WILEY-VCH

The use of the correlated Debye model for EXAFS-based ther-
mometry in bee and fecc metals

Alexei Kuzmin*, Vitalijs Dimitrijevs, Inga Pudza, Aleksandr Kalinko

Dr. A. Kuzmin, Mg. V. Dimitrijevs, Dr. I. Pudza, Dr. A. Kalinko
Institute of Solid State Physics, University of Latvia, Kengaraga Street 8, LV-1063 Riga, Latvia
Email Address: a.kuzmin@cfi.lu.lv

< Keywords: EXAFS spectroscopy, Debye model, mean-square relative displacement
AN

(O Extended X-ray absorption fine structure (EXAFS) spectra are sensitive to thermal disorder and are often used to probe local lat-
(\l tice dynamics. Variations in interatomic distances induced by atomic vibrations are described by the temperature-dependent mean-
4 square relative displacement (MSRD), also known as the Debye-Waller factor. In this study, we evaluated the feasibility of address-
ing the inverse problem, i.e., determining the sample temperature from the analysis of its EXAFS spectrum using the multiple-scattering
formalism, considering contributions up to the 4th-7th coordination shell. The method was tested on several monatomic metals (bcc
Cr, Mo, and W; fcc Cu and Ag), where the correlated Debye model of lattice dynamics provides a fairly accurate description of ther-
mal disorder effects up to distant coordination shells. We found that the accuracy of the method strongly depends on the tempera-
ture range. The method fails at low temperatures, where quantum effects dominate and MSRD values change only slightly. However,
it becomes more accurate at higher temperatures, where the MSRD shows a near-linear dependence on temperature.
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—1 Introduction
i

- Temperature is a fundamental factor that influences physical, chemical, and biological phenomena. How-
ever, conventional methods of temperature measurement are not applicable at the nanoscale due to ei-
ther the size restrictions of the thermometer or limited access to the region of interest [I]. To address

-é these challenges, the field of nanothermometry has emerged, aiming to develop appropriate tools for lo-
C cal temperature measurement [1, 2 3], 4, 5, [6]. In addition to its practical importance, the development
of nanothermometry offers an opportunity to gain a better understanding of the microscopic limits of

——thermodynamics [7, [§].

1 The micro- and nanothermometry techniques can be grouped into three categories: (1) contact tech-

(%] niques, mainly based on scanning microscopes, (2) non-contact optical techniques, and (3) semi-contact

<I" techniques based on luminescent nanoparticles. The advantages and disadvantages of these techniques
have been reviewed in detail in the literature (see, for example, [I} 2]). Contact techniques are surface-

« limited, as the probe must be placed in contact with the desired point of the object under study and

¢ remain there until thermal equilibrium is reached. Non-contact techniques are based on various optical

1 methods, allowing for remote data collection, often from the inside of the sample when it is transparent.
However, their spatial resolution is limited by the wavelength of light. Additionally, some limitations are

=" specific to the technique. For instance, the use of Raman spectroscopy is constrained by black-body ra-

-— diation at high temperatures (above about 1000 K) and the weak population of vibrational modes at low
temperatures. Furthermore, the emission of fluorescent species present in the sample may obscure the
Raman signal. Finally, most pure metals are not Raman-active. Semi-contact techniques, based on lu-
minescent nanoparticles, are currently a very active area of research [1, 3, 4], @, [10]. Similar to optical
methods, their spatial resolution is diffraction-limited and defined by the experimental optical setup.
Additionally, significant limitations arise from variations in luminescence parameters (intensity, lifetime,
and spectral shift) with particle concentration, fluctuations in excitation power, and environmental fac-
tors.

Extended X-ray absorption fine structure (EXAFS) spectra x(k) often exhibit strong temperature de-
pendence due to changes in interatomic distances caused by atomic vibrations. This effect is accounted
for by the EXAFS Debye-Waller term exp(—2k%02(T)), where o*(T) is the temperature-dependent mean-
square relative displacement (MSRD) or vibrational amplitude, and k is the photoelectron wave number
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(k = \/(2m./h?)(E — E,), where m, is the electron mass, & is the reduced Planck constant, and Fj is
the threshold energy) [11, 12, 13]. The MSRD value 0%(T') depends on the atomic mass and the strength
of interatomic interactions and is often described using the Debye or Einstein phenomenological models
[11], 14, [15]. Therefore, solving the inverse problem, i.e., determining temperature from the MSRD value,
can be employed in non-contact nanothermometry. Moreover, the element selectivity of EXAFS spec-
troscopy and the X-ray focusing capabilities provide significant opportunities for temperature mapping
in compositionally and structurally non-homogeneous or nano-sized materials.

It was proposed in [16] that the sensitivity of MSRD to thermal disorder could be used to determine the
temperature of plasmonic branched gold nanoparticles, approximately 54 nm in size, suspended in wa-
ter under variable resonant laser illumination. The authors first analyzed the Au Ls-edge EXAFS con-
tribution from the first coordination shell of bulk gold to extract information on the MSRD tempera-
ture dependence in the range of 22-75.6 °C, which was used for calibration [I6]. A maximum tempera-
ture change of about 17 °C was detected under illumination with a He-Ne laser (633 nm) at a continu-
ous wave (CW) power of 24.9 mW (3.2 W cm™2), and the accuracy of the temperature determination for
gold nanoparticles was estimated to be approximately 6% (or about 1 °C) [16].

