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In extended X-ray absorption fine structure (EXAFS) theory, the thermal disorder can be described by means of
the moments of atomic displacement so-called EXAFS cumulants. In this work, thermal disorder and anhar-
monicity of cesium iodide (CsI) have been studied based on the anharmonic correlated Debye model in EXAFS
theory. Analytical expressions of the first three EXAFS cumulants and the anharmonic factor were derived.
Numerical calculations have been performed to determine these thermodynamic quantities of CsI up to tem-

perature 700 K using the Lennard-Jones potential combined with Coulomb interaction contribution. It showed
that the anharmonicity of thermal lattice vibrations gave significant contributions to the EXAFS cumulants. By
investigation of the anharmonic factor in EXAFS theory we highlight the importance of anharmonicity not only
at high temperature but also at low temperature in CsI crystal. This behavior of cesium iodide departs from
copper metal, where the anharmonic contribution was unveiled almost zero at temperature below 100 K.

1. Introduction

Cesium halides (such as cesium chloride (CsCl), cesium bromide
(CsBr), and cesium iodide (CsI)) with simple CsCl structure (B2, Pm3m)
exhibit many outstanding physical properties such as large dielectric
constant (Bingol et al., 2015), and low lattice thermal conductivity
(Gerlich and Andersson, 1982). These properties have been clarified
closely related to phonon-phonon scattering as well as phonon anhar-
monicity (Sist et al., 2017; Wei et al., 2019). In condensed matter
physics, anharmonicity in a system is mathematically described by a
nonlinear relation between force and atomic displacement which de-
parts from linear harmonic behavior. It was revealed to have a sig-
nificant contribution to many fascinating physical properties including
the negative thermal expansion (Li et al., 2011), high-T, super-
conductivity (Bang et al., 2009), multiferroicity (Bansal et al., 2018)
and lattice thermal conductivity (Li et al., 2015). Interestingly, whereas

phonon anharmonicity is usually found at high temperatures because of
the large amplitude of the atomic vibration, low temperature anhar-
monicity was discovered existing in cesium halides. For example, this
unusual phenomenon was recently experimentally observed in CsI from
inelastic neutron scattering measurements (Wei et al., 2019), and in
CsCl by high-resolution X-ray diffraction (Sist et al., 2017).

The extended X-ray absorption fine structure (EXAFS) is a powerful
method to investigate thermal behavior of materials (Willis and Pryor,
1975; Crozier et al., 1988; Hung et al., 2010). Previously, in the fra-
mework of the ab-initio EXAFS data-analysis (GNXAS method) com-
bining with EXAFS measurements and reliable molecular dynamics si-
mulations, the anharmonic effects in solid KBr (Cicco et al., 1996) and
AgBr (Di Cicco et al., 2000) were investigated. The authors pointed out
that the first-neighbor distribution functions of these two binary com-
pounds are strongly asymmetric even at moderate temperature (Cicco
et al., 1996; Di Cicco et al., 2000). Nevertheless, to our best knowledge,
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although phonon anharmonicity in cesium halides has been attracted
attention of many authors, there is a lack of study considering the an-
harmonicity and thermal disorder in EXAFS. On the theoretical side, in
order to analyze these effects in EXAFS for the first shell where the
EXAFS analysis needs to consider only single scattering of the photo-
electron emitted from the absorber as it hits upon one of its neighboring
atoms, one usually applies a cumulant expansion approach in which an
anharmonic EXAFS oscillation function (k) is expanded as follows
(Bunker, 1983; Hung et al., 2011)
)
(€]

where k the wave number, ¢(k) being net phase shift, r the in-
stantaneous bond length between absorber and back-scatterer atoms,
R = (r) denotes the thermal average distance, and C,(n = 1,2,3, ...) are
the EXAFS cumulants. It should be noted that, beyond the first shell, the
multiple scattering pathways between the back-scattering atom and the
absorber atom need to be included. These multiple scattering con-
tributions require a spherical wave correction. For Cu, system the order
of the spherical part is about 5% of that of the plane wave part. And the
spherical wave contribution at high temperature is larger than that of
lower temperature. (Fujikawa et al., 1995)

In this paper, the thermal disorder and anharmonicity in cesium
iodide are investigated in wide-range temperature based on an anhar-
monic correlated Debye model (Hung et al., 2010) (ACDM) in EXAFS
theory. We organize this paper as follows in Section 2, the ACDM in
EXAFS theory will be developed to derive the bond-streching force
constants, the first three EXAFS cumulants and the anharmonic factor of
B2-type CsI compound. Numerical calculations will be performed for
Csl up to temperature 700 K using the Lennard-Jones potential com-
bined with Coulomb interaction contribution in Section 3. Furthermore,
in Section 3, the theoretical results are discussed in detail followed by
Section 4 in which we make the conclusions of present work.

