 0.245 nm 4 4
Ga 0.400 nm 6 9
In 0.400 nm 6 3
P 0.469 nm 12 12
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~2! The contributions of the next nearest P neighbors
Ga are small. They are restricted to the energy region co
sponding to small values of the wave vector.

~3! The contributions of the nearest Ga and In backsc
terers superimpose nearly opposite in phase for the main
of the interesting wave-vector region. This means the nea
Ga and In neighbors are not recognizable as ‘‘backscatt
shells,’’ as expected from isolated estimation in the Fou
transform~Fig. 11!. Figure 12, however, proves, by compa
son of the sum of the Fourier transforms of Fig. 11 and
Fourier transform of the complete-fine structure functi
~sum of all contributions in theE/k scale, respectively!, that
only the first P neighbors to form an isolated backscatte
shell. The other interference structures in the Fourier tra
form cannot be assigned definitely to such shells.

XAFS and DAFS analysis went on by the following step
~i! Fourier transform of the fine-structure functio

~weighted byk3 to obtain a sufficiently high position resolu
tion of the neighbors near 0.4 nm!.

~ii ! Separate backtransformation of the next P neigh
contributions~0.12 to 0.25 nm! and of the adjacent regio
~0.25 to 0.60 nm! containing the contributions mainly of G
and In backscatterers~back filtering!. In addition, the back-
transformation of the whole range~0.12 to 0.60 nm! gives a
filtered ~smoothed! fine-structure function. With the com
puter program mentioned above the local structure mo
for the Ga-P coordination and for the Ga-Ga/In coordinat

FIG. 9. Expected contributions of different neighbors to the t
oretical GaK XAFS/DAFS ~imaginary part!: P neighbors at 0.24
nm ~line! and P atoms at 0.47 nm~dots!.

FIG. 10. Expected contributions of different neighbors to t
theoretical GaK XAFS/DAFS ~imaginary part!: Ga atoms at 0.394
nm ~line!, and In atoms at 0.402 nm~dots!.
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~paying attention to the next-nearest Ga-P coordination! were
fitted separately to the back-filtered functions. Successiv
the partial models were summed up and fitted to the filte
fine-structure function resulting from the backtransformat
of the whole range.

The comparison between filtered partial/sum shells a
fitted data based on the structure models in Figs. 13 and
shows good agreement. Structure considerations lead to
run the fit procedure under the constraint of an effect
Ga/In coordination number 12@at the ZnS-type structure o
~Ga,In!P, one Ga atom has on the average six Ga and si
neighbors#. Table IV contains the local structure paramete
for a Ga neighborhood resulting from the XAFS intensity
the whole ~Ga,In!P layer. The DAFS results~example of
Fourier transform in Fig. 15 gained from superlattice refle
tion of the specimen 48/2 in the way described for XAFS! in
comparison to XAFS show significant differences relating
the contributions of the next P neighbors. Fitting of the stru
ture model of the ordered domains to experiment was p
formed, again constraining the effective Ga/In coordinat
number 12. However, since Ga and In ordering occurs
separate planes, there will be weighted contributions of n
Ga atoms and three In atoms as next-nearest neighbo
^111& directions of the ZnS-type structure of~Ga,In!P fol-
lowing one another. This relation between the Ga and
effective coordination numbers should occur only with lar
domains combined with the idealR3m structure~ordering!
and a complete polarization of the synchrotron radiation p
pendicular to theR3m hexagonalc axis @parallel to ^111&
directions ofF4̄3m ~Ga,In!P#. These conditions are not ex
actly fulfilled, but we can discuss trends looking at dev
tions from the ideal~expected! effective coordination num-

-

FIG. 11. Fourier transforms FT(r ) of the partial contributions of
P, Ga and In in Figs. 9 and 10 to the GaK XAFS/DAFS. r is the
interatomic distance with Ga in the center.

TABLE IV. Local structure model of the Ga neighborhood
~Ga,In!P as derived from XAFS data.

