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Nearest- and higher-neighbor distances as well as bond length distrib(simtie and thermalof the
In,Ga _,As (0=<x=<1) semiconductor alloys have been obtained from high-real-space resolution atomic pair
distribution functions. Using this structural information, we modeled the local atomic displacements in
In,Ga _,As alloys. From a supercell model based on the Kirkwood potential, we obtained three-dimensional
As and(In,Ga ensemble average probability distributions. These clearly show that As atom displacements are
highly directional and can be represented as a combinatid@Qfh and(111) displacements. Examination of
the Kirkwood model indicates that the standard deviatioh ¢f the static disorder on th@n,Ga) sublattice is
around 60% of the value on the As sublattice and(thegGa atomic displacements are much more isotropic
than those on the As sublattice. The single-crystal diffuse scattering calculated from the Kirkwood model
shows that atomic displacements are most strongly correlated &ldfly directions.
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[. INTRODUCTION and next-nearest-neighbor distances in the alloys but impre-
cise information about bond length distributions and no in-

Semiconductor alloys are known as technologically im-formation about higher-neighbor shells. These limited struc-
portant materials for their wide applications in optoelectronictural data make it difficult to differentiate between
devices such as lasers and detectdFbe local structure in- competing models for the local structure. For example, even
formation is of fundamental importance in understanding thea simple radial force mod¥l rather accurately predicts the
alloy systems because their physical properties are stronglyearest-neighbor distances ofG®, _,As alloys in the dilute
influenced by the local atomic displacements present in thémit. Therefore, one needs more complete structural infor-
alloys. For example, it is known that chemical and composiimation including nearest-neighbor and far-neighbor dis-
tional disorder strongly affects the electronic structure oftances, and bond lengttistributionsto prove the adequacy
zinc-blende type alloys’ and their enthalpies of of model structures for these alloys.
formation®® The atomic pair distribution functiofPDP) G(r) mea-

In this paper we present a detailed study of the local angures the probability of finding an atom at a distanéeom
average structure of the J@a, _,As alloy series. The aver- another atoni? One of the advantages of the PDF method
age structure of kGa _,As was studied by Woo”e%}? The over othe_r local probes SUCh as XAFS is that it gives both
structure is of the zinc-blende tyldﬁ(F4§m) over the entire local andintermediate range information because both Bragg

alloy range. The lattice parameters, and therefore the avera gaks and d'ffus? scattering are used in the analys's' Itis also
. . ossible to obtain information about the static bond length
In-As and Ga-As bond lengths, interpolate linearly betwee

: . distribution from the PDF peak width, and about correlations
the values of the end members according to Vegard's‘faw. of atom displacement®.

However, consideration of the local structure reveals a very | =, . paper, we present a detailed x-ray diffraction study

different situation. The local structure of,@a _,As was of InGa, As (0=x=<1). A preliminary analysis of the

first studied by Mikkelson and Boyce using extended x-ray . , g i
absorption fine structuréAFS).™® According to this experi- data has been published elsewltérbising high-energy syn

ment, the individual nearest-neighbor Ga-As and In-As dis-;: hr:gttirg: S)Eg)ly;’, ,2?:2 Irm?surijstgﬁoto;alsts:rittg(ltz% ds;gu%ure
tances in the alloys are rather closer to the pure Ga-As and ko8 —x Y Sy

— -1 i i
In-As distances. Further XAFS experiments showed that thin:grr;QnEQrﬁatxr_:sf 'f‘ f)tgvhereg |rs éh:a(_ragntudeir?fa/;\he
is quite general behavior for many zinc-blende type alloy, omentu anster of the scattere B4 s

systems4-15 Since then a number of theoretical and modelfor elastic scattering From these structure functions we ob-

studies have been carried out on the semiconductor alloysﬁ ined the correspondmg hlgh—rea[—space resolution PDF's
understand how the alloys accommodate the local rough a Fourier transform according to
displacement&*17-23

