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Extended X-ray absorption fine structure (EXAFS) has been measured at both the K edges of gallium and arsenic in GaAs, from 14 to 300 K, to investigate the local vibrational and thermodynamic
behaviour in terms of bond expansion, parallel, and perpendicular mean square relative displacements and third cumulant. The separate analysis of the two edges allows a self-consistent check of
the results and suggests that a residual influence of Ga EXAFS at the As edge cannot be excluded.
The relation between bond expansion, lattice expansion, and expansion due to anharmonicity of
the effective potential is quantitatively clarified. The comparison with previous EXAFS results on
other crystals with the diamond or zincblende structure shows that the values of a number of parameters determined from EXAFS are clearly correlated with the fractional ionicity and with the
strength and temperature interval of the lattice negative expansion. © 2013 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4826629]
I. INTRODUCTION

The structural and vibrational properties of crystals are
generally accounted for by considering the full crystal potential energy, typically within the Born von Kármán approach.1
Experimental probes such as X-ray or neutron elastic and inelastic scattering are sensitive to average structural and dynamical properties: lattice parameters, uncorrelated atomic
displacement parameters, normal modes dispersion, and so
on. Extended X-ray absorption fine structure (EXAFS) is a
short-range probe and gives complementary information on
local properties, such as the correlation of atomic motion and
the bond thermal expansion.2, 3 The possibility of probing the
local structural and dynamical properties and comparing them
with the average properties, in addition to its fundamental interest, is relevant for getting a deeper understanding of differences and similarities between nano-structured and bulk
materials.
The differences between local and average structural
properties can be accounted for as effects of atomic vibrations. The first pioneering works on the effects of atomic vibrations on EXAFS4, 5 focussed their attention on the interpretation of the Debye-Waller exponent within the harmonic approximation in terms of the parallel mean square relative displacement (MSRD). The relevance of asymmetry was early
recognised,6 and the cumulant expansion method7, 8 proved
to be particularly suitable for treating relatively weak thermal
disorder. More recently, the difference between the thermal
expansions measured by EXAFS and by Bragg diffraction in
crystals was experimentally detected, leading to the evaluation of the perpendicular MSRD; the role of the third cumulant was clarified too.9, 10
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All these findings contributed to increase the accuracy of
EXAFS results and to refine their interpretation. They opened
new perspectives for the understanding of phenomena connected to the local vibrational dynamics, such as negative
thermal expansion11, 12 and isotopic effects.13
GaAs is widely employed in the manufacture of electronic and optoelectronic devices, both in bulk form and as
nanoparticles and nanowires. To our knowledge, the last EXAFS study of thermal properties of bulk GaAs dates back
to the 1990s and is limited to the investigation of the parallel MSRD in the temperature range from liquid nitrogen to
room temperature.14 This work presents new EXAFS measurements on GaAs, performed in a temperature range extended down to 14 K, in order to determine the bond thermal
expansion and the MSRDs, both parallel and perpendicular,
as well as the third cumulant and its influence on the bond
expansion.
The aims of this work are many.
(a) A deeper understanding of EXAFS of bulk GaAs can
contribute to increase the accuracy of investigations
on nanoparticles, nanotubes, heterostructures based on
GaAs.
(b) EXAFS gives original information on the local vibrational dynamics, whose reproduction is a quite unique
benchmark for theoretical calculations, including the
phase relations between eigenvectors of the dynamical
matrix and the anharmonicity contributions.15
(c) In recent years, a number of crystals with the diamondzincblende structure, affected by negative thermal expansion (NTE) at low temperatures, has been investigated: Ge,9 CdTe,12 CuCl,16 InP.17 The results suggest
that a correlation exists between the bond ionicity, the
NTE properties and some of the parameters determined
from EXAFS analysis. The results from GaAs add new
information for an intermediate value of ionicity and
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can contribute to a more quantitative evaluation of the
correlations.
(d) The possibility of measuring EXAFS at both the Ga and
As K edges allows a self-consistent evaluation of the experimental accuracy of the EXAFS results. In a previous
study on GaAs, a good agreement was found for the parallel MSRDs determined from the two edges.14 Recently,
an investigation based on EXAFS measurements at both
Cd and Te K edges in CdTe has shown that a very good
agreement can be obtained also for the first and third cumulants and for the perpendicular MSRD.12, 18 The case
of GaAs is, however, technically more delicate: while
the energy difference between the Cd and Te K edges is
5100 eV, the energy difference between the Ga and As
K edges is 1500 eV, corresponding to a photo-electron
wavevector range of about 19.3 Å−1 . It is of interest to
evaluate the influence of the residual Ga EXAFS on the
structural parameters determined from the As EXAFS.
Experimental details and data analysis procedures are
summarized in Secs. II and III. The temperature dependence
of the first-shell first four cumulants and perpendicular MSRD
and of the outer shells second cumulants is presented in
Sec. IV. The discussion of Sec. V is focussed on the leakage of Ga EXAFS on the As EXAFS, on the relation between
the different thermal expansions measured by EXAFS and
Bragg diffraction and on the comparison with other diamondzincblende crystals. Section VI is dedicated to conclusions.

