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Abstract. An investigation of the Debye-Waller (DW) factor associated with the anharmonic ex-
tended X-ray absorption fine structure (XAFS) of crystalline platinum (Pt) has been carried out,
taking into account the effects of the thermal disorder. The DW factor was derived in explicit
and analytically tractable expressions based on a theoretical framework that incorporates an an-
harmonic effective potential and employs classical statistical theory within the correlated Debye
model. Thermodynamic parameters of Pt were evaluated by considering the influence of nearest-
neighbor atoms on both the absorber and the backscatterer. The numerical results for Pt over the
temperature range of 0-800 K show excellent agreement with experimental data and alternative
theoretical approaches. These findings confirm the capability of the present model to effectively
describe and analyze the anharmonic behavior of the XAFS Debye-Waller factor for similar met-
als, particularly those exhibiting complex thermal dynamics.
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1. Introduction

Nowadays, many structural parameters and thermodynamic properties of materials can be
identified using the X-ray absorption fine structure (XAFS) data analysis [1]. For a given scattering
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path, the K-edge XAFS signal is expressed in distance-dependent factors of a canonical average,
which includes a non-Gaussian disorder in the form [2]:

Ne—ZkZGZ(T)f (k)
kR2(T)
where N is the neighboring atomic number, & is the wavenumber of the photoelectron, 7 is the

absolute temperature, f(k) and 8(k) are characteristic parameters for photoelectron scattering,

o (T) is the mean-square relative (MSR) displacement or the 2"-XAFS cumulant, and R (T) is
the distance between neighboring atoms.

However, thermal disorders are sensitive to XAFS oscillations and cause anharmonic ef-
fects [3], as seen in Fig. 1, so their influence should be considered in the XAFS signal analysis.
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Fig. 1. The K-edge XAFS signal k> (k) of Pt foil is obtained from the experimental data [4].

The Debye-Waller (DW) factor [5] is important in investigating the anharmonic XAFS
signal because it describes the XAFS amplitude reduction and thermal disorder in terms of tem-
perature and wavenumber dependencies. It is usually defined in the following form [6]:

W (T,k) =exp{—2k*c*(T)}. )

Currently, platinum (Pt) possesses physical and chemical characteristics that ensure stabil-
ity [7], which enables its use in jewelry, chemical catalysts, magnetic disks, and sensors, as well as
in various electronic, automotive, medical, and other industries [8]. Beyond these practical appli-
cations, Pt is widely recognized as a model system for studying vibrational dynamics and thermal
disorder in solids, particularly through XAFS spectroscopy [4], owing to its status as a heavy el-
ement with pronounced anharmonic behavior and a well-characterized phonon spectrum [7, 8].
Meanwhile, the experimental XAFS cumulants of Pt at temperatures from 200 to 800 K were
measured by Okube and Yoshiasa at beamline BL10B of Photon Factory in the National Labora-
tory for High Energy Physics (KEK-PF, Tsukuba, Japan) [9]. The anharmonic correlated Debye
(ACD) model has also been applied by Duc et al. to calculate the second cumulant of Pt [10].
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Still, the derived thermodynamic parameters remain cumbersome to use due to the complexity of
the temperature-dependent expressions obtained from the experimental XAFS data.

Recently, the classical anharmonic correlated Einstein (CACE) model has emerged as a
convenient theoretical approach for analyzing anharmonic XAFS data. It offers the advantage of
yielding simple and explicit expressions for anharmonic XAFS parameters [11], enabling efficient
analysis of metallic systems [12]. Although previous studies have employed the modified CACE
models to calculate anharmonic XAFS parameters of certain metals within the DF formalism, it
has not yet been applied to analyze the anharmonic DW factor under thermal disorder systemati-
cally. Therefore, applying the CACE model to the anharmonic XAFS DW factor analysis of Pt is
crucial for enhancing the interpretation of experimental XAFS data.

2. Theoretical calculation model

In the framework of anharmonic XAFS theory, the MSR displacement is fundamentally
linked to the low-order moments of the true radial pair distribution (RP) function. This displace-
ment can be quantitatively described by the following expression [13]:

0® = ((r=()?) = (= 0)°) = () ~ (), G)

where the angular brackets () denote the thermal average, and x = r — r represents the deviation of
the instantaneous bond length from its equilibrium value. Here, r and r( correspond to the instan-
taneous and equilibrium distances between the absorbing and backscattering atoms, respectively.

