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Abstract. This paper presents the experimental results of a cumulant analysis of the extended 
x-ray absorption fine structure amplitude of GaAs at the K edges of Ga and As. The second 
and fourth cumulants of the dislance distributions of the near neighbours of Ga and As have 
been obtained as a function of temperature in the range 77-450 K. The fourlh cumulanr of 
Ga-As n-t-neighbour distance distributions is zero in the examined temperature m g e ;  a 
non-Gaussian distribution of the second and third coordination shell distances of Ga and As has 
been revealed for the lint time. Temperature dependences of mean square relative displacements 
(MSRDS) of the firsf three shells of Ga and As have been compared with Einstein and correlated 
Debye models. The MSRD of the first-shell Ga-As distance is connected to the optical modes at 
7.C8 THz of the phonon specmm of GaAs. 

1. Introduction 

The potential of extended x-ray absorption fine structure (w(AFS) as a vibrational probe, 
recognized since the seventies by many authors [l-31, is now being exploited to study the 
vibrational properties of a great many crystalline materials. The temperature dependence 
of the EMS Debye-Waller factors, analysed in harmonic approximation, has allowed 
extraction of information on nearest-neighbour force constants in molecular crystals [4] 
as well as to investigate the existence of anomalies of phonon modes in superconducting 
materials [SI. The damping of EXAFS amplitude with increasing temperature comes from the 
thermal broadening of the distribution of distances. Asymmetric distributions of distances 
due to moderate thermal and static disorder are studied by the expansion of EXAFS amplitude 
and phase in terms of cumulants [GS]; these analyses are now producing interesting results 
[!3-111. The cumulant temperature dependence of the cumulants gives information on the 
local vibrational properties and the extent of the distribution asymmetry. 

In this work we present the second and fourth cumulants of the distance distributions for 
the first three coordination shells of Ga and As in GaAs in the temperature range 77-450 K. 

The second cumulant of the distance distributions corresponds to the mean square 
relative displacement (MSRD) of atomic pairs. MSRD is the sum of two contributions: the 
mean square displacement (MSD) of the elements of the atomic pair and the displacement 
correlation function (DCF) between them [I]. The MSD can be obtained from the thermal 
factor of x-ray or neutron diffraction [ 121. Unfortunately the available experimental data 
on MSD are often scarce and sometimes unreliable as in the case of GaAs [13]; calculations 
of atomic displacements based on refined force constant models have been carried out for 
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GaAs in the harmonic approximation [12, 141. As for the GaAs MSRD, only a few EXAFS 
experimental data have been published [ 151. 

The MSRD and MSD contain information about phonon eigenvectors not directly 
obtainable with most other techniques. MSRD, compared with MSD, is sensitive not only to 
the modulus of eigenvectors but also to the phase relationships of central and backscattering 
atoms, although, for unpolarized measurements, it is insensitive to the absolute direction 
of eigenvectors. MSRD and MSD measurements as a function of temperature can constitute 
valid probes of vibrational dynamics of polyatomic crystals. The comparison of MSRD and 
MSD in GaAs allows us to show the degree of correlation in atomic motion for the first three 
coordination shells of Ga  and As. 

For the first time, thanks to the treatment of w(AFs in terms of cumulants. the asymmetry 
of the distance distributions in the outer coordination shells around a given absorbing species 
is shown. 

In section 2 we review the basic principles of the cumulant method; in section 3 we 
illustrate the data analysis procedure; in section 4 we present the experimental data and 
compare them with other data and theoretical models. In section 5 we discuss the MSRD 
results. Final remarks are made in section 6. 

2. Expansion of EXAFS in cumulant series 

In the single-electron single-scattering and plane wave approximation the EXAFS interference 
function xj(k), relative to the jth coordination shell of a selected species of a polycrystalline 
or amorphous sample, is given by 

where Si takes into account the intrinsic inelastic effects, k is the photoelectron wavevector, 
Nj  the coordination number, Fj the backscattering amplitude and 6, the central atom 
phaseshift. Pj(r, A) is the effective distribution of atomic positions r of the backscattering 
atoms relative to the central atom: 

1 
Pj(r, A) = pj(r);Te-”” 

with pj(r) representing the real distribution and A the mean free path of photoelectrons; 
in crystalline compounds, for an undistorted coordination shell, the width of pj(r) is due 
only to the thermal disorder. The integral in equation (1) is the characteristic function of 
the effective distribution. The logarithm of the characteristic function can be developed in 
MacLaurin series [7] around k = 0 

Cnj are the cumulants of the effective distribution. 