II. EXPERIMENT

Transmission EXAFS measurements have been performed on GaAs powders 99.9999% pure (from STREM) at
the XAFS beamline of Elettra in Trieste, Italy.19 The electron
energy and the average current were 2 GeV and 300 mA, respectively. The X-ray beam was monochromatized by two silicon crystals with flat (111) parallel reflecting faces; the harmonics influence was reduced by reflection from a Pt-coated
mirror.
The samples were prepared as pellets by mixing 0.02 g of
GaAs with 0.20 g of graphite fine powder; a few ethanol drops
were added during the mixing to increase the homogeneity.
The sample homogeneity was checked by examining the distribution of the transmitted X-rays on a phosphorus screen
behind the sample, as well as by scanning the sample using
narrow vertical and horizontal collimating slits. The measurements were performed with the X-ray beam impinging on the
largest homogeneous part in the middle of the sample.
The incoming and outgoing photon fluxes were measured
by two ionization chambers filled with krypton gas, at pressures of 140 and 500 mbar, respectively. A second pellet of
GaAs was inserted between the second and the third ionization chambers at ambient conditions to serve as a reference
for energy calibration.
The sample was mounted in a liquid-He cryostat. A thermocouple (chromel-gold/iron 0.07%) was fixed to the cryostat cold finger, at a distance of about 1 mm from the pellet,
to monitor its actual temperature. The temperature was varied
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in the interval from 14 to 350 K, at 25 or 50 K steps. At each
temperature, three spectra were recorded for each edge.
The edge jump μx was about 1.06 at the Ga K edge
(10 367 eV) and 0.97 at the As K edge (11 867 eV). The
energy of the incident X-rays was scanned in the ranges
E = 10 130–11 745 eV (for Ga) and E = 11 627–13 393 eV
(for As), with a E step varying from 0.2 eV in the near-edge
region to 5 eV at the end of the spectra, in order to obtain a
uniform wavevector step k = 0.025 Å in the EXAFS region.
III. DATA ANALYSIS

The extraction of the EXAFS signals χ (k) from the experimental spectra has been performed according to a well
established procedure.16, 18 For each of the two sets of measurements (Ga and As edges), the values of the photoelectron wave-vector k were calculated with respect to an edge
energy conventionally set at the maximum of the first derivative of one of the low-temperature spectra, chosen as reference. The energy axes of all other spectra were then shifted to
achieve the best superposition with the reference spectrum in
the edge region and the edge energy of each spectrum was determined accordingly. The weighted EXAFS functions k2 χ (k)
at the Ga and As edges are compared for selected temperatures in Figure 1. The Ga EXAFS cannot be studied beyond
kmax  19 Å−1 due to the onset of the As edge. Correspondingly, the As EXAFS is expected to be slightly contaminated
by the high-k tail of the Ga EXAFS.
The k-weighted EXAFS signals k3 χ (k) have been multiplied by a Gaussian window and Fourier transformed from
kmin = 2 to kmax = 18.6 Å−1 and from kmin = 2.4 to kmax
= 18.3 Å−1 for Ga and As EXAFS, respectively. The Fourier
transforms for the Ga and As edges are compared in Figure 2
for selected temperatures. The peak centered at about 2.15 Å
is due to the first-shell single scattering (SS) contribution
(4 atoms at 2.448 Å). The structure between about 3.1 Å and
4.9 Å is due to the superposition of SS contributions from the
second and third shells (12 atoms at 3.997 Å and 12 atoms
at 4.687 Å, respectively) as well as to non-negligible noncollinear multiple scattering (MS) contributions.
To obtain quantitative results, the EXAFS signals have
been parametrized in terms of the leading cumulants of the

FIG. 1. EXAFS functions k2 χ (k) at the K edge of Ga (left) and As (right) in
GaAs at some selected temperatures.
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sidered independent of temperature as before, S02 was equal
for all paths and four different values of e0 were refined for the
four different paths. The radius of the triangular MS “path4”
was expressed in terms of the radii of the first and second SS
paths as, r4 = r1 + r2 /2. The second cumulants of the triangular MS “path4” have been constrained to those of the first and
second SS paths.
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FIG. 2. Fourier transforms of the EXAFS functions at the K edge of Ga (left)
and As (right) in GaAs at some selected temperatures: imaginary part (dashed
lines) and moduli (continuous lines).

distributions of inter-atomic distances,7 and two different
analysis procedures have been carried out.10, 16
As a first procedure, the ratio method7, 20, 21 has been utilized for the first coordination shell, whose contribution can
be neatly isolated (Figure 2) and where MS effects are absent.
For each of the two sets of measurements (Ga and As edges),
the first-shell EXAFS signals have been obtained by Fourier
back-transform of the corresponding peaks in r-space (Fig. 2),
and the phases and amplitudes have been separately analysed,
taking the lowest temperature spectrum as reference. The ratio
method gives the relative values δCn of the leading cumulants
of an effective distribution7 P(r, λ) = ρ(r)e−2r/λ /r2 , where ρ(r)
is the real distribution of distances and λ is the photoelectron
mean free path. The cumulants of the real distribution, Cn∗ ,
have been derived from the cumulants of the effective distribution, Cn , according to the recursion formula of Ref. 16; the
electron mean free path was set to the value λ(k) = 9 ± 3 Å.
The difference between the cumulants of the real and effective
distributions is significant only for the first cumulant. The criteria for evaluation of the cumulants accuracies is discussed
in Ref. 18.
In the second procedure, backscattering amplitudes,
phase shifts and inelastic terms have been calculated by using the FEFF6 code22, 23 and a nonlinear best-fit of theoretical
to experimental spectra has been performed by the IFEFFIT
code24 using the graphical interface Artemis.25 For the first
shell, this procedure allows a check of the ratio method results; for the outer shells, it reasonably takes into account both
SS and MS contributions. The first shell signal has been fitted in r-space between 1.6 Å and 2.6 Å; the values of e0 and
S02 were considered independent of temperature and a unique
value was refined at all temperatures; relative values of the cumulants have been calculated with respect to the lowest temperature, to allow a direct comparison with the ratio method.
The signal of the first and of the outer shells has been
globally fitted in r-space between 1.6 Å and 4.8 Å including
the first, second, and third-shell SS paths and a MS triangular
“path4” Ga0 –Ga2 –As1 or As0 –As2 –Ga1 for Ga or As EXAFS,
respectively. Another MS “path3” Ga0 –As1 –As1 or As0 –Ga1 –
Ga1 , occurring at the same path-length as “path4” but with
smaller amplitude, was neglected. While e0 and S02 were con-