Until now these models and theoretical predictions have .
been tested mainly by comparison with XAFS data. The G(r):EJ Q[S(Q)—1]sinQr dQ. 1)
XAFS results give information about the nearest-neighbor 7 Jo
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In these PDF’s, the first peak is clearly resolved into twoachieve sample absorptiont~1 for the 60 KeV x-rays,
subpeaks corresponding to the Ga-As and In-As bondvhere u is the linear absorption coefficient of the sample
lengths?®® The evolution of the bond length with doping andt is the sample thickness.
gives good agreement with XAFS. For the far-neighbor The experimental data were collected up to
peaks, the peak widths are much broader in the alloy sampleé3m.=45 A~! with constantAQ steps of 0.02 A*. This is
than those of the pure end members, reflecting the increasedvery high momentum transfer for x-ray diffraction mea-
disorder. We model the local structure of@g, _,As alloys  surements. For comparisaQ,.x from a CuK, x-ray tube is
using a supercell modélbased on the Kirkwood potentfdl  less than 8 A®. This high Q.. iS crucial to resolve the
which gives good agreement with the alloy data with nosmall difference €0.14 A) in the In-As and Ga-As bond
adjustable parameters. The results of the modeling have bedengths.
analyzed to reveal the average atomic static distribution on To minimize the measuring time, the data were collected
the As and(In,Ga sublattices. Finally, we have calculated in two parts, one in the lov® region from 1 to 13 A* and
the diffuse scattering that one would get from the Kirkwoodthe other in the mid- to higl® region from 12 to 50 A*.
model. This compares well qualitatively with published dif- Because of the intense scattering from the Bragg peaks, in
fuse scattering results fromJgGay 4As.2° the low-Q region the incident beam had to be attenuated
using lead tape to avoid detector saturation. The maximum
intensity was scaled so that the count rate across the whole

Il. EXPERIMENTAL DETAILS detector energy range in the Ge detector did not exceed
_ ~2x10* s At these count rates detector dead-time ef-
A. Data collection fects are significant but can be reliably corrected as we de-

The alloy samples, with compositions ,@a,_,As Scribe below. To reduce the random noise level below 1%,
(x=0, 0.17, 0.33, 0.5, 0.83,) Were prepared by a melt and We repeated runs until the totalastic scatteringcounts be-
quench method. Appropriate fractions of InAs and GaAscame larger than 10000 counts at each valuQ.oAlso, to
crystals were powdered, mixed, and sealed under vacuum @btain a better powder average the sample was rocked with
quartz ampoules. The samples were heated beyond the liquin amplitude of+0.5° at eachQ position. The scattered
dus curve of the respective alfty*°to melt them and held in  x-rays were detected using an intrinsic Ge solid state detec-
the molten state fo3 h before quenching them in cold water. tor. The signal from the Ge detector was processed in two
The alloys were powdered, resealed in vacuum, and anneal&ys. The signal was fed to a multichannel analy2éCA)
just below the solidus temperature for 72—96 h to increas&0 that a complete energy spectrum was recorded at each
the homogeneity of the samples. After annealing, the sampldata point. The signals from the elastic and Compton scat-
was cooled down in the furnace by turning off the power.tered radiation could then be separated using software after
Depending on the cooling rate, the concentration fluctuatioihe measurement. In parallel, the data were also fed through
might lead to cluster formatiott. > However, because of single-channel pulse-height analyzé®&CA’s) which were
the slow cooling and the suppression of mesoscopic chempreset to collect the elastic scattering and Compton scatter-
cal concentration fluctuation in the /@, _,As alloys* we  ing, and with a wider energy window to collect both the
expect the clustering effects to be very small in our experi€lastic and Compton signals. For normalization, the incident
ment. This cycle was repeated until the homogeneity of th&-ray intensity was monitored using an ion chamber detector
samples, as tested by x-ray diffraction, was satisfactory. Afcontaining flowing Ar gas.
ter annealing, the sample was ground by hand and sieved For the SCA's, the proper energy channel setting for the
using a 400-mesh sieve. From this, we expect that the paglastic scattering is crucial. Any error in the channel setting
ticle size distribution is between a few micrometers andcould cause an unknown contamination by Compton scatter-
38 um and the particle size induced strain is negligible.ing and make data corrections very difficult. There is no such
X-ray diffraction patterns from all the samples showedproblem in the MCA method since the entire energy spec-
single, sharp diffraction peaks at the positions expected folrtum of the scattered radiation is measured at each value of
the nominal alloy, similar to the results obtained by Mikkel- Q. The main disadvantage of the MCA method is that it has
son and Boycé® a larger dead time, although this can be reliably corrected as