EXAFS of the j t h  shell can be factorized as 
From equations (1) and (2), by truncating the cumulant series at the fourth term, the 

xj(k) = A,(k)sin@j(k). (3) 
The amplitudes Aj(k) and phases @j(k) can be expressed as 
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(5) 

where ‘pj is the total photoelectron phaseshift. Equations (4) and (5) contain the cumulants 
C ,  of the effective distribution of the distances P, (r. A). The connection to the cumulants 
of the real distribution p,(r) is obtained through approximated series expansion of the 
characteristic function [6-8, 1-51, In particular the average value Rj of p j ( r )  is related to 
C1 j and Czj by the relation 

4 
3 @ j ( k ) = Z k C ~ j  - -  C,jk3+ . . . + ~ j  ( k )  

As for cumulants of order higher than unity, the difference between real and effective 
distribution is generally considered negligible with respect to the experimental uncertainty. 
For not too large distributions, the normalization factor in equation (4) is approximated as: 
exp(C0j) = exp(-ZRj/A)/R: [6]. 

Tests on model distributions representing moderately disordered systems have shown 
that the first four cumulants are enough to adequately reproduce the original distributions 
[171. In the case of GaAs the higher cumulant terms have been proved to be important only 
for the outer shell analysis. 

In terms of the atomic displacements uo and uj of central and backscattering atoms, 
the cumulants C,- can be expressed as 

Cnj = (I(uj - 210) ’ +,Y) (6) 
where +j = rj /r j ,  and rj is the atomic vector position in the j th shell [8]. For harmonic 
Hamiltonians the cumulants higher than two are equal to zero. 

The second cumulant C,j coincides with the MSRD 

czj = ([(U, - Ug). Fj]’ )  = MSRD (7) 
(for disordered systems MSRD contains anharmonic contributions). 

By developing the product in square brackets it emerges that 

c,, = ((U0 - F j Y )  + ( ( U j  . @ j ) * )  - 2((%. +j ) (Uj  .Fj),. (8) 
So, the MSRD is the difference between the sum of the MSD of the central {(U,, . + j ) 2 )  and 
backscattering atoms ((uj ?j ) ’ )  and the DCF ~ ( ( u o  . Fj)(uj . F j ) ) .  

3. Experimental details and data analysis procedure 

The x-ray absorption spectra of Ga and As K edges were recorded in transmission mode at 
the synchrotron radiation facilities, PWA BX-2 and PULS, of Adone storage ring (Frascati, 
Italy). The electron energy was 1.5 GeV, the wiggler magnetic field 1.6 T and the maximum 
stored cwent 60 mA. A (220) silicon channel-cut crystal monochromator was utilized. The 
total energy resolution was estimated to be A E  z 1 eV at 10 keV. 

The sample was prepared from a GaAs monocrystal which was finely ground 
in grains with size lower than 10 Mm; the powder was uniformly deposited on a 
polytetrafluoroethylene membrane by a sonication method. Samples with different 
thicknesses were measured to check for the ‘thickness effect’ which can result because 
of sample inhomogeneity. An edge step A ( p )  Y 1 at Ga and As K edges was considered. 

A liquid nitrogen cryostat was used to adjust the sample temperature T within an 
uncertainty of f 2  K nine points at different temperatures were recorded in the range 77- 
450 K. 
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The E X M S  modulation ~ ( k )  has been extracted from the experimenta1 absorption 
coefficient p ( E )  at Ga and As K edges following the conventional procedure [le]. The 
photoelectron wavevector k has been derived from the photon energy E by the formula 
k2 = 2m/h2(E - Eo) where Eo has been set at the maximum of the first derivative of the 
absorption spectrum and m is the electron mass. Figure 1 (left) shows the EXAFS signal 
kX(k) for two selected temperatures. The amplitude reduction of the EXAFS signal is due 
to the thermal disorder. The X ( k )  spectra. ranging from 3.5 to 14.5 A-’ and weighted 
by k3,  were Fourier transformed in the space of interatomic distances R using a square 
window. The modulus of the Fourier transform of k3x(k )  is shown in figure 1 (right): the 
peaks relative to the first three shells are well defined and separated, EXAFS single-shell 
contributions were obtained by back-transforming each peak to the k space. Experimental 
single shell amplitude and phase functions, Aj(k) and @ j ( k ) ,  have been obtained from 
the real and imaginary parts of the filtered signals x,(k).  Structural information has been 
extracted from the EXAFS formula (equation (3)); in the following we analyse only the 
amplitude functions (equation (4)); data of comparable reliability could not be obtained 
from phase analysis. The U A F S  analysis beyond the first shell has been possible for the 
negligible contribution of multiple scattering under the second- and third-shell peaks as we 
have shown in a previous calculation [191. 