A. First-shell bond expansion

The first cumulant is the average value of the real
distribution of distances, C1∗ = r = |rb − ra |, where ra
and rb are the vector positions of the absorber and backscatterer atoms, respectively. The temperature variation
δC1∗ = C1∗ (T ) − C1∗ (14 K) measured by EXAFS and corresponding to the bond expansion is shown in Figure 3: the
agreement between the results from the ratio method (full circles) and the nonlinear fit (open circles) is very good for both
edges.
The bond expansions δC1∗ measured from the Ga and the
As edges are in a worse agreement with respect to what was
previously found for CdTe, where the bond expansions were
measured from the Cd and Te edges.12 In both cases (CdTe
and GaAs), the bond expansion δC1∗ from the low-energy
edges (Cd and Ga, respectively) is regular, while the bond expansion from the high energy edges (Te and As, respectively)
shows a bump around T  100 K. However, while the bump
for the Te case is comparable with the uncertainty bars,18 the
bump for the As case is significantly larger and cannot be simply attributed to random fluctuations. A possible explanation
for this behaviour is the leakage of the Ga EXAFS in the As
EXAFS (see Sec. V).
In Figure 3, the temperature variation δRc = Rc (T)
− Rc (14 K) of the crystallographic distance Rc = |rb 
− ra | proportional to the lattice expansion measured by
dilatometric techniques is also shown: as one can see,
there is a non-negligible discrepancy between the values of
Novikova27 from 28 to 348 K (open squares) and the values
of Leszczynski et al.28 from 10 to 295 K.
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FIG. 3. Variation with temperature of the first-shell distance from EXAFS
at the Ga (left panel) and As (right panel) K edges. Solid and open circles
are relative values from the ratio method and from FEFFIT, respectively. The
bond expansion evaluated from the lattice thermal expansion is represented
by open squares (from Smith and White26 and Novikova27 ) and by open diamonds (from Leszczynski et al.28 ).
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As expected, the expansion measured by EXAFS is larger
than the crystallographic expansion owing to the effect of
thermal vibrations perpendicular to the bond10, 29
δr = δRc +

δu2⊥ 
2Rc

(1)

,

where u2⊥  is the perpendicular mean square relative displacement (see below).
B. First-shell parallel MSRD

The second cumulant C2∗ is the variance σ 2
= (r − r)2  of the real distribution of distances; it
corresponds to the MSRD along the bond direction (for short,
parallel MSRD):4
σ 2 = u2  = (R̂ · ua )2 +(R̂ · ub )2 −2(R̂ · ua )(R̂ · ub ),
(2)
where ua and ub are the instantaneous displacements of absorber and back-scatterer atoms, respectively, R̂ is the unit
vector along the bond direction and u = ub − ua .
Absolute values of the parallel MSRD have been evaluated by fitting an Einstein correlated model30 to the relative
values from the ratio method and from the nonlinear fit analysis and are shown in Fig. 4 as solid circles.
The best-fitting Einstein frequencies are slightly different for the two edges and for the different analysis methods.
As one can see in Table I, the difference between the three
analysis methods is larger for the As edge (up to 4%) than
for the Ga edge (about 1%). On the other hand, the difference between the As and Ga edges for the ratio method is less
than 0.2%. One reasonable explanation for this behaviour is
the leakage of the Ga EXAFS in the As EXAFS, which was
previously suggested to affect the phase of the EXAFS signal and be responsible for the slightly anomalous behaviour
of the bond expansion at the As edge. The leakage effect on
the EXAFS amplitudes is probably boosted, in the nonlinear
fitting procedures, by the correlation of phase and amplitude
parameters, which is weaker in the ratio method.
Assigning a larger weight to the results from the ratio
method and from the Ga edge, we quote the average Ein-

2

MSRDs (Å )

As

Ga

0.016

TABLE I. Einstein frequencies (in THz) best fitting the first-shell parallel
MSRD.
Analysis method

Ga

As

Ratio method
Nonlinear fit, 1 path
Nonlinear fit, 4 paths

6.83
6.88
6.90

6.84
7.05
7.10

stein frequency and its standard uncertainty as ν  = 6.89
± 0.08 THz. The Einstein frequency corresponds an effective bond-stretching force constant k = μ(2π ν  )2 = 7.02
± 0.16 eV/Å2 , where μ is the reduced mass.
The value 6.89 ± 0.08 THz of the Einstein frequency is
slightly smaller than the value 7.5 ± 0.5 THz quoted in a previous paper,14 which was based on measurements performed
only at and above 77 K at a first-generation synchrotron radiation source.
C. First-shell perpendicular MSRD

The perpendicular MSRD u2⊥  is the projection of the
total MSRD in the plane perpendicular to R̂ and is defined
by29
u2⊥  = u2  − u2 .