High-energy x-ray powder diffraction measurements wereve show below. Figure 1 shows a representative MCA spec-
conducted at the A2 wiggler beamline at Cornell High En-trum taken from the InAs sample Q=45 A. Itis clear that
ergy Synchrotron Sourd€HESS using intense x rays of 60 the Compton and elastic scattering are well resolved at this
KeV (A=0.206 A). The incident x-ray energy was selected high momentum transfer. The elastically scattered signal,
using a Si111) double-bounce monochromator. All mea- Which contains the structural information, is obtained by in-
surements were carried out in flat plate symmetric transmistegrating the area under the elastic scattering peak.
sion geometry. In order to minimize thermal atomic motion
in the samples, and hence increase the sensitivity to static B. Data analysis
displacements of atoms, the samples were cooled down to 10
K using a closed cycle helium refrigerator mounted on the
Huber 6 circle diffractometer. The samples were uniform flat®
plates of loosely packed fine powder suspended between thin e coh - vinc . mul
foils of kapton tape. The sample thicknesses were adjusted to M4 Q)=PAIN(lgy + ey +lay)], )

The measured x-ray diffraction intensity may be
xpressett by
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FIG. 1. MCA spectrum of InAs aQ=45 A~ Peaks in the . _ _
spectrum from the elastic and Compton scattering are labeled, as js /G- 2. Calculated double-scattering rakig'l,, wherel, is the
a peak from an electronic pulser used for dead-time correction. Thifitensity due to double-scattering events anthe single-scattering

other peaks in the spectrum come from various fluorescence arltensity, for the 1g:Ga As alloy in transmission geometry with a
escape peaks. ut=1.32 appropriate for our sample.

whereP is the polarization factor the absorption factof\  the detector dead time. An alternative dead-time correction
the normalization constant, an@’", I'"®, andIT" are the  protocol for correcting MCA data is to use the MCA real-
coherent single scattering, incoheré@mpton, and mul-  time/live-time ratio. This works reasonably well if the MCA
tiple scattering intensities, respectively, per atom, in electroigonversion time is the dominant contribution to the detection
units. The total scattering structure functi®Q) is then dead time. This approach gave similar results to the pulser
defined as correction in this case.
Multiple (mainly double scattering can be a problem if
S(Q):[|gﬂh—(<f2>—<f>2)]/<f>2' ©) samples are relatively thick and the radiation is highly pen-
etrating as in the present case. The multiple scattering con-
where(f)=(f(Q)) is the sample average atomic form factor tribution contains no usable structural information and must
and(f?) is the sample average of the square of the atomibe removed from the measured intensity. It depends on
form factor. Therefore, to obtai®(Q) from the measured sample thickness and many other sample dependent factors
diffraction data, we have to apply corrections such as mulsuch as attenuation coefficient, atomic humber, and weight
tiple scattering, polarization, absorption, Compton scatteringof sample constituerif=*! It increases as the sample be-
and Laue diffuse corrections on the raw d&&® comes thicker in both transmission and reflection geometry.
The corrections were carried out using a home-writtenThe multiple scattering correction was calculated using the
computer program’PDFGETX that is able to utilize the MCA  approach suggested by Warterf!in the isotropic approxi-
data. The results obtained using the MCA approach are vemnation. Calculation of the multiple scattering intensity is
similar to those obtained using the SCA appro#th.ap-  considerably simplified when the elastic and Compton sig-
pears that both approaches work well for quantitative highnals are separated, as is done here since only completely
energy x-ray powder diffraction. One possible advantage o€lastic multiple scattering events need to be considered. In
the MCA method is that energy windows of interest can beln,Ga, _,As samples, the multiple scattering ratio was
set after the experiment is over, which is precluded if datearound 10% maximum at hig in transmission geometry.
are only collected using SCA’s. This result suggests that the proper multiple scattering cor-
We briefly describe some of the features of the data correction becomes important in the high-+region. Figure 2
rection usingPDFGETX Data are first corrected for detector shows the double-scattering ratio calculated for the
dead time. In this experiment, we used the pulser method. Iny Ga, As sample.
A pulse train from an electronic pulser of known frequency The x-ray polarization correction is almost negligible for
is fed into the detector preamplifier. The voltages of thesynchrotron x-ray radiation because the incident beam is al-
pulser pulses are set so that the signal appears in a quietost completely plane polarized perpendicular to the scatter-
region of the MCA spectrum. The measured counts in theéng plane. As a result there is virtually no angle dependence
pulser signal in the MCAGor, indeed, in a SCA window set to the measured intensity due to polarization effétts.
on the pulser signalare then recorded for each data point. The Compton scattering correction is very important in
The data dead-time correction is obtained by scaling the rawigh-energy x-ray diffraction data analysis. It can become
data by the ratio of the known pulser frequency and the medarger than the coherent scattering intensity at H@ghas is
sured pulser counts. This method accounts for dead time iavident in Fig. 1. Even a small error in determining the
the preamplifier, amplifier, and MCA/SCA electronics but Compton correction can lead to a significant error in the
not in the detector itself. However, in general the dead timeoherent scattering intensity in the hi@hregion. However,
is dominated by the pulse-shaping time in the amplifier orin this region of the diffraction pattern the elastic and
the analog-digital conversion in the MCA or SCA, and soCompton-shifted scattering are well separated in energy and
this method gives rather accurate dynamic measurement afn be reliably separated using the energy resolved detection
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FIG. 3. Comparison between Compton and elastic scattering
intensities measured in JgGa, 5AS. Gahs
scheme we used here. At lo@ the Compton shift is small 20 ‘ . .
and the Compton and elastic signals cannot be explicitly 0 10 20 25 35 45
separated unless a higher-energy-resolution measurement is Q@A™