Qik)"
!
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n

2. Theoretical approach

In this section, the ACDM (Hung et al., 2010; Duc et al., 2017; Hong
et al., 2019) will be applied for CsI crystal with CsCl structure. The
Debye model was proposed in condensed matter physics to estimate the
phonon contribution to the specific heat of solid (Ashcroft and Mermin,
1976). This model assumes a homogeneous system having N oscillators
propagated with a constant sound speed ¢, and vibrated with fre-
quencies varied from O to the maximum phonon frequency wp, which is
named the Debye frequency. The dispersion function in this model has a
linear form w = c. k. The Debye temperature is defined as 6p = hwp/kg
which can be seen as a criterion to classify the high and low tempera-
ture regions on the investigation of thermo-mechanical properties of
material. In EXAFS theory, the correlated Debye model was proposed to
determine the EXAFS Debye-Waller factor or parallel mean-square re-
lative displacement (Rehr and Albers, 2000). The ACDM is a further
development of the correlated Debye model which includes the con-
tribution of anharmonicity to EXAFS cumulants through an anharmonic
interatomic potential (Hung et al., 2010). This model considers a pic-
ture of local vibrations that takes into account correlations between
absorber (A) and back-scatterer (B) atoms, and their nearest neighbors.
It describes these interactions by the anharmonic interatomic effective
potential Vo which is characterized by a polynomial function of the
thermal expansion x = r — r, as

Ve () = V(%) + Zj#i V(ﬁ_x. Rus. lé,-j>

MaMp

m= My +Mp* 2

1
~ Ekejfxz + k3x3+...,

In the above equation, r and ry being the instantaneous and equili-
brium distances between absorber (with mass M,) and back-scatterer
(with mass M3) atoms, respectively, and the term V (x) characterizes the
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interaction potential between these two atoms. The second term in the
right-hand side of Eq. (2) describes the influence of the nearest-
neighbor atoms to the oscillations of absorber and back-scatterer, where
the sum i is over absorber (i = A) and back-scatterer (i = B) atoms, and
the sum j is over all their nearest neighbors, excluding the absorber and
back-scatterer themselves. The parameter k,; is the effective bond-
stretching force constant, and k; is the cubic anharmonic parameter due
to the asymmetry of the potential caused by an asymmetry in the pair
distribution function.

In the following, the ACDM is applied for cesium iodide with CsCl
structure (B2, Pm3m). This structure of CslI is almost similar to body-
centered cubic in which each corner is filled by an anion (or a cation),
whereas the cation (or the anion) holds the center of the cell. In this
structure, there are 14 pair interactions between absorber and back-
scatterer atoms with their nearest neighbors, except for these two atoms
themselves. The effective potential Vy; for Csl system then can be cal-
culated as

Ve () = V(x) + V(—p,x) + 3V(—%) + 3V(%)

+ V() + 3V (=125) + 3v (),

3
where non-dimensional parameters 1, and y, are defined as
M, M,
v
M, + Mg My + Mg @

Assuming that the pair interaction between the ith and the jth
particles in the Csl system can be described by the S-type “Coulomb-
plus-Lennard-Jones” potential (Mile et al., 2012) which takes the fol-
lowing general form

Vi) = 12 6 5)

where g; and g; are charges on the interaction sites, whereas A;, A;, B;
and B; are the Lennard-Jones parameterss.