80 

40 

- 
I 

K 0 -  
U. - 

40 

0 
0 4 8 1 2 1 6  0 2 4 

K (k’) 
Figure 1. k x ( k )  FXAS signals (left) at the Ca and As K edges, and the moduli of Fourier 
Transform (right) nt selected temperatures. 

The amplitude analysis was carried out using the ratio method [ l l ,  171 which allows the 
extraction of thermal parameters Czj and CL,, relative to a reference temperature. Single- 
shell experimental amplitudes at a given temperature T, A ( T ) ,  have been compared with 
the comesponding amplitude at 7 7 K ,  A(77K),  through the formula 

= I n - - 2 2  N ~ R ; ,  A R .  -2k2ACzj+-k4AC,,j 2 
3 

In 
Aj(77K) N,,Rj A 

where ACz, = C ~ j ( T ) - C z j ( 7 7 K )  and A C ,  = C, j (T) -C4 j (77K)  referto the second and 
fourth cumulants of the j t h  shell and the index r indicates the reference parameters at 77 K. 
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We have assumed Nj/Njr = 1 and ARj = 0, that is, we have used the crystallographic 
coordination numbers for the first three shells of Ga and As and neglected the effect of 
thermal expansion on bond lengths in the examined temperature range. The temperature 
independent factors influencing A,(T) present in equation (5 )  have been considered to be 
equal to the ones of the reference spectra at 77 K. The logarithm of the amplitude ratio 
versus kZ is shown in figure 2, for the first three coordination shells of As; similar curves 
have been obtained for the three shells of Ga. While for the first shell (figure 2 left) 
the curves appear linear in the whole temperature range, they progressively deviate from 
linearity with temperature for the second and third shells (figure 2 centre and 2 right); a 
non-linear behaviour of the logarithm of the amplitude ratio as a function of kZ is a sign 
of a non-Gaussian distribution. ACzj(T) and AC4j(T) have been obtained by fitting a 
polynomial azk2+a4k4 to the experimental curves in figure 2. The polynomial coefficients 
of the fitting procedure constitute a good approximation to the exact cumutdnts when the 
cumulant series is rapidly convergent [17]. This is true for moderately disordered systems 
such as GaAs in the examined temperature range. 

0 

150K IC___ 

Figure 2. The logarithm of the ~ ( A F S  amplitude ratio functions versus k' (continuous lines) for 
the first (left), second (cenw) and lhird (right) coordination shells of As in GaAs; second order 
polynomial fitting curves (dashed lines). The best fit has been done in the range 5-14 A . 

4. Results 

The experimental results of ACzj(T) and AC4j(T) have been extracted from three sets of 
E W S  measurements at each temperature. Casual errors have been found to be negligible 
with respect to systematic errors coming from different data analysis. By changing the 
procedure of background subtraction and the parameters of Fourier and back-Fourier 
transforms, the overall uncertainties of ACzj have been evaluated to be less than &lo% 
for the first and second shells and about &IS% for the third shells (figure 3) [20]; the 
uncertainties of AC4j are about 20% (figure 4). 

In table 1, the values of AC2j at room temperature are compared with the only 
experimental [21] and theoretical [I61 data available in the literature. The differences 
between the experimental results may be due to different data analysis; as a matter of fact 
we have verified that the use of a standard procedure, which assumes a Gaussian disorder, 
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Figure 3. Second cumulant (Mean Square Relative Figurc 4. Founh cumulants C4 of the distance 
Displacement) of the first three coordination shells of distribution for the first (solid circles), second (dotted 
As (circles) and Ga (alerisks) in GaAs as a function of circles) and third (open circles) coordination shells of 
temperature. The lines are Einstein modeIs, AS and Ga in GUS. 

Table 1. Difference AC1 = Cz(295 K) - Cz(77 K) (in 10-1 A2) between lhe second cumulants 
C2 at 293 and 7 1  K for the fint- and second-shell distances in GaAs. 