made, for example, using an analyzer crystal. However, the _ )

Compton intensity is much lower and the coherent scatterin? FIG. 4. The reduced total scattering structure function

intensity is much larger. In this region a theoretically calcu-LS(Q)—11Q for In,Ga _,As measured at 10 K. The data sets are

lated Compton signal can be subtracted from the data corffset for clarity. The highQ region is shown on an expanded scale

taining both elastic and Compton scattering. Uncertainties iy 3) t© highlight the presence of diffuse scattering.

this process have a very small effect on the resul8(Q@). ] .

Figure 3 shows the signals from the Compton and elasti€€gion. The observation of Bragg peaks reflects the presence

scattering in the IGa, As sample. At lowQ, some con- of long range cr_ystalllr_we o_rder in these alloys. The_fact that

tamination from the elastic scattering is apparent in thdh€ Bragg peak intensity disappears at lo@evalues in the

Compton channel. For the Compton scattering correction, walloys than in the end members reflects that there is signifi-

followed two steps. In the higlp region the Compton scat- Cant atomic scale disorder in the alloys, as expected. The

tered signal was directly removed by integrating a narrowescillating diffuse scattering in the hig@-region originates

region of interest in the MCA spectrum which containedfrom the stiff nearest-neighbor In-As and Ga-As covalent

only the elastic peak. In the lo@- region we calculated the bonds. .

theoretical Compton scatterifff® and subtracted this from  Figure 5 shows the corresponding reduced PDE(s)

the combined(unresolvedi Compton plus elastic scattering Obtained using Eq(1). In the alloys, it is clear that the first

signal. These two regions were smoothly interpolated using 2K is split into a doublet corresponding to shorter Ga-As

window function, following the method of Rulafftin which  and longer In-As bond®. The position inr of the left and

the theoretical Compton intensity is smoothly attenuatedight peaks does not disperse significantly on traversing the

with increasingQ. alloy series. This shows that the local bond lengths stay close
At very high Q values, due to the Debye-Waller factor, {0 their end-member value_s and do not follow Vegard’s law,

the Bragg peaks in the elastic scattering signal disappear arg @greement with the earlier XAFRef. 13 and PDRRef.

the normalized intensity asymptotes ¢6(Q)?2). This fact

allows us to obtain an absolute data normalization by scaling 150 - '
the data to line up witl{f(Q)?) in the highQ region of the InAs
diffraction pattern. Finally, the total scattering structure func-
tion S(Q) is then obtained using E¢B) and the correspond- 100 | Ny 5,8, AS |
ing PDF'sG(r) are obtained according to E().
1N 5058, 50AS
Ill. RESULTS =
. . . 6 50 ¢ Ny 5.Ga, o, AS )
Figure 4 shows the experimental reduced total scattering

structure function$ (Q)=Q[S(Q) — 1] for the InGa, _,As I Ga AS

0.17 %0.83

alloys measured at 10 K. It is clear that the Bragg peaks are 0 M\/\/\/\MMWMM\

persistent up t@~35 A1 in the end members, GaAs and
InAs. This reflects both the long range order of the crystal- Gahs
line samples and the small amount of positional disorder M—ALM/\/\MM\M,A/\'\/M
(dynamic or staticon the atomic scale. In the alloy samples, -50 :
however, the Bragg peaks disappear at much Idvealues 0
but still many sharp Bragg peaks are present in the mid- to

low-Q region. Instead, oscillating diffuse scattering which  FIG. 5. The reduced PD&(r) for In,Ga,_,As measured at 10
contains local structural information is evident in the high- K. The data sets are offset for clarity.