(3)

As usual,10, 12 the temperature dependence of u2⊥  has
been experimentally obtained from the difference between
δC1∗ and δRc , by inverting Eq. (1). In the present case, two
significantly different crystallographic expansions have been
quoted in the literature27, 28 (Fig. 3) and two different estimates of δu2⊥  have been obtained accordingly.
Absolute values of u2⊥  have been evaluated in both
cases by fitting an Einstein correlated model to the relative
values.30 The results are shown in Fig. 4, where the halfvalues u2⊥ /2, corresponding to the projection along one
direction (solid squares and diamonds), are compared with
u2  (solid circles). The temperature dependence of the perpendicular MSRD is more regular for the Ga edge than for the
As edge, as a consequence of the bump observed in the bond
expansion measured at the As edge.
The best-fitting Einstein frequencies ν ⊥ for the perpendicular MSRDs and the corresponding effective force constants k⊥ = μ(2π ν ⊥ )2 are listed in Table II, together with
the parameter ξ = k /k⊥ that measures the perpendicular to
parallel anisotropy of relative displacements.12, 29
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TABLE II. Einstein frequencies ν ⊥ and effective force constants k⊥ best fitting the first-shell perpendicular MSRD and anisotropy parameter ξ = k /k⊥ .
The results from the crystallographic expansions of Leszczynski et al.28 and
of Novikova27 are distinguished.

300

Ga

T(K)

FIG. 4. Parallel MSRD u2  (solid circles) and half perpendicular MSRD
u2⊥ /2 (solid squares and diamonds refer to crystallographic distances
from Novikova27 and from Leszczynski et al.,28 respectively). Dashed lines
are best-fitting Einstein models. Left and right panels refer to Ga and As
edges, respectively.

ν ⊥ (THz)
k⊥ (eV/Å2 )
ξ = k /k⊥

As

28

27

28

27

3.30 ± 0.03
1.61 ± 0.03
4.36 ± 0.03

3.54 ± 0.04
1.85 ± 0.04
3.78 ± 0.03

3.28 ± 0.03
1.59 ± 0.03
4.41 ± 0.03

3.52 ± 0.04
1.86 ± 0.04
3.77 ± 0.03
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FIG. 5. Third cumulants obtained from Ga (left panel) and from As (right
panel). The solid circles are results from the ratio method, fitted to a quantum
perturbative model (dashed lines). The open circles and open squares are results from nonlinear fit including four and one scattering paths, respectively.

100

The third cumulant
= (r − r) , which measures
the asymmetry of the distribution of distances, is shown in
Figure 5, where the results for the Ga and As edges and for
the different analysis procedures are compared. The difference between Ga and As edges is immediately evident.
For the Ga edge (Fig. 5, left panel), absolute values C3∗
(full circles) have been evaluated by fitting the quantum perturbative model31, 32

C4∗ = −

z + 10z + 1
(1 − z)2

(4)

to the relative values from
 the ratio method. In Eq. (4),
z = exp (−β¯ω ), ω = k /μ, μ is the reduced mass and
ω is the Einstein angular frequency determined from the second cumulant. The value of the best-fitting third-order force
constant is k3 = −3.94 eV/Å3 , and the zero Kelvin value is
0.45×10−5 Å3 . The values obtained by the nonlinear fitting
procedures (open symbols in Figure 5) have the same temperature dependence as the values of the ratio method, consistent
with the model of Eq. (4); the absolute values are however
higher; the discrepancy could be due to residual structural disorder or to a slight inaccuracy of phase calculations.
The situation for the As edge is quite different (Fig. 5,
right panel). Only the high-temperature data of the ratio
method are consistent with the theoretical model determined
from the Ga results (dashed line); the low-temperature data
exhibit a completely different trend. Also the nonlinear fit
results are significantly different, both in absolute and relative values, from the Ga results. This behaviour can be correlated with the anomalous behaviour of the bond expansion. The larger deviation from regularity found by the ratio
method with respect to the nonlinear-fit can be attributed to
the stronger sensitivity of the ratio method to the quality of
data, in particular when tiny phase differences are considered.

The fourth cumulant C4∗ is shown in Figure 6, where
the results from the ratio method for Ga and As edges are
compared.

300

12 k4 σ08 z3 + 9z2 + 9z + 1
¯ω
(1 − z)3

−

144 k4 σ08 z2
kB T (1 − z)4

+

12 k32 σ010 5z3 + 109z2 + 109z + 5
(¯ω)2
(1 − z)3

+

720 k32 σ010 z2
¯ωkB T (1 − z)4

(5)

(dashed line) with a fourth-order force constant k4
= −3.96 eV/Å4 and a zero point value 0.7×10−7 Å4 . The
fourth cumulants from the As edge (Fig. 6, right panel) show
a less regular behaviour, still compatible with the model (5)
best-fitting the fourth cumulants of the Ga edge.
F. Outer shell results