Ga-As Ga-Ga AS-As 
References First shell Second shell Second shell 

Present work 0.15iO.01 0.99f0.08 0.7550.06 
LZlI 0.21~0.01 0.71f0.14 0.56i0.11 
(161 0.173 0.755 0.662 

can significantly affect the AC2j values. The discrepancy between our experimental data 
and theoretical data is mainly due to the anharmonic contribution present in the experimental 
AC2j which is not taken into account in the lattice dynamical calculation. In any case all 
data in table 1 agree in the fact that Ga-Ga AC2 is larger than As-As AC2, while, according 
to some calculations [U] the Ga MSD is smaller than the As MSD. This can be explained 
by the difference in the correlation between the motion of Ga-Ga and As-As pairs, 

The fitting procedure of the logarithm of amplitude ratio, based on comparison with a 
reference, yields relative values AC?j(T) and AC4j(T). The absolute values of C2j for the 
first three shells of Ga and As are shown in figure 3 as a function of temperature. They have 
been obtained by vertically shifting the experimental points to match the Einstein model 
curve (continuous line) which best fits the slope of experimental data at high temperatures. 
The absolute values of C ,  reported in figure 4 have been obtained by hypothesizing a 
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Gaussian behaviour at 77 K. 
In figure 3 it is evident that the second cumulants Cz, increase with temperature and 

distance from the central atoms (Ga or As), but for the first shell the fourth cumulant C, is 
zero (figure 4, solid circles) in the whole temperature range, for the second shell Ga-Ga and 
As-As and the third shell Ga-As distances it increases with temperature (figure 4, dotted and 
empty circles). This fact suggests that, in the examined temperature range, the distribution 
of distances of the first shell is Gaussian while the outer-shell distributions are not Gaussian; 
values C4 > 0 are typical of distributions with a shape narrow in the centre and wide and 
flat on the wings. So, the weaker the bonding of backscattering atoms to the central atom, 
the wider and more non-Gaussian the distributions become. Cubic polynomials have been 
best fitted to the C+j in figure 4 since a behaviour of the form A4T3 is expected in the case 
of moderate thermal disorder [22]. A4 is zero for the first shell, is equal to 2.19~10- '~  
and 2 . 3 ~ 1 0 - l ~  (A4 K-3) for the Ga-Ga and As-As distances of the second shells and to 
3 .18~10- '~  (A4 K-3) for the third-shell distances Ga-As. 

5. Discussion. 

We will focus our attention on the temperature dependence of the second cumulant. The 
difference between MSRD and MSD is given by the DCF (equation (6)). Figure 5 shows the 
MSRD of the first three shells of Cia and As together with the theoretical MSD (U&) + (U;$) 

(crosses in figure 5) calculated by Reid [I21 according to a shell model. From figure 5 
it is evident that the correlation of motion between central and backscattering atoms, very 
strong for the first shell, decreases for the outer shells, becoming almost negligible already 
in the third shell. However, since the force constant models are calculated in the harmonic 
approximation, a correct comparison with experimental results can be made only after the 
subtraction of the anharmonic contribution from the experimental M S m  of the second and 
third shells. This subtraction can be done if all four cumulants are known as it has been 
shown in the case of crystalline Ge [231. In the case of Ge, which has shuctural properties 
and cumulants Cz, C, very close to those of GaAs, the anharmonic contribution amounts 
to about 5 4 %  of the MSRD of the second and third shells. 

Table 2. Frequencies 0%~) and temperatures (K) of the Einstein and Debye models for o2 of 
Ga and As first three shells distances. 

Einstein model Debye model 

Central atom Shells Frequency Temperature Frequency 
(THz) (K) mfM 

Tempemure 
( K) 

~~ ~ ~~ 

Ca First. Ga-As 7.510.5 360 9.0i0.6 
Second, Ga-Ca 3.5i0.4 170 5.3*0.5 
Third. GB-AS 3.0i0.3 155 4.810.5 

As First, As-Ga 7.5*0.5 360 9.010.6 
Second, As-& 4.0&0.4 195 5.8i0.5 
Third, As-Ga 3.010.3 155 4.8*0.5 

430 
255 
230 

430 
280 
230 

The Einstein and Debye models are often used to calculate the temperature dependence 
of the MSRD in the absence of knowledge of the microscopic force constants [3. 81. In 
principle the Einstein model seems appropriate when vibrational modes giving the prominent 
conmibution to relative motion fall in a narrow energy band; the correlated Debye model 



3606 G Dalba et ai 

0.03 r w  

Figure 5. Uncomlated MSD (U;,} t (U:,) from [ I l l  
(crosses) and MSRD for the first (solid circles), m n d  
(dotted circles) and third (open circles) coordination 
shells of As and Gain GaAs, 