205202-4



LOCAL STRUCTURE OF InGa, _,As SEMICONDUCTOR.. .. PHYSICAL REVIEW B 63 205202

T T T
6 I (a) Cluster model 0000

FIG. 6. Schematic diagram of As displacements in clusters of
(a type Il, (b) type Ill, and(c) type IV. Cluster types are discussed o
in the text. At the corners, large dark circle and small gray circles
show In and Ga atom positions, respectively. At the center, the gray
and dark circles correspond to the As atom position before and after
displacement, respectively.

26) reports. However, by 10 A the structure is already be-
having much more like the average structure. For example, .
the doublet of PDF peaks around 11 A in Gaf&g. 5 —

remains a doubletit does not become a quadruplet in the 21 2.3 Zf 2.7 29
alloys) and disperses smoothly across the alloy series to its rA)

position at around 12 A in pure InAs. This shows that by  FiG. 7. Comparison between experimental P@Ben circles
10 A the structure is already exhibiting Vegard's law type and model PDRsolid line) for In, §Ga sAs. () Tetrahedral cluster
behavior. model with no disorder present ¢im,Ga sublattice. The subpeaks

It is also notable that for the nearest-neighbor PDF peakepresent the contributions from each type of cluster. Typs ), (
the peak widths are almost the same in both alloys and engpe Il (O), type lll (¢), type IV (A), and type \(*). (b) The
members but for the higher neighbors the peaks are mudinodel PDF is calculated in the Pauling limit. The peak positions
broader in the alloys than in the end members. were obtained from the InAs and GaAs bond lengths in the end

members(solid line) and the InAs and GaAs bond lengths in the

Ing Gay sAs PDF (dashed ling See the text for detailgc) Kirk-
IV. ATOMIC DISPLACEMENTS IN THE ALLOYS wood supercell model.

A Modeling of this simple cluster model with the nearest-neighbor PDF

A simplified view of the structural disorder iA,B;_,C  peaks measured here since we have an accurate measurement
type tetrahedral alloys can be intuitively visualized by con-of the bond length distributions as well as the bond lengths
sidering simple tetrahedral clusters centered alfdudites themselves.

(the unalloyed site In the random alloy this site can have  Each cluster is independently relaxed according to the
four A neighbors(type I), threeA and oneB neighbors(ll),  prescription of Balzarottiet al}* to get the bond lengths
two A and twoB neighborg(lIl), oneA and threeB neighbors  within each cluster type. Assuming a random alloy the num-
(IV), or four B neighborsV). We assume that the mixed site ber of each type of cluster that is present can be estimated
(A,B) atoms stay on their ideal crystallographic positions.using a binomial distribution. This gives the static distribu-
By considering each cluster type in turn we can predict theion of bond lengths predicted by the model. These are then
qualitative nature of the atomic displacements present in thgonvoluted with the broadening expected due to thermal mo-
alloy. Let theA atoms be larger than tHigatoms. In clusters tion. This was determined by measuring the widths of the
of types | and V theC atom will not be displaced away from nearest-neighbor peaks in the end-member compounds InAs
the center of the tetrahedron. As shown in Fig. 6, in type lland GaAs. The result is shown in FiglaY. It is clear that,
clusters theC atom will be displaced away from the center although the cluster model gets the pgasitionsreasonably
directly toward theB atom. This is a displacement in the correct as exemplified by the agreement with XAFS dats,
(111) crystallographic directions. In type Ill clusters it will does rather a poor job of explaining tebapeof the mea-

be displaced in a direction between the tBatoms along sured pair distribution. The major discrepancy is that too
the (100 crystallographic directions. Finally, in type IV much intensity resides at, or close to, the undisplaced posi-
clusters it will again be §111) type displacement but this tion leading to an unresolved broad first PDF peak, in sharp
time in a direction directly away from the neighboridg  contrast to the measurement. The disagreement is mainly due
atom. Such a cluster model has been used to make quantit@- the limited size of the clusters and is somewhat expected.
tive comparisons with the nearest-neighbor bond distanceldowever, cluster models using larger cluster sizes improve
observed in XAFS measuremefitover the whole alloy the agreement with the experimental bond length
series* Although these small cluster models are useful fordistribution??*® In contrast, we show in Fig. (B) the
guiding our intuition, their quantitative success in predictingnearest-neighbor atomic pair distribution in the Pauling
the nearest-neighbor distances in the alloys relies mainly ofimit,*” again broadened by thermal motion. The peak posi-
the cancellation of two errot$?’ (neglecting both the bond tions were obtained by using the bond lengths of the end-
bending force and the relaxation of atoms on the mixednember compounds. It is clear that this actually does a better
siteg. Nonetheless, it is interesting to compare the predictiorjob than the cluster model, although it slightly, and not sur-
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FIG. 8. Comparison between experimental P@pen circles