As in previous similar works,10, 12 no results of sufficient
resolution and accuracy could be obtained for the thermal expansion of single interatomic distances of the outer shells.
Accurate results have been obtained for the second cumulants (parallel MSRDs), whose temperature dependence
is shown in Figure 7. Three pairs of atoms are involved:
Ga–As for the first and the third shells of both Ga and As,

As

Ga

0.016
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0

0

E. First-shell fourth cumulant
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The Ga results (Fig. 6, left panel) are satisfactorily fitted
to the quantum perturbative model32
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2 k3 σ04
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FIG. 6. Fourth cumulants obtained from Ga (left panel) and from As (right
panel). The solid circles are results from the ratio method, fitted to a quantum
perturbative model (dashed lines).
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FIG. 7. Parallel MSRDs for the first three coordination shells of Ga (left
panel) and of As (right panel): 1st shell (circles), 2nd shell (squares), 3rd shell
(diamonds). Open squares, up triangles, and down triangles are the sums of
uncorrelated MSDs from Ref. 33 for the three possible pairs: Ga–As, Ga–Ga,
and As–As, respectively.
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TABLE III. Einstein frequencies ν  , effective force constants k , and Debye
temperatures D of the first three coordination shells determined from Ga
and As EXAFS.
ν  (THz)
Shell
1
2
3

Ga–As
Ga–Ga
As–As
Ga–As

k (eV/Å2 )

D

(K)

Ga

As

Ga

As

Ga

As

6.86
4.02

6.96

6.96
2.30

7.16

401
231

403

3.52

4.18
3.37

1.823

2.68
1.68

201

240
193

Ga–Ga for the second shell of Ga, As–As for the second shell
of As. The Einstein frequencies and the corresponding effective force-constants k are listed in Table III. The force constant of the As–As 2nd-shell distance is larger than the force
constant of the Ga–Ga 2nd-shell distance. A similar behaviour
was found for the Cd–Cd and Te–Te pairs in CdTe.12 The expected agreement between the results of the separate analyses of the Ga and As EXAFS for the 3rd shell (Ga–As distance) is worse than in the case of CdTe. The last column of
Table III lists the Debye temperatures of the best fitting Debye
correlated model.
The sums of uncorrelated mean square displacements
(MSD) (R̂ · ua )2  + (R̂ · ub )2  are also shown in Figure 7;
these values have been obtained from the Debye-Waller factors calculated by a shell model33 best-fitting the experimental phonon dispersion curves. The MSD values are of help
in evaluating the correlation effects, which decrease in going
from the first to the third shell. By comparing Figure 7 with
Figure 4 one can also appreciate that the correlation effect is
much stronger for the parallel than for the perpendicular relative atomic motion.
V. DISCUSSION
A. Comparison of Ga and As edges

A non-negligible discrepancy has been observed between
the results from the Ga and As edges, mainly concerning the
phase of the signal. The first-shell bond expansion and the
perpendicular MSRD from As are characterised by a bump
in a temperature region around about 100 K (Figs. 3 and 4),
and the third cumulant has a very irregular behaviour at low
temperatures (Fig. 5). The corresponding quantities from Ga
EXAFS exhibit a regular temperature dependence. A similar
effect, although much weaker, was observed for CdTe;12, 18 in
that case, the discrepancy between the results from Cd and
Te EXAFS was consistent with the uncertainty bars. In the
present case of GaAs the discrepancy is significantly larger
than the uncertainty bars.
One possible cause of the discrepancy is the residual influence of the Ga EXAFS on the As EXAFS. The distance
between the two edges corresponds to k  19.3 Å−1 (for
CdTe, k  36 Å−1 ).
To support this hypothesis, one can easily verify that the
frequencies of the 1st, 2nd, and 3rd shell contributions to
the Ga EXAFS, when extended beyond the As K edge, are
comparable with the frequency of the 1st-shell contribution to

the As EXAFS for k ≥ 5 Å−1 . Besides, the amplitude of the
Ga EXAFS contributions in the As EXAFS region, reduced
by the decreasing backscattering amplitude and the DebyeWaller factor, is of the order of 1% with respect to the As
EXAFS, not negligible when tiny effects of phase variations
are sought.
The comparison between EXAFS at different edges is in
principle a valuable check of self-consistency of experimental results.18 The case of GaAs suggests, however, that such
a check should be considered quite cautiously even for relatively distant edges when resolutions (and accuracies) better
than 10−3 Å are sought for relative distances.
B. Bond expansion and crystallographic expansion

The difference between bond expansion δC1∗ and the
crystallographic expansion δRc , according to Eq. (1), allows
the evaluation of the perpendicular MSRD.10, 12 The accuracy
of this procedure is affected by the accuracies of the involved
experimental techniques; for GaAs, the crystallographic thermal expansions of Novikova27 and of Leszczynski et al.28 lead
to two different estimates of perpendicular MSRD (Fig. 4). In
the following, we refer to the results of Novikova,27 which are
part of an extensive work of thermal expansion measurements
on many crystals; the results of Novikova had been previously
considered also for CdTe.12
EXAFS and crystallographic expansions have been independently represented in Fig. 3, where both expansions are
zero for T = 0 K. Once the absolute values of the perpendicular MSRD and of the second and third cumulant have been
evaluated, one can attempt to gain a better quantitative evaluation of the difference between EXAFS and crystallographic
expansions.
Let R0 be the distance between absorber and backscatterer atoms, ideally frozen at their equilibrium positions. The
bond distance measured by the first EXAFS cumulant r
can be expressed, by simple considerations of vibrational
dynamics,29 as
r  R0 + u  +

u2⊥ 
,
2R0

(6)

where R0 + u  = Rc is the crystallographic distance. Note
that u  is different from zero even at T = 0 K. By measuring the crystallographic distance Rc at different temperatures,
one can obtain the relative crystallographic expansion δRc
= Rc (T) − Rc (0) but not the absolute expansion corresponding to u . The bond and crystallographic expansions δr
and δRc are connected by Eq. (1).
Alternatively, the bond distance can be expressed, within
the one-dimensional model,29 as
r  R0 + a + δR ,