gives a better approximation when a wider range of modes is important. In table 2 the 
frequencies and temperatures of the Einstein models which best fit the experimental data 
are reported for the three shells of Ga and As: it is noteworthy that the Ga-Ga second-shell 
frequency is lower than the As-As one, and that the first- and third-shell Cia-As Einstein 
frequencies extracted from the Ga Kedge coincide, within the experimental accuracy, with 
the ones extracted from the As K edge. The Einstein frequencies reported in table 2 
constitute useful information about the strength of the effective bond stretching forces. The 
effective stretching force constants of the first, second and third shells are reported in table 
3. In general the Einstein frequencies cannot be correlated in a simple way to the phonon 
density of states. For GaAs the total phonon density of states is characterized by a broad 
band of modes centred at about 2 THz, associated with TA modes, by smaller peaks near 
5.7 and 6.8 THz due to LA modes and by a sharp peak centred at about 7.6-8 THz from a 
massive concentration of optical modes [24, 251. Since the low frequency acoustic modes 
yield a strong correlation of atomic motion they cannot significantly influence the first-shell 
MSRD; it is thus reasonable to assume that the first-shell Ga-As bonding ( W E  = 7.50 THz) is 
mainly influenced by the high-frequency optical modes. The same conclusion was attained 
by other authors [SI for crystalline Ce which is characterized by a density of vibrational 
modes very similar to the one of G A S .  

Table 3. Effective stretching force constanfs derived from Einstein frequencies in Cable 2. 

Shell Bond k (N 6 ' )  

Fii Ga-As 133 
S a n d  Ga-Ga 28 
Second As-As 39 
Third Ga-As 21 
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We have also tried to fit the experimental MSRD with a correlated Debye model [I]. 
For cubic monatomic crystals the Debye approximation is most suitable since it takes into 
account only the acoustic branches of the phonon dispersion curves. The application of 
Debye theory to polyatomic crystals, with a basis of p atoms per lattice point, has been 
reviewed for x-ray diffraction by Homing and Staudenmann [26]. In such solids the 3p 
branches can be represented in a single Brillouin zone, the so called reduced zone or, 
equivalently, in an extended zone which consists of p zones each containing three branches. 
In both representations acoustic and optical branches are substituted by constant-velocity 
acoustic branches. Homing and Staudenmann have shown that, in the classic limit, the 
specific heat Debye temperature, OD. and the x-ray Debye temperature, OM, are related 
by OD = 8Mp"'; for GaAs they report OD = 355 K and OM = 241 K. represents 
a measure of the mean square atomic displacements. EXAFS is sensitive to the relative 
displacements between central and backscattering atoms, so a Debye model must deal with 
correlated motion as Beni and Platzman showed [l]. We have calculated the MSRD of 
Ga and As coordination shells (equation (8) in [27]) using the Debye temperature as free 
parameter of the correlated Debye model which best fits the slope of experimental curves. 
The calculations have been done for the extended zone characterized by a Debye wavevector 

= 1.38 14 -'; Debye frequencies (OD = k&D/fr) and temperatures are reported in table 2. 
In the third shell, where the correlated motion is reduced, the ExAFS Debye temperature OD = 
230 K is close to the x-ray diffraction 8~ = 245 K. As shown in table 2 the Debye correlated 
model is not adequate to interpret the MSRD temperature dependence of the first three shell 
distances with only one temperature [I]. "be inadequacy is due to a wrong evaluation 
of atomic correlation and to the fact that the atomic relative displacements in each shell 
are influenced by different parts of the phonon spectrum. EXAFS Debye temperatures can 
represent measurements of the MSRD. However more significant physical parameters can 
be obtained by comparing the experimental MSRD with refined force constant models or ab 
initio methods. 

6. Conclusions. 

We have measured EXAFS at the K edges of Ga and As in GaAs in the temperature range 
77450 K. Analysing the EXAFS amplitude in terms of cumulants, we have determined the 
temperature dependence of the second and fourth cumulants of the distance distributions for 
the first three coordination shells of Ga and As. A harmonic behaviour has been found for 
the first shell. For the first time a non-Gaussian distribution of distances in the outer shells 
has been monitored by the fourth cumulant. 

A comparison of MSRD of the first three shells of Ga and As with MSD shows that 
the extent of correlation of the atomic motion in the three shells strongly decreases with 
increasing the interatomic distance. This effect is accounted for by the phase relationships 
of phonon eigenvectors; the effect is relevant in non-Bravais lattices due to the influence 
of optical branches [27]. The simplest approximated dynamical calculation, i.e. the 
Einstein model, has allowed to extract the effective stretching force constants of the Ga 
and As bonding in the first three shells. Different Debye temperatures are required to 
interpret experimental MSRD by the correlated Debye model. The inadequacy of the Debye 
approximation, typical of crystals with a strong covalent bonding character [2], shows 
that the interpretation of correlation in the various shells requires more realistic models. 
Recent G A S  vibrational dynamics calculations based on many refined force constant models 
have been reported by Strauch and Domer 1141. The sensitivity of MSRD to the phonon 
polarization could represent a useful test of these models. 
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