and model PDHRsolid line) for In,Ga, _,As. The model was the f } f } |

Kirkwood supercell model. The parametetsand g are refined

from the end members and the PDF’s for the alloys shown here are

then calculated with no adjustable parameters. FIG. 9. Isoprobability surface for the ensemble averaged As
atom distribution. The surfaces plotted all enclose the volume

prisingly, overemphasizes the splitting. The dashed line iwhere As atoms will be found with 68% probability(a)

this figure shows the peak profile that we obtain if we makeln, ;/Ga, gAs, (b) Ing3GayeAS, (€) IngsGasAs, and (d)

the assumption that the nearest-neighbor bond lengtm,sGa,As. In each case, the probability distribution is viewed

changes in the alloy as seen in Bglot,*>*®but there is no  down the[001] axis.

increase in the bond length distribution. Again, this gives

rather good agreement, emphasizing the fact that there isas been convoluted with a Sinc function to incorporate the

very little inhomogeneous strain to the covalent bond lengthruncation of the experimental data@f,,=45 A.
due to the alloying®

A better model for the structure of these allti% is ob- ) ) S
tained from a relaxed supercell of the alloy system using a B. Three-dimensional average probability distribution
Kirkwood potentia® The potential contains nearest-  Now we analyze the relaxed supercell of the alloy system
neighbor bond stretching force constamtsand force con-  obtained using a Kirkwood potential to get the average three-
stantsg that couple to the change in the angle between addimensional atomic probability distribution of As and
jacent nearest-neighbor bonds. In this relaxed superce{ln,Ga atoms. Figure 9 shows isoprobability surfaces for the
model, the force constants were adjusted to fit the end\s site in the InGa, _,As alloy. The probability distributions
member§'  with agaas=96 N/M, a;,as=97 N/m, were created by translating atomic positions of the displaced
Bcaasca= Bascaas=10 N/m, and Bi.asin=Basin-As— arsenic atoms in the supercell (2@0x 20 cubic cell into a
6 N/m. The additional angular force constants required in th&ingle unit cell. To improve statistics, this was done 70
alloy are taken to be the geometrical mean, so thatimes. The surfaces shown enclose a volume where the As
Boansin= V(BcaascaBmnasin). The PDF’s for the alloys atom will be found with 68% probability. The probability
can then be calculated in a self-consistent way for all thedistribution is viewed down thg)01] axis. It is clear that the
alloys with no adjustable parametéfsin this model, the ~As atom displacements, although highly symmetric, are far
lattice dynamics are also included in a completely self-from being isotropic. The same procedure has been carried
consistent way. Starting with the force constants and theut to elucidate the atomic probability distribution on the
Kirkwood potential, the thermal broadening of the PDF (In,Ga sublattice. The results are shown in Fig. 10, plotted
peaks at any temperature can be determined directly from then the same scale as in Fig. 9. In contrast to the As atom
dynamical matrix and this is how the PDF’s were calculatedstatic distribution, the(In,Ga probability distribution is
in the present cas€.The model PDF is plotted with the data much more isotropic and sharply peaked in space around the
in Fig. 8 with the nearest-neighbor peak shown on an exvirtual crystal lattice site.
panded scale in Fig.(@). The excellent agreement with the  In all compositions, the As atom distribution is highly
data over the entire alloy range suggests that the simplanisotropic as evident in Fig. 9 with large displacements
Kirkwood potential provides an adequate starting point foralong the{100) and(111) directions. This can be understood
calculating distorted alloy structures in these IlI-V alloys. easily within the cluster model as we discussed in Sec. IV A.
Note that in comparing with experiment the theoretical PDFThe (100) displacements occur in type Il clusters and the