By making the expansion of this “Coulomb-plus-Lennard-Jones”
potential up to the third order of x = r — r,, which is the deviation of
instantaneous bond length r between two nearest-neighbor atoms from
its equilibrium value r,, we derive

V(x) =~ Dy + Dix + D2X2 + D3x3, (6)

where
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Substituting Eq. (6) into Eq. (3) and comparing to Eq. (2) we obtain
the force constants of Csl crystal in terms of Coulomb-plus-Lennard-
Jones potential parameters as follows

kg = 2D5(1 + 512 + $17),
ks = Ds(1 — p; — ). ®)

The Debye frequency wp and Debye temperature 6, of the alloy
system are calculated, respectively, as (Hung et al., 2010)

©)

where M is a composite mass of alloy atoms.

In EXAFS theory, the thermal disorder can be described by means of
the moments of atomic displacement so-called EXAFS cumulants. The
second EXAFS cumulant is defined as the variance of the distance
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distribution corresponding to the parallel mean-square relative dis-
placement (Hieu and Hung, 2013; Ho et al., 2019). This parameter
characterizes the EXAFS Debye-Waller factor of CsI. In the ACDM it was
derived as (Hung et al., 2010)

1+ z(q)dq
1-2z(q 10)

is the zero-point contribution to the second cumulant,

Co= () = 2 = —cf [ w(g)

ha
27k ff

z(q) = explhw(q)/ksT], kg is the Boltzmann constant, T is the tem-
perature in Kelvin, and the dispersion relation w(q) is expressed as

w(q) = 2\/% sin(%)

where a the lattice constant of system.

In order to consider anharmonic contributions to the second EXAFS
cumulant, an anharmonic factor B was proposed with an argument
analogous to the one (Willis and Pryor, 1975; Van Hung et al., 2003;
Van Hung and Fornasini, 2007)

where Cy =

>

1D

szml =G+ B(C - O,
AV
B =2y 12)

And we derive the analytical expression of the anharmonic factor as
follows

_ 2 31 n
B =187 02[1 - Ecz(l - ECZ)]’ a3
where 7 = ks/kyy.

As it can be seen from Eq. (13) that this factor is an increasing
function of the second cumulant C, (and temperature) and inversely
proportional to the shell radius. Then it reflects a similar property of
anharmonicity obtained in an experimental catalysis research in which
R is considered as atomic radius (Van Hung et al., 2003).

The third EXAFS cumulant characterizes the asymmetry of the pair
distribution function affecting to the phase shift of EXAFS. It was cal-
culated as

Gy = (%) = 3(e*)x) + 2x)?

/a T/a—q
= Csoj(; dQ1L”/a YF (g, 9dg,, 14)
242
where CY = 3:‘”‘; kk% is the zero-point contribution to the third EXAFS
eff

cumulant, and
w(q)w(g)w(q + q,)
w(q) + w(g,) + w(g + q,)
w(qy) + @(qy)
1
X{ ") + wlgy) - o, + 0,

2(q)z(qy) — z(q + q) }
[z(gq) — 1[z(gy) — 1[z(g + ;) — 11}

F(qy, q,) =

(15)

3. Numerical calculations and discussion

The expressions derived in the previous section are now applied to
investigate the thermal disorder and anharmonicity of Csl system up to
700 K. At ambient pressure, the melting temperature of Csl is about
905 K (Haynes et al., 2017). The “Coulomb-plus-Lennard-Jones” po-
tential parameters for Csl are shown in Table 1 (Aqvist, 1990;
McDonald et al., 1998).

Using these potential parameters, we derive the effective spring
constant ky = 1.79 eV/A?, correlated Debye frequency wp = 1.63 x 1013
Hz and temperature 6p = 124.76 K, respectively. Our calculated Debye
temperature 6p = 124.76 K for CsI agrees well with the Mossbauer
scattering measurement of 125 K (Boyle and Perlow, 1966). Firstly, we
consider the temperature dependence of the atomic mean-square
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Table 1
The parameters of Coulomb-plus-Lennard-Jones potential for CsI (Aqvist, 1990;
McDonald et al., 1998).

g (© Ay V2 A% Big) eV &%)
Cs 1.00 1647.90 5.44
I -1.00 2734.05 17.36

0.25

0.2

0.05

O [ L L L L L L
0 100 200 300 400 500 600 700
Temperature (K)

Fig. 1. Temperature dependence of atomic mean-square displacements in CsL.
Previous measurements (Haridasan and Nandini, 1968; Boyle and Perlow,
1966) and calculated results of the deformation dipole model (Agrawal et al.,
1975) are also shown for comparison.