(7)

where a = −3 k3 C2 /k is the absolute expansion solely due
to the asymmetry of the effective pair potential, as evaluated
by a quantum perturbative approach,31 and δR is the contribution to expansion due to a rigid shift of the effective pair
potential.10, 34
The quantity a, evaluated from the experimental values
of the second cumulant C2 and of the force constants k and
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FIG. 8. Bond distance r (solid circles), thermal expansion due to the asymmetry of the effective pair potential (diamonds) and crystallographic distance
(continuous line) evaluated with respect to the hypothetic distance of atoms
frozen at their equilibrium positions at T = 0 K.
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C. Comparison of zincblende structures

Let us now compare the present results for GaAs with
the results previously obtained for other crystals with the di-

CdTe

2
1
0
0

k3 , is shown by diamonds in Fig. 8. If one assumes δR
= 0 for T = 0 K in Eq. (7), the zero of the vertical axis in
Fig. 8 corresponds to the equilibrium distance R0 (unknown),
and the bond expansion δr measured by the variation of the
first EXAFS cumulant δC1∗ can be considered as beginning at
the value of a for T = 0 K (solid circles in Fig. 8).
The difference of the temperature dependencies δa and
δr confirms that the bond expansion measured by the variation of the first cumulant cannot be accounted for solely by
the asymmetry of the effective pair potential, as experimentally found in a number of different cases.9, 10, 12, 16, 35 These
findings justify the assumption of a temperature dependent
rigid shift of the effective pair potential δR in Eq. (7).
The presence of the rigid shift has been confirmed for
Cu by path-integral Monte-Carlo simulations34 and for Ge by
Molecular Dynamics simulations.36 In both cases, the simulations further show that for the second and outer shells the
contribution of the potential asymmetry to the inter-atomic
distance thermal expansion is much smaller than for the first
shell, and the contribution of the effective potential shift is
predominant.
It has to be here remembered that the effective pair potential connected to the distribution of interatomic distances
sampled by EXAFS is different from the (temperature independent) single pair potential; the effective pair potential depends on the statistically averaged influence of all the other
atoms.37
Once the bond distance r has been represented with
respect to R0 in Fig. 8, one can take advantage of the absolute
values obtained for the perpendicular MSRD to arrange the
crystallographic distance Rc = r − u2⊥ /2R0 on the same
scale (continuous line, from Ref. 27). The difference between
the EXAFS distance and the crystallographic distance at
T = 0 K is about 1.6 × 10−3 Å, intermediate between the values 1.5 × 10−3 and 1.8 × 10−3 Å found for Ge and CdTe,
respectively.18 Again at T = 0 K one can evaluate u  = Rc
− R0  1.8 × 10−3 Å.

GaAs

0.2

0.4
Ionicity

0.6

0.8

FIG. 9. Parallel and perpendicular effective force constants k and k⊥ (upper
panel) and anisotropy parameter ξ 1/2 = (k /k⊥ )1/2 (lower panel) as a function
of ionicity for a number of different crystals sharing the diamond-zincblende
structure. The diamonds for GaAs are the values obtained from the crystallographic expansion of Leszczynski et al.28 The dashed lines are a guide for
eyes. The in-scale two-dimensional projections of the ellipsoids of relative
displacements at T = 300 K are sketched at the bottom of the lower panel.

amond or zincblende (sphalerite) structure: Ge,9, 13 CdTe,12
and CuCl.16
When comparing the vibrational properties of different
isostructural compounds, it is preferable to refer to the effective force constants rather than to the frequencies. Actually,
the frequencies ν = (k/μ)1/2 /2π represent the response of the
pair of atoms to the interaction force, and depend on the inertia, measured by the reduced mass.
The parallel and perpendicular effective force constants
best-fitting the temperature dependence of the parallel and
perpendicular MSRDs, k and k⊥ , respectively, are plotted in
the upper panel of Fig. 9 as a function of the fractional ionic
character.38 Both effective force constants decrease when the
ionicity increases, indicating the progressive loosening of the
resistance against bond stretching and bond bending, respectively. Correspondingly, the extent of relative thermal motion
increases in both parallel and perpendicular directions with
respect to the bond. The different values of the two effective
force constants k and k⊥ and their different dependencies on
ionicity imply that the distributions of relative displacements
are not isotropic. While the distributions of the single atom
displacements are spherical in all the diamond-zincblende
crystals, for symmetry reasons, the ellipsoids of relative displacements are disc-shaped, the anisotropy depending on the
degree of ionicity.
A previously introduced measure of the anisotropy of relative displacements,12, 39
ξ =

u2⊥ 
k
= lim
T →∞ 2u2 
k⊥


(8)

refers to the asymptotic ratio of the parallel and perpendicular
MSRDs. A more direct insight is given by the square root of
ξ , which is connected with the standard deviations σ of the
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ellipsoids:
ξ 1/2 = lim σ⊥ /σ .