02A 0.0 02 A
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(a) (b) TABLE |. Standard deviation of the As arith,Ga) atom distri-
butions in InGa _,As alloys obtained from the Kirkwood model.
The numbers in parentheses are the estimated errors on the last
digit. For both As andIn,Ga atoms,oc = o,=0,=0,. See text for

details.
X
0.17 0.33 0.50 0.83
o(As) (A) 0.0721) 0.0921) 0.0971)  0.0741)
o(In,Ga)(A)  0.0441) 0.0581) 0.0601) 0.0481)
(©) @ ("('”'Ga)) 0.61 0.63 0.62 0.61
o(As)

paper. To evaluate the static contribution to the PDF peak
broadeningop from the o’s reported in Table | we used the
following expression:

0'2D= a’i-ﬁ- (rtz) , 4)
I | I | I y where a,b can be As or(In,Ga. For example, for the
02 A 0.0 02 A x=0.5 alloy, we getr3=0.0188(4) K& for As-As peaks in
the PDF, 0.013@) A2 for As-(In,Ga) peaks, and 0.0073)
FIG. 10. Isoprobability surface for the ensemble averagedi? for (In,Ga-(In,Ga peaks. These values are in good
(In,Ga atom distribution. The surfaces plotted all enclose the vol-a3greement with the mean square static PDF peak broadening

ume where(In,Ga atoms will be found with 68% probabilitya) of As-As, As{In,Ga), and (In,Ga-(In,Ga peaks, shown in
|n0.17G€b.83ASv (b) |n0.3ﬁ%.676‘31 (C) InO.SOGQ).SCASv and (d) F|g 4 of Ref. 27. of 001&]_) AZ’ 0012&1) AZ, and
Ing gG& 17AS. In each case, the probability distribution is viewed 0.00531) A2 respe,ctively

down the[001] axis. These surfaces are plotted on the same scale as ' '

those in Fig. 9.

V. CORRELATED ATOMIC DISPLACEMENTS

(111) displacements occur in type Il and IV clusters. This We have shown that, on the average, atomic displace-
also explains why, in the gallium rich alloy in which the ments of As atoms in iGa _,As alloy are highly direc-

three- and four-Ga clusters are dominant, the major As atorfional. In this section, we would like to address the question
displacements are alorig11] [11—1] [TlT] and[Hl] as of whether these atomic displacements are correlated from

- : Pl . site to site. To investigate this we have calculated theoreti-
we observed in Fig.@). On the contrary, in the indium rich cally the diffuse scattering intensity that would be obtained

alloy, the major displacements are alof@ll], [111],  from the relaxed Kirkwood supercell model and compared it
[111], and[111], as can be clearly seen in Fig.d®. with the known experimental diffuse scattering.

The atomic probability distribution obtained from the  Figure 11 shows diffuse scattering of,kGa, sAs alloy
Kirkwood model for the(In,Ga sublattice is shown in calculated using theiscusprogram?® In this calculation the
Fig. 10. As we discussed, this is much more isotra@e  Bragg peak intensities have been removed. Strong diffuse
though not perfectly so and more sharply peaked than the scattering is evident at the Bragg points in the characteristic
As atom distribution. However, contrary to earlier butterfly shape pointing toward the origin of reciprocal
predictions,* and borne out quantitatively by the supercell space. This is the Huang scattering, which is peaked close to
modeling, there is significant static disorder associated witlBragg peak positions and has already been worked out in
the (In,Ga sublattice. In order to compare the magnitude ofdetail*°
the static distortion of théln,Ga) sublattice with that of the In addition to this, clear streaks are apparent running per-
As sublattice, we calculated the standard deviatioof the  pendicular to thg¢110] direction. The diffuse scattering cal-
As and (In,Ga atomic probability distributions. This was culations on bikl) planes wheré+ 0, integer(Fig. 12 show
calculated usingr; = \/[1/(N—l)]EE=l [di(k)]%,(i=x,y,z), that these diffuse streaks are extended along @0 direc-
whered; refers to the displacement from the undistorted subtion, consisting of sheets of diffuse scattering perpendicular
lattice of atoms in the model supercell ¥ny, andz direc-  to the[110] direction of reciprocal space. Diffuse scattering
tions, andN is the total number of atoms in the supercell. with exactly this(110 symmetry was observed in a trans-
Table | summarizes the values offor the As and(In,Ga  mission electron microscope study of, }Ga, ,As.2° Care-
atomic probability distributions in the alloys. It shows that ful observation of our calculated diffuse scattering indicates
for all compositions the static disorder on ttie,Ga sublat-  that the diffuse scattering has a maximum on the @wide
tice is around 60% of the disorder on the As sublattice.of the (hkO) planes passing through the Bragg points, with
These static distortions give rise to a broadening of PDFan intensity minimum on the hig)- side of these planes.
peaks as described in Ref. 27 and evident in Fig. 5 of thiShis is characteristic size-effect scattering obtained from cor-
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Diffuse scattering of In, Ga,zAs ; [=0.0 Diffuse scattering of In, Ga,zAs ; [=0.5