Normally, determining the anharmonic effective (AE) potential of a system is necessary
to identify its thermodynamic parameters [14]. The AE potential in the relative vibrations of
backscattering (B) and absorbing (A) atoms can be calculated using the pair interaction (PI) po-
tential [15]:

Verr=0x)+ Y, Y o(exRapRi)), &= A 4)
i=A,B j#A,B i
where R is the bond unit vector, sum i is the over-absorbing and backscattering atoms, the sum j is
over all their nearest neighbors, t = MaMp/ (Ms + Mp) is the reduced mass of a single bond pair
with atomic masses M4 and Mp, @(x) is a PI potential of these atoms, ¢ (SixI?ABI?i j) is the nearest-
neighbor atomic contributions and characterizes the correlation effect caused by these atoms on
the PI potential.

The crystalline structure of Pt is represented in Fig. 2, comprising identical atoms arranged
such that eight atoms occupy the cube corners and six atoms are centered on each face [16]. This
arrangement corresponds to a face-centered cubic (FCC) lattice in which each unit cell contains
four atoms [17]. Based on these structural characteristics, the AE potential for Pt is evaluated by
Eq. (4) and is expressed as follows:

Verr(@) = () +40(0) +20 (=3 ) +80 (3 ) +80 (7). )

Usually, the AE potential of metals can be validly determined from the Morse potential [18],
which can be expanded up to the 4th order around its minimum position:

@(x) =D (e 7™ —2¢” %) = —D+ Da*x* — Da’x’ +TDax* /12, (6)

where D is the dissociative energy and o characterizes the potential width.
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Fig. 2. The atomic structure of Pt.

Utilizing this PI potential to calculate the AE potential by Eq. (5). The obtained result is
presented by ignoring constant terms as follows:

1
Veff(x) = E effx2 - kan3x3 + kan4x4a @)

where k. is the effective force constant, and k4,3 and kg4 are the anharmonic force constants.
These constants are expressed in a temperature-independent form as follows:

ket =5SDO?, kaws = SD0> /4, kgpa = 133D0t* /192. ®)

The CACE model is formulated from the correlated Einstein model [19], incorporating the
AE potential [15] within the framework of classical statistical theory [20]. In the crystal lattice,
atomic thermal vibrations are regarded as phonons and described through the correlated Einstein
temperature 8 and frequency @g [11]. The effective force constant is employed to determine
these parameters for Pt, as expressed below:

k, 10D h 10D
o =[S = oS5, 0= 2 1B ©
kp kB

where and 7 and kg are the reduced Planck and Boltzmann constants, respectively.
In the classical-statistical limit, the moments <xk> were determined by Stern et al. based on
evaluating the thermal average [20]:

<xk> _ Joox exp[ %q dx 10)

ffmexp[ gkff; }dx
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Utilizing the AE potential in Eq. (7) and expanding approximately to 3™-order, which is

written as
(#)~ ; i
oo —kersx® 1 [ keaga® —kega®
= exp[ 2ksT ngoﬂ T dx

The temperature-dependent general expression of the MSR displacement in the CACE
model can be obtained by Egs. (3) and (10) with the lowest order in 7 is:

2
o) _ ksT [1_12kBT <k4_3k3>]%kBT 1)

ket kz ff ke rf ket .

After replacing the expressions of local force constants ke 7, ka3, and kg,4in Eq. (8) into this
general expression, we obtain the temperature-dependent MSR displacement of Pt in the following

form:
kgT ATkgT kgT
2 B B B
T)= 1 ~ .
(1) =5pe ( 400D > 5Do?
Substituting this obtained MSR displacement into Eq. (2), the temperature-dependent X AFS
DW factor of Pt is written as

oo —ke, 2 3 3 ANk
f,mxkexp[ zkgf;} [Z %(%) }dx
(11)

13)

5Do?

Thus, the anharmonic XAFS DF factor of Pt has been effectively evaluated under the influence of
thermal disorder through the extension of the CACE model. The analytical expression obtained
from this extended CACE model successfully captures essential physical properties expected in
the temperature-dependent regime, ensuring consistency with the thermodynamic behavior of the
system.

W (T, k) :exp{— 2ks kZT}. (14)

3. Results and discussions

In this section, The expressions developed in Sec. 2 are utilized to perform numerical
calculations for Pt based on its intrinsic physical parameters. Herein, the atomic mass of m =
195.084u is identified by Mermin & Ashcroft [17], and the Morse potential parameters of Pt are
ro= 2.76221&, o= 1.3412;&'1, and D = 0.5896eV identified from the experimental XAFS data [9]
using an effective method for metals proposed by Pirog et al. [21].