(9)

T →∞

The anisotropy parameters ξ 1/2 are shown in the lower panel
of Fig. 9. Their values are significantly larger than one
(isotropy case) and increase when the ionicity increases. A
pictorial comparison of the relative extent of the ellipsoids of
relative displacements for T = 300 K is given at the bottom of
the lower panel in Fig. 9.
For copper,10 the anisotropy parameter is ξ 1/2 = 1.1. The
larger anisotropy of the diamond-zincblende crystals with respect to fcc copper can be qualitatively understood in terms
of their low coordination number and open structure, which
favours the relative vibrations of neighbouring atoms perpendicular to the bond direction.
The experimental values of the asymptotic ratios
limT →∞ u2⊥ /u2  = 2ξ are 2.2 for Cu, 5.78 for Ge, 7.44
for GaAs, and 9.15 for CdTe, in good agreement with the values calculated ab initio by Vila et al.,15 2.36 for Cu at 500 K
and 7.2 for diamond lattices at 600 K.
The effective force constants k and k⊥ should not be confused with the force constants of lattice dynamical models.
A comparison of the EXAFS effective force constants with
the force constants kr and kθ of a valence force field (VFF)
model40 that Martin38 extended to ionic ZB systems has been
performed for Ge, CdTe, and CuCl in Ref. 12. For Ge, k is
12% larger than kr and k⊥ is about six times larger than kθ .
When the ionicity increases, the decrease of k is stronger
than the decrease of kr , and k⊥ is always about six times larger
than kθ .
The third order force constant k3 , obtained by best fitting Eq. (4) to the temperature dependence of the third cumulant, exhibits a regular trend as a function of ionicity
(Fig. 10, top panel). The third-order force constant quantifies the first anharmonic correction to the effective pair potential. The decrease of |k3 | is accompanied by an increase of
the third cumulant, say of the asymmetry of the distribution

4

3

3

|k | (eV/A )

5

3
2
1
0
0.6

of distances, when the ionicity increases. This apparent contradiction can be solved by considering the relation between
k3 and the third cumulant, Eq. (4). The classical approximation C3 = −(6k3 /k3 ) (kB T )2 (Refs. 20 and 41), which significantly differs from the quantum expression (4) only at very
low temperatures, shows that the third cumulant depends proportionally on k3 and inversely on the third power of k . In all
considered systems, the decrease of k3 is accompanied by a
decrease of k , which explains the third cumulant increase.
The asymmetry of the distribution of distances is mea3/2
sured by the skewness parameter β = C3 /C2 , which is a
temperature dependent quantity. As one can see in the bottom
panel of Fig. 10, the asymmetry increases when the ionicity
increases.

D. Negative thermal expansion

The tetrahedral semiconductors here considered undergo
isotropic NTE within limited low-temperature intervals.42
The NTE strength, measured by the minimum value of the
expansion coefficient and by the width of the NTE temperature interval, increases with increasing ionicity.
According to the Barron’s phenomenological model,43
the lattice expansion measured by dilatometry or Bragg scattering is the sum of a positive bond stretching contribution
due to the anharmonicity of the effective pair potential and
a negative contribution due to tension effects. When tension
effects prevail over bond stretching, the solid contracts upon
heating.
The direct measurement by EXAFS of the bond expansion δr and, by comparison with crystallographic expansion, the evaluation of the perpendicular MSRD u2⊥  correspond to experimentally disentangling the contributions of
bond stretching and tension effects to the lattice thermal expansion, as per Eq. (1).
Tension effects are particularly effective in crystals where
linear A–B–A links are present, such as framework structures or delafossite structures;39, 44, 45 in these systems, tension effects are monitored both by the anisotropy of the atom
B vibrations and by the stronger anisotropy of the relative
vibrations of the A–B pair. In crystals with the diamondzincblende structure, the atomic vibrations are isotropic for
symmetry reasons; only the relative vibrations of nearestneighbour pairs evaluated from EXAFS are anisotropic, the
anisotropy increasing with the ionicity and with the strength
of NTE (Fig. 9).

Skewness

T=300 K

E. Outer shells Debye-Waller factors

0.4
0.2
Ge

0
0

GaAs
0.2

CuCl
CdTe

0.4
0.6
Ionicity

0.8

FIG. 10. Magnitude of the third-order effective force constant |k3 | (top
3/2
panel) and skewness parameter β = C3 /C2 evaluated at T = 300 K (bottom panel) as a function of ionicity for a number of different crystals sharing
the diamond-zincblende structure.