Neighbor
of Ga

Effective
coordination

number Distance s2

P1 2.260.5 0.23960.002 nm 0.00006 nm2

Ga 6.561.3 0.39460.005 nm 0.00024 nm2

In 5.561.1 0.40260.005 nm 0.00043 nm2
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bers compared to XAFS results for the whole layer t
correspond to the expected relation within the error of m
surement, and may also analyze data which are strongly
fluenced by the theoretical scattering cross-section da18

The parameters of the structure models which also prove
Ga K fine-structure functions of the DAFS experiments
superlattice reflections are listed in Table V.

V. DISCUSSION

Two standard models of local structure in solid soluti
crystals are of relevance here: The virtual-crystal mo
~VCM! describes the alloy as an arrangement of atom
ideal sites in the corresponding unit cell. The assumptio
that atoms remain at their sites despite compression or
pansion of the unit cell caused by alteration of the compo
tion. Various authors~Refs. 9 and 19! gave examples of non
conformity of the VCM with the results of XAFS
experiments obtained with alloy semiconductors which h
overcome the averaging character of diffraction experime
The latter, however, could be better understood by apply
the local structure model~LSM! that describes local distor
tions of the structure, and takes into consideration that
binary components with tetrahedral bonds tend to comp
sate for changes of bonding angles by maintaining the b
lengths. Sorensenet al.9 showed that their results of DAFS
experiments of InxGa12xAs were comprehensible only o

FIG. 12. Sum of Fourier transforms FT(r ) of Fig. 11~dots! and
of the total XAFS signal~line!.

FIG. 13. Filtered partial/sum shell data~dots! and fitted data
basing on the structure model~line! ~GaK XAFS of specimen 48/2!
excluding nearest P neighbors of Ga.
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the basis of the LSM. In the present case the~Ga,In!P solid
solution can be understood as a composition of Ga-P
In-P components. In case of GaP the nearest-neighbor
tance Ga-P amounts to 0.236 nm@aGaP50.5451 nm~Ref.
15! that should match the results of XAFS experiments
~Ga,In!P when we follow the LSM. The VCM would be
appropriate to describe XAFS results which show nea
neighbor Ga-P distances of 0.245 nm corresponding to a
tice parameter a(Ga,In)P50.5660 nm.15

Changes of bond angles cause changes of the angle
tween bond direction and the direction of the polarizati
vector of the synchrotron radiation. This may influence t
effective coordination numbers of XAFS and, therefo
DAFS results.

The average nearest-neighbor distance Ga-P for the w
~Ga,In!P layer of about 0.239 nm~as a result of XAFS! is in
between the two situations discussed above. Obviou
within the experimental error our value agrees better with
LSM than with the VCM. Any superposition of contribution
has to take into account the weight which is due to the o
entation of the electric-field vector. Thus the small value
2.2 nearest P neighbors of Ga~4.0 were expected! could be
understood by changes of bond directions. However, exp
mental effects due to the limited takeoff angle of the fluor
cence cannot be excluded. If the signal were in fact com

FIG. 14. Filtered partial/sum shell data~dots! and fitted data
basing on the structure model~line! ~Ga K XAFS of specimen 48/
2!. Parameters of the structure model are listed in Table III.

FIG. 15. Fourier transform FT(r ) of Ga K DAFS: hexagonalc

axis of theR3m structure parallel to the@11̄1# direction of the
sphalerite structure of specimen 48/2.
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from the entire depth of the film and somewhat from t
substrate, then additional self-absorption not considered
would have a significant damping effect on the fluoresce
XAFS. Another possible explanation for the deviation fro
the expected value is the damping of the XAFS amplitu
caused by static and thermal disorder. Deviations from s
metric pair distribution functions caused by local distortio
may yield comparable effects. In the present case the de
dence of the backscattering amplitude of P on wave vectk
at lowerk values is similar to the influence of damping on
constant backscattering amplitude, because it is difficul
distinguish between influences of coordination number
damping. Nevertheless the deviation from the expected v
is an open question which should be the subject of furt
investigation. Thus the fit result may be formulated mo
generally by stating that the nearest neighbors of Ga dev
from ideal positions in the unit cell throughout the who
~Ga,In!P layer, while showing nearest-neighbor distanc
similar to those of the binary compound GaP.