The values of the local force constants k.r¢, ka3, kana along with the correlated Einstein
frequency @wg and temperature wg of Pt, are determined from Egs. (8)—(9) and summarized in Ta-
ble 1. These results are calculated using the present CACE model with the previously introduced
Morse potential parameters. For comparison, the experimental data reported by Nedoseikina and
Pirog [22] were obtained at the Synchrotron Radiation Siberian Center (SRSC, Siberia, Russia),
where the correlated Einstein frequency and temperature were extracted based on the effective
force constant. In contrast, the values derived from the ACD model are calculated using the corre-
lated Debye temperature and frequency, employing the tight-binding 2"4-moment approximation
(TB-SMA) potential [10]. Notably, our calculated results show excellent agreement with both the
ACD model [10] and the experimental data [22], particularly in terms of the correlated Einstein
frequency and temperature.
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Table 1. The physical parameters of Pt and its thermodynamic parameters are obtained
from the experimental data and the present CACE and ACD models.

Method @VA Y VA ) VA Y  (108Hy) (K)
CACE model 5.30 1.78 1.32 229 175
ACD model 5.26 279 - 228 174
Experimental data 5.0+0.2 2.0+£0.1 - 2.22+0.05 170+ 4

& Qur values are obtained using the present CACE model.
b The values are obtained from the ACD model reported by Duc et al. [10].
¢ The values are obtained from the experimental data measured by Nedoseikina & Pirog [22].
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Fig. 3. The position-dependent HE and AE potentials of Pt are obtained from the present
CACE and ACD [10] models and experimental data [22].

The harmonic effective (HE) and AE potentials of Pt within the position range from —0.25
to 0.25 Aare depicted in Fig. 3. The result obtained from the present CACE model is calculated
by Egs. (7) and (8), whereas the results from the ACD model [10] and experimental data [22]
are calculated by Eq. (7) in the expansion to the 3™-order with the local force constants listed in
Table 1. Herein, the HE potential only considers the first term, and the AE potential considers all
terms in Eq. (7). It is evident that our result shows good agreement with both the ACD model [10]
and experimental data [22], particularly in the vicinity of the equilibrium position (x = 0). More-
over, the further away from the equilibrium position, the AE potential is influenced more strongly
by the anharmonic effect caused by terms (—kg3x°) and (kgu4x*), especially for the contribution
of the term (kan4x4) that is considered in the present CACE model, as seen in Fig. 3.

The MSR displacement 62(T) of Pt at temperatures from 0 to 800 K is illustrated in Fig. 4.
Our obtained result from the present CACE model is calculated by Eq. (13), and the obtained
result from the ACD model is calculated by Duc et al. [10]. Meanwhile, experimental XAFS
results at 200 K, 300 K, 400 K, 600 K, and 800 K were measured by Okube & Yoshiasa at the
BL10B of KEK-PF, Tsukuba, Japan [9]. It is observable that our results fit with those obtained
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Fig. 4. The temperature-dependent MSR displacement of Pt is obtained from the experi-
ment [9] and the present CACE and ACD [10] models.

from the experiment [9] and the ACD model (for temperatures are not too low) [10]. Herein,
the CACE model adopts a single effective frequency to represent thermal vibrations in the crystal
lattice. Although this approach does not account for the acoustic phonon branch, it provides a
significant advantage in terms of computational simplicity and efficiency, making it highly suitable
for practical applications. In contrast, the ACD model considers phonon dispersion by employing
variable frequencies, allowing for a more detailed description of the acoustic phonon branch, but at
the cost of increased computational complexity. Therefore, each calculation model offers distinct
advantages and limitations in the analysis of anharmonic XAFS data, as seen in Fig. 4.

Table 2. The MSR displacements of Pt obtained from experiment and the present CACE

and ACD models.
T (K) (A% A%y (A% (A%
200 0.32 0.35 042 0.24
300 0.48 0.51 0.54 0.30
400 0.64 0.67 0.68 0.36
600 0.96 0.99 0.99 0.52
800 1.29 1.33 1.29 0.64

& Qur values obtained using the present CACE model.
b Values from the ACD model reported by Duc et al. [10].
d Experimental values measured by Okube & Yoshiasa [9].

The values of the MSR displacement of Pt at several temperatures are given in Table 2.
It is observable that although the result obtained from the present CACE model reaches zero as
the temperature approaches zero, it still works well in the temperature region. The reason is that
the present CACE model only employs classical statistical theory and cannot calculate quantum
effects, unlike the ACD model [10]. Still, the contribution of this effect is only significant at low
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temperatures, so there is no influence on the obtained results in the high-temperature region, even
at room temperature.

& CACE model
& ACD model

20 800 T(K)

Fig. 5. The temperature and wavenumber dependencies of the XAFS DW factor of Pt are
obtained from the present CACE and ACD [10] model.