1 12
T
45x10° 5x10°
Intensity

ax10®

3.5x10°

8x10°

2.6x10°
k[r.l.u]

k[r.l.u]

ax10°

h[r.lLu]

FIG. 11. Single-crystal diffuse scattering intensity obtained FIG. 12. Single-crystal diffuse scattering intensity obtained
from the relaxed supercell model for the, W& sAs alloy. The cut  from the relaxed supercell model for the §&a, sAs alloy. The cut
shown is the diffuse intensity expected in thekQ) plane of recip-  shown is the diffuse intensity expected in thiekQ.5) plane of
rocal space. Bragg peaks have been removed for clarity. See text foeciprocal space. Bragg peaks have been removed for clarity. See
details. text for details.

related atomic displacements due to a mismatch between

chemically distinct species, as recently observed in a singlet—herfaspeDOI;c InAs_ano]Ic Waslusid to explqinh\évhy the ﬁlﬁh. peak
crystal diffuse scattering study on Si,Ge,,* for example. " the (coming from In-As next-neighbor correlations

This asymmetric scattering was clearly observed in the ea'@long_the[llo] direction was anomalously s_harp in b.Oth
lier diffuse scattering study on JB{Ga, 4/AS.2° experiments and calculatioA%.f the material is stiffer in

The single-crystal diffuse scattering intensity that is piledtr;IS dlrect'lon, .cl’lne would tex]Pe;:rt] th"’.‘t s;tr:am f'de.lds tfrom ?r;s
up far from the Bragg points gives information about inter- ptﬁcerg_en St Wi _pr?hpaga et :" er Ilnt' estﬁ (ljr_ecllons atn
mediate range ordering of the atomic displacements. It igNer directions in the crystal, correlating the displacements

interesting that it is piled up in planes perpendiculafitb] over longer range. T.his is consi_stent with the.displacement
whereas the local atomic displacements are predominantl ar correlat_lon function calculatlon_ by GF&S’Vh'Ch shows
along the(100) and(111) directions. This observation un- at _correlatlon along th€l10) directions is larger than cor-
derscores the complementarity of single-crystal diffuse Scatr_elatlons along 100 and(111) and extends further.

tering and real-space measurements such as the PDF. The

real-space_ measurements are mpstly sensitive to the directio_n VI. CONCLUSIONS

and magnitude of local atomic displacements and less sensi-

tive to how the displacements are correlated over longer In conclusion, we have obtained high-real-space resolu-
range(although this information is in the data&On the other tion PDF's of InGa_,As (0=x=<1) alloys using high-
hand, single-crystal diffuse scattering immediately yields theenergy synchrotron x-ray diffraction. For this purpose, we
intermediate range correlations of the displacements but ondeveloped a data analysis technique adequate for high-
has to work harder to extract information about the size an&nergy synchrotron x-ray diffraction. The PDF's show a
nature of the local atomic displacements. Used togetheilearly resolved doublet corresponding to the Ga-As and
these two approaches, together with XAFS, can reveal &n-As bond lengths in the first peak of the alloys. Far-
great deal of complementary information about the localneighbor peaks are much broader in the alloys than in the
structure of disordered materials. pure end members.

The single-crystal diffuse scattering suggests that atomic We show that As atom displacements are highly direc-
displacements are most strongly correlated., correlated tional and can be represented as a combinatiafi@€) and
over the longest rangealong the[110] directions although (111) displacements. In contrast, ttie,Ga) atomic distribu-
the displacements themselves occur along ¢h@0) and tion is much more isotropic. The magnitude (&fi,Ga) sub-
(111) directions. The reason may be that the zinc-blenddattice disorder is less than, but rather comparable to, the As
crystal is stiffest along th¢110] directions because of the sublattice disorder ¢, ca~0.604s). Also, single-crystal
elastic anisotropy in the cubic crystal. This was shown fordiffuse scattering shows that atomic displacements are cor-
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