DAFS experiments with different samples~comparable
orientation of the polarization direction of the electric-fie
vector as discussed in case of XAFS experiments! yielded
nearest-neighbor distances between 0.245 and 0.246
These values match the VCM. The effective coordinat
numbers of about four next-nearest P neighbors of Ga a
with the values expected for an occupation of ideal positi
of the compound. The nearest neighborhood of Ga in

TABLE V. Local structure models for ordered regions as d
rived from DAFS data.~a! Specimen 60/2,R3m c axis ~hex. axis!

parallel to theF4̄3m @11̄1# direction. ~b! Specimen 69/2,R3m c

axis ~hex. axis! parallel to theF4̄3m @11̄1# direction.~c! Specimen

48/2 R3m c axis ~hex. axis! parallel toF4̄3m @11̄1# direction.~d!

Specimen 48/2,R3m caxis ~hex. axis! parallel to theF4̄3m @ 1̄11#
direction.

Neighbor
of Ga

Effective
coordination

number Distance s2

~a!

P1 4.160.9 0.24660.002 nm 0.00007 nm2

Ga 6.561.3 0.39560.005 nm 0.00016 nm2

In 5.561.1 0.41160.005 nm 0.00015 nm2

~b!

P1 4.060.8 0.24660.002 nm 0.00007 nm2

Ga 7.061.4 0.39660.005 nm 0.00015 nm2

In 5.061.0 0.41260.005 nm 0.00018 nm2

~c!

P1 4.260.9 0.24560.002 nm 0.00006 nm2

Ga 7.161.5 0.39860.005 nm 0.00014 nm2

In 4.961.0 0.41260.005 nm 0.00015 nm2

~d!

P1 4.260.9 0.24660.002 nm 0.00005 nm2

Ga 7.961.6 0.39960.005 nm 0.00016 nm2

In 4.160.9 0.41360.005 nm 0.00014 nm2
re
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whole ~Ga,In!P layer can be described by the LSM, while
the ordered regions Ga is surrounded according to the VC

Nearest Ga-Ga neighbor distances~0.394–0.399 nm! re-
sulting from XAFS and DAFS measurements are compara
within the error limits, and are less than the average va
expected for~Ga,In!P ~0.400 nm!. The nearest Ga-In neigh
bor distance for the whole~Ga,In!P layer ~result of XAFS!
amounts to 0.402 nm, which is comparable to the aver
value expected. For the ordered regions from DAFS nea
Ga-In neighbor distances of 0.411–0.413 nm have been
rived that are significantly larger than the average value
~Ga,In!P. One has to consider that in ordered regions
nearest In neighbors of Ga form separate planes, and
neighbors in particular directions contribute to the DAF
All this indicates a distortion parallel to thec axis of the
orderedR3m phase~hexagonal setting!. This agrees well
with the observed Bragg angle shift of all superlattice refl
tions involved compared to random packing.

From superlattice reflection intensities as well as from
ratio of effective Ga/In coordination numbers~next-nearest
Ga neighbors!, we conclude that coherently ordered regio
possibly enlarge with increasing growth temperature. T
connection found for three samples seems to be a hint
further investigation. We observed a change from 6.5:
~Ga:In! in the case of specimen 60/2~comparable to the av
erage result of XAFS! to 7.0:5.0 in the case of specimen 69
and 7.1:4.9 as well as 7.9:4.1 in the case of specimen 4
There is no significant difference in ordering for both^111&
directions, while differences of superlattice reflection inte
sities usually hint at different numbers of coherently scatt
ing atoms.

VI. CONCLUSIONS

The average coordination of Ga in partially ordered e
taxial ~Ga,In!P layers has been determined by XAFS expe
ments, while the local structure around Ga in particula
ordered regions~a few percent of the whole volume! was
explored by DAFS experiments using superlattice reflecti
of these ordered regions. The local structure around Ga in
whole ~Ga,In!P layer (F4̄3m) can be described by the loca
structure model. Contrary to that, results in the nearest ne
borhood of Ga in the ordered regions (R3m) follow the
virtual-crystal model. This means that ordering not on
causes a reduction of symmetry but causes changes in b
ing characteristics. Thus the solid solution in the orde
region can no longer be considered as a simple superpos
of the binary components GaP and InP. Hence ordering
~Ga,In!P may be driven by electronic characteristics of int
faces between ordered and disordered structures resu
from lattice expansion in the directions of ordering.
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