displacement. In Debye model, this quantity can be calculated by the
following expression (Skelton and Katz, 1968)

W) =

92 [cp(eM/T) N 1]
where ®(6,/T) being the Debye function, and 6), is a characteristic
temperature which would be the Debye temperature for a Debye solid.
In the work of Boyle and Perlow (1966), the authors pointed out a re-
lation 6p = 1.256) for CsI. From this, we derive 6); = 99.81 K. In Fig. 1,
we show the mean-square displacements of Cs and I as functions of
temperature. Previous measurements (Haridasan and Nandini, 1968;
Boyle and Perlow, 1966) and calculated results of the deformation di-
pole model (DDM) (Agrawal et al., 1975) have also been showed for
comparison. Values of the mean-square displacements of Cs and I at
temperature 4, 80 and 300 K are presented in Table 2. At low tem-
peratures (T < 100 K), the good agreement between our results and
previous works is found. The difference between the Debye model and
DDM tends to increase with increasing temperature. This disagreement
between two methods may be because the characteristic temperature
Oy is assumed to be independent to temperature, and the Debye-Waller
factors are isotropic under the harmonic approximation of the Debye
model.

In the following, the derived force constants k,; and ks, and the
correlated Debye frequency wp are used to consider the temperature
effects on the EXAFS thermodynamic quantities. In Fig. 2 we show the
temperature dependence of the Debye-Waller factor which corresponds
to the parallel atomic mean-square relative displacement of Csl system
up to 700 K. As observed in this figure, the second EXAFS cumulant C,
rapidly increases with temperature, and beyond 50 K, it is almost linear
proportional to temperature. The mean slope of the cumulant C, in
temperature range 50 K-700 K is approximately dC,/dT = 4.73 x 107>
A%/K. The rough increase of the Debye-Waller factor means that the
thermal disorder gives an important contribution at high temperature.
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Table 2

Atomic mean-square displacements in CsI (Gerlich and Andersson, 1982).

Radiation Physics and Chemistry 176 (2020) 108979

Temperature (K)

Present calculations

DDM (Agrawal et al., 1975)

Expt. (Haridasan and Nandini, 1968)

Expt. (Boyle and Perlow, 1966)

(uP)cs (U (u?)cs W)y (u?)cs W)y (u?)cs )
4 0.00834 0.00873 0.00809 0.00813 0.0084 - 0.0083 -
80 0.02758 0.02889 0.02453 0.02377 - 0.0232 - -
300 0.09951 0.10422 0.08979 0.08666 - - - -
3
x10
0.04 8
0.03
< -l 0.04
«~ 0.02 _
[ O N F
< < ~
0 6 SN 0.02
<002k 0 200 400 600
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ON | 0?:_/ 0 200 400 600
~ T(K)
O 4+t R
0.01 7
3 J
i C2
total
2 CZ
0 ‘ ‘ ‘ ‘ ‘ ‘
0 100 200 300 400 500 600 700 ]
Temperature (K ‘ :
p (K) 0 50 100 150

Fig. 2. Temperature dependence of the second cumulant of Csl.

Here it is worth mentioning that the second cumulant C, influences on
the amplitude of EXAFS oscillations through the factor
W (k) = exp(—2C,k?). (Crozier et al., 1988) The robust increasing of C,
will make a large reduction in the amplitude of EXAFS spectra.

In order to get a clear picture of the contributions of anharmonicity
to C,, we show the anharmonic factor ( of Csl as a function of tem-
perature in Fig. 3. The calculated anharmonic factor of Cu has also been
displayed for comparison. As it can be observed from this figure, the
anharmonic factor of Csl is essentially higher than that of the reference
one (Cu). Substituting the calculated {3 into Eq. (12), we derive the total
second EXAFS cumulant which is plotted in Fig. 4. This result shows
that below 20 K the anharmonic contribution to C, of CslI is small but
different from zero. This behavior of CsI departs from Cu metal, where
the anharmonic contribution was unveiled almost zero at temperature

0.06

0.05

0.04

0.03

0.02

Anharmonic factor 3

0.01

200 300
Temperature (K)

400 500

Fig. 3. Temperature dependence of the anharmonic factor of Csl.

Temperature (K)

Fig. 4. Temperature dependence of the total second cumulant of Csl.