The parallel MSRDs for the first three coordination shells
are shown in Fig. 7. As expected, the parallel MSRDs increase
when the inter-atomic distance increases from first to third
shell.
A quantitative assessment of the different behaviour of
the different shells, as well as of the agreement between Ga
and As EXAFS, can be obtained from the values of the parallel effective force-constants k that are listed in Table III. The
agreement between the Ga and As EXAFS is good for the 1st
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shell (Ga–As distance). The force constant of the As–As 2ndshell is about 15% larger than the force constant of the Ga–Ga
2nd-shell. A similar behaviour was found for CdTe,12 where
the force constant of the Te–Te 2nd-shell is about 30% larger
than the force constant of the Cd–Cd 2nd-shell. A discrepancy
of 8% is present for the Ga and As third shell force constants,
which refer to the same Ga–As coordination (a much smaller
discrepancy was found for CdTe).
The temperature dependence of the parallel MSRDs have
been fitted to Debye correlated models. The Debye temperatures for the different coordination shells, listed in Table
III, are significantly different, varying from about 400 K for
the first shell to about 200 K for the third shell. The specific
heat Debye temperature46 is D = 344 K at 0 K and about
370 K above 100 K. For copper, the Debye temperatures of
first, third, and fourth shells are instead very similar (in the
range from 322 to 329 K) and the Debye temperature of the
second shell is only slightly smaller (291 K)10 in good agreement with the Debye temperatures of specific heat and of Xray diffraction (315 and 313 K, respectively).
The Debye model is based on a more realistic approximation to the density of vibrational states than the Einstein
model. The difference between the two models can, however,
be barely appreciated when fitting to experimental data, in
view of the data uncertainty and of the anharmonicity contributions. The Debye model is useful for monatomic Bravais
crystals, such as copper, for which the Debye temperature is
very similar for the different coordination shells and comparable with the Debye temperatures from other techniques. For
non-Bravais crystals, such as Ge or GaAs, the Einstein model
is recommended for its simplicity and for the possibility of
connecting the Einstein frequencies to the effective force constants that measure the effective strength of the bond between
absorber and backscatterer atoms.
By comparing the parallel MSRDs with the sum of the
single atom MSDs, one can evaluate the degree of correlation
for the different coordination shells. The extent of correlation
can be measured by a dimensionless normalised function of
temperature defined as47, 48
φ (T ) =

(R̂ · ub )2  + (R̂ · ua )2  − u2 
2[(R̂ · ub )2 (R̂ · ua )2 ]1/2

.

(10)

A value φ  = 0 corresponds to a completely uncorrelated motion of the two atoms. Values φ  = 1 and φ  = −1 correspond to atomic motions perfectly in phase and in opposition
of phase, respectively.
The values φ  at T = 300 K for the different shells of
GaAs are listed in Table IV and compared with the values
for other systems. The reliability of the φ values depends not
only on the accuracy of EXAFS results, but also on the accuracy of the uncorrelated MSDs values. For Cu and CdTe,
good quality recent experimental MSD data are available in
the literature.49–51 For GaAs and Ge we refer here to theoretical calculations.33, 52
In spite of the difficulty in assessing the accuracy of experimental and theoretical data, some qualitative properties
are evident in Table IV. The first-shell parallel correlation is
much stronger in tetrahedral semiconductors than in copper.

TABLE IV. Correlation functions φ  and φ ⊥ evaluated at T = 300 K for
different crystals. For the 2nd shells of GaAs and CdTe, the first and second
lines refer to the lightest pair (Ga–Ga and Cd–Cd) and to the heaviest pair
(As–As and Te–Te), respectively.

φ

φ⊥

Shell

Cu

Ge

GaAs

CdTe

1
2

0.46
0.14

0.77
0.18

3
4
1

0.24
0.23
0.36

0

0.76
0.32
0.44
0.14

0.83
0.33
0.41
0.27

0.37

0.18

0.13

This difference can be attributed to the difference between the
totally or partially covalent bonds of tetrahedral semiconductors and the metallic bond of copper. The correlation is instead
comparable for the outer shells.
For the first shell, one can evaluate a perpendicular correlation φ ⊥ by substituting u2⊥ /2 for u2  in Eq. (10).
The φ ⊥ values at 300 K are listed in the last line of Table IV.
The perpendicular correlation is only slightly larger than the
parallel correlation for Cu; correspondingly, the anisotropy
is very small. The perpendicular correlation of Ge is significantly smaller than the parallel correlation; this explains the
larger anisotropy of Ge. The similarity of perpendicular correlations of Cu and Ge suggests that the smaller lateral rigidity
of the metallic bond with respect to the covalent bond is compensated by the closer packing of the fcc structure. The reduction of perpendicular correlation in going from Ge to GaAs to
CdTe is an effect of the increasing ionicity.

VI. CONCLUSIONS

Temperature dependent EXAFS measurements have
been performed on GaAs at both the Ga and As K edges, from
14 to 300 K. The first cumulants of the nearest-neighbours
distance distribution are in satisfactory agreement; the residual discrepancy between Ga and As EXAFS suggests that
the influence of the Ga EXAFS on the As EXAFS is not
negligible.
The bond expansion measured by EXAFS, the crystallographic expansion and the contribution to expansion due
to the asymmetry of the effective potential are significantly
different. The effect of perpendicular vibrations on nearestneighbours thermal expansion has been estimated as 1.6
× 10−3 Å at 0 K for GaAs.
The comparison with previous EXAFS results for other
crystals with the diamond-zincblende structure shows that a
correlation exists between the fractional ionic character and a
number of parameters, such as the parallel and perpendicular
force constants, the anisotropy of relative vibrations and the
skewness parameter.
By EXAFS measurements one can disentangle the contributions to lattice expansion due to bond stretching and to tension effects. The intensity of perpendicular relative vibrations
and the anisotropy of relative thermal ellipsoids are correlated
to the strength of negative thermal expansion.
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The calibration of EXAFS measurements and analyses
on model crystals such as bulk GaAs should be of benefit
to EXAFS studies of more complex systems, such as nanostructures, interfaces, random ternary alloys.
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