The anharmonic XAFS DW factor W (7, k) of Pt as a function of temperature (0-800 K)
and wavenumber (0-20 A~1) is presented in Fig. 5. The results obtained from the present CACE
model are calculated by Eq. (14), whereas those from the ACD model are derived from Eq. (2),
with the temperature-dependent MSR displacement taken from Ref. [10]. It is observed that the
anharmonic XAFS DW factor behaves as an inverse function with respect to both temperature
T and wavenumber k. Furthermore, a good agreement is found between our results and those
obtained from the ACD model [10] in the temperature range 7' > O, as seen in Fig. 5.

The logarithm of XAFS DW factor In[W (T,k)] of Pt at 400 K, 600 K, and 800 K and
wavenumbers from 0 to 20 Ais illustrated in Fig. 6. Herein, our obtained results from the present
CACE model are calculated by Eq. (14), and the experimental results with error bars are obtained
by Eq. (2) using the measured MSR displacement data [9]. Meanwhile, the result from the ACD
model is calculated by Eq. (2), with the MSR displacement values taken from Ref. [10]. It is
evident that our results exhibit good agreement with both the experimental data [9] and the ACD
model [10], particularly at higher wavenumbers and elevated temperatures, as seen in Fig. 6.
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Fig. 6. The wavenumber-dependent logarithms of the XAFS DW factor of Pt in the tem-
perature change are obtained from the experimental data [9] and the present CACE and
ACD [10] models.

Table 3: The logarithms of the XAFS DW factor of Pt are obtained
from the experimental data and the present CACE and ACD mod-
els at various wavenumbers and temperatures.

T (K) k(A1 CACE model® ACD model® Experimental
data®

400 5 -0.32 -0.33 -0.3440.02
600 5 -0.48 -0.49 -0.5040.03
800 5 -0.64 -0.66 -0.6540.04
400 10 -1.30 -1.33 -1.374+0.07
600 10 -1.93 -1.97 -1.9940.10
800 10 -2.54 -2.63 -2.5840.13
400 15 2.92 -2.99 -3.0740.16
600 15 -4.33 -4.44 -4.4740.22
800 15 -5.72 -5.91 -5.814+0.28
400 20 -5.18 -5.32 -5.46+0.28
600 20 2771 -7.89 -7.9440.40
800 20 -10.18 -10.51 -10.34-+0.49

& Qur values are obtained using the present CACE model.
5 The values are obtained from the ACD model reported by Duc et al. [10].
¢ The values are obtained from the experimental data measured by Okube & Yoshiasa [9].
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The calculated values of the logarithm of the XAFS DW factor of Pt at various wavenum-
bers and temperatures are listed in Table 3. It can be observed that the logarithmic values decrease
significantly with increasing temperature 7 and wavenumber k. This behavior arises from the fact
that the logarithm of the XAFS DW factor is linearly dependent on 7" and quadratically dependent
on k, as described in Eq. (14). Furthermore when compared with the results obtained from the
ACD model [10] and experimental data [9], the present results demonstrate improved accuracy at
elevated temperatures. This improvement stems from the enhanced capability of the CACE model
to accurately capture the anharmonic effects induced by thermal disorder in the crystal lattice.
Hence, this model enables the direct extraction of key physical parameters from experimental EX-
AFS data in a simple way at not-too-low temperatures (even below room temperature for most
metals).

4. Conclusion

In this study, we have developed an appropriate calculation model to investigate the anhar-
monic XAFS DW factor of Pt under the influence of thermal disorder. The expressions derived
from the present CACE model satisfy fundamental requirements in the temperature-dependent
regime. As the temperature 7T increases and the wavenumber k becomes larger, the anharmonic
XAFS DW factor decreases accordingly. Consequently, the anharmonic XAFS amplitude exhibits
a more pronounced reduction at higher temperatures and larger wavenumbers. The reason is that
the anharmonic XAFS amplitude is proportional to the anharmonic XAFS DW factor. This ther-
modynamic property indicates that the anharmonic effects at higher temperatures more rapidly
influence the XAFS signal of Pt.

Our numerical results for Pt show good agreement with those obtained from the ACD model
and experimental data across a wide range of temperatures. This consistency confirms the effec-
tiveness of the present CACE model in analyzing the anharmonic XAFS DW factor of Pt. More-
over, this model can be extended to investigate the anharmonic XAFS DW factors of other FCC
metals within the temperature range from above the correlated Einstein temperature up to just
below the melting point, particularly those exhibiting complex thermal dynamics.
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