%107

2.5

0 100 200 300 400 500 600 700
Temperature (K)

Fig. 5. Temperature dependence of the third cumulant C; of CsL

below 100 K (Van Hung et al., 2003).

In Fig. 5, we present the anharmonic parameter C; as a function of
temperature obtained from the ACDM up to 700 K. As it can be seen
from this figure, there is non linear increase of the third cumulant C;
with increasing temperature. The increase of asymmetric parameter C;
causes the deviation of the effective distribution function from a har-
monic Gaussian approximation. The third cumulant curve in our cal-
culations is well fitted by a quadratic function of temperature as
Ci(T) = ap + o, T + @, T?, with ay = —6.12 X 1075 A3, @ = —4.24 x 10~°
A3/K, and a, = 4.24 x 1070 A%/K2

Now we consider the temperature dependence of a cumulant ratio
C, which is defined through EXAFS cumulants as C, = C;. C,/C; (Hung
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0.65 1
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»

Ratio C
o
&

05fF—————————————C=-—=========

100 200 300 400 500 600 700 800 900
Temperature (K)

Fig. 6. Temperature dependence of the cumulant ratio C, of Csl.

and Rehr, 1997). Previous researches showed that this ratio can be seen
as a criterion for cumulant investigation. At high temperature limit, the
cumulant ratio C, tends to a constant value of 1/2, and the ratio can be
applied to derive the temperature threshold of classical limit region. In
Fig. 6, we show the temperature-dependent cumulant ratio C, of CsI
calculated within the present ACDM approach. As observed from this
figure, the cumulant ratio drops rapidly at temperature T > 300 K.
Beyond 300 K, the cumulant ratio depresses gradually, and tends to 1/2
at T > 700 K. Then we deduce that the threshold temperature at which
the classical calculations can be applicable, is about 700 K.

Before making conclusions, it should be noted that although the
cumulant expansion technique is a simple method to investigate the
anharmonicity and thermal disorder in EXAFS, it does not provide a
reliable reconstruction of the distance distribution function. This comes
from a truth that adding only the third cumulant is not enough to define
the distribution itself. Furthermore, in most of previous works, the
ACDM was applied to determine the temperature-dependent EXAFS
cumulants of monoatomic crystals such as Cu, Ni metals. In this work,
the ACDM has been developed for CsI compound considering not only
pair interaction potentials but also Coulomb interaction potentials be-
tween charges. The present approach can be easily applied for other
binary compounds with CsCl structure to consider EXAFS cumulants,
anharmonicity as well as thermal disorder. Moreover, the temperature
dependence of EXAFS cumulants can be studied by means of various
techniques such as Debye model (Hung et al., 2010; Duc et al., 2017;
Hong et al., 2019), path-integral effective-potential (PIEP) approach
(Yokoyama, 1998; Miyanaga and Fujikawa, 1998) or computer simu-
lation including density functional theory (DFT) calculations. However,
the estimation of odd-order anharmonicity at low temperature in the
PIEP method is not good. For example, in the calculation of C; in Br, it
shows a strange decrease at the temperature less than 100 K. This
phenomenon can be explained that vibrational properties tends to be
harmonic at 0 K limit in the PIEP approach (Yokoyama, 1998). Mean-
while the advantage of ACDM in comparison with DFT calculations is
the apparent analytical expressions of EXAFS cumulants, the Debye-
Waller factor and anharmonic factor. These formulae allow us easily
and quickly determine the EXAFS parameters of systems at various
temperature.

4. Conclusions

In this work, the thermal disorder and anharmonicity of cesium
iodide have been investigated by using the anharmonic correlated
Debye model in EXAFS theory. Numerical calculations of the EXAFS
Debye-Waller factor, the anharmonic factor and the third cumulant of
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CslI have been performed up to temperature 700 K using the Lennard-
Jones potential combined with Coulomb interaction contribution. Our
research showed that the anharmonicity of thermal lattice vibrations
gave important contributions to the EXAFS cumulants. By investigation
of the anharmonic factor we highlight the importance of anharmonicity
not only at high temperature but also at low temperature in CsI crystal.
This behavior of CsI departs from Cu transition metal, where the an-
harmonic contribution was unveiled almost zero at temperature below
100 K.
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