Recently, a similar approach was used to determine the temperature of gold nanorods, approximately

41 x 11 nm in size, with the localized surface plasmon resonance (LSPR) located close to 800 nm, and
Au/Fe hybrid star-like branched nanoparticles, approximately 35 nm in diameter, with a broad LSPR
peaked at about 650 nm [I7]. Due to the nanometer size, the contribution from the distant coordination
shells to the Au Ls-edge EXAFS spectrum is reduced. Therefore, only the first coordination shell was
analyzed in [I7] to extract information on the MSRD temperature dependence in the range of 10-350 K
and also after heating by a NIR laser (808 nm) with a controlled power between 0.05 to 0.6 W. The un-
certainty of the procedure for temperature determination was reported to be below +5° [17]. A similar
approach was also recently used to determine the temperature of gold-iron oxide nanohybrids for pho-
tothermal applications [I§].

In [19], the authors employed several approaches based on EXAFS cumulant expansion analysis and the
anharmonic correlated Debye model to compare the experimental and determined temperatures for Ti,
V, Fe, and Au metals in the high-temperature range of 300 to 700-1100 K. The proposed approach re-
sulted in temperature determination uncertainties of about 5-8% at 300 K and about 16% at 1000 K
[19].

The temperature of heterodimer Fe3O4 nanocrystals with epitaxially attached Pt nanoparticles was de-
termined in [20] using the correlated Debye model for the MSRD temperature dependence obtained from
the Pt Ls-edge. The temperature uncertainty was about +10-15°. Pure Pt and Pt-Fe3O, nanoparticles
were either heated conventionally in the temperature range of 20-370 °C or inductively heated up to
about 109 °C in magnetic fields of 2-16.8 mT [20]. A significant difference (up to 73.60 &+ 14.50 °C) be-
tween the temperatures of the nanocrystals, obtained from EXAFS, and their local support environ-
ment, determined by thermal imaging, demonstrates the capabilities of EXAFS-based nanothermometry
[20].

In this study, we used a set of reference metal foils with body-centered cubic (bee) (Cr, Mo, W) and face-
centered cubic (fcc) (Cu, Ag) crystallographic structures to evaluate the uncertainty of temperature de-
termination from EXAFS spectra based on the multiple-scattering (MS) formalism and the correlated
Debye model in the temperature range of 10-300 K. The use of the MS approach allowed us to extend
the analysis beyond the first coordination shell, up to the 4th-7th shell.

2 Experimental Section
2.1 Materials

High-purity commercial metal foils (Goodfellow Cambridge Ltd.) of bee Cr (d = 5 pm, 99.99%), fcc Cu
(d =5 pm, 99.97%), bee Mo (d = 5 pm, 99.99%), fcc Ag (d = 20 pm, 99.97%), and becc W (d = 4 pm,
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2.2 X-ray absorption experiments

Undulator Second DCM I, Sample 1
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Figure 1: Schematics and a photo of the experimental setup at the DESY PETRA-III P65 Applied XAFS beamline, along
with a set of metal foils used in the experiments. See the text for details.

99.95%) were used. Their thicknesses, d, were optimized for X-ray absorption experiments.

2.2 X-ray absorption experiments

Temperature-dependent X-ray absorption spectra of metal foils were recorded at the DESY PETRA-III
P65 Applied XAFS beamline [21] (Figure [1). The storage ring operated at an energy of E = 6.08 GeV
and a current of I = 120 mA in top-up mode. The spectra were acquired in transmission detection
mode using a continuous scan at the Cr (5989 eV), Cu (8979 eV), Mo (20000 ¢V), and Ag (25514 eV)
K-edges, as well as the W (10204 eV) Ls-edge. The X-rays from an undulator source were monochro-
matized using fixed-exit double-crystal monochromators (DCMs) Si(111) or Si(311). Harmonic reduc-
tion was achieved using two uncoated silicon plane mirrors (for Cr and Cu K-edges and W Ls-edge),
Rh-coated mirrors (for Mo K-edge), or Pt-coated mirrors (for Ag K-edge). The X-ray spot size at the
sample was 0.5x1 mm?. The X-ray intensities before (Iy) and after (I) the sample were measured us-
ing two ionization chambers filled with nitrogen, argon, or krypton gases. The gas pressure in the cham-
bers was optimized for each energy range. The X-ray absorption coefficient was calculated as p,(E) =
In[Ioy(E)/I(E)]. The selected thickness of the commercially available metallic foils resulted in absorption
edge jumps Apu, of 1.5 for Cr, 1.1 for Cu, 1.1 for Mo, 1.0 for Ag, and 0.9 for W. A liquid helium flow
cryostat (Janis Research Company, LLC) was used to maintain the required sample temperature in the
range of 10-300 K. For each sample, the spectra were collected at seven or ten temperatures.

2.3 Data analysis and simulations

The experimental extended X-ray absorption fine structure (EXAF'S) spectra x(k) above each absorp-
tion edge were extracted using the XAESA code [22], following a conventional procedure [23]. The Fourier
transforms (FTs) of the EXAFS spectra were calculated using a 10% Gaussian function. It is important
to note that the FTs of the EXAFS spectra were not corrected for the phase shift present in the EXAFS
equation. As a result, the positions of the peaks in the FTs are shifted to shorter distances compared to
their crystallographic values.

The simulations of temperature-dependent EXAFS spectra were performed using the ab initio multiple-
scattering formalism [24], taking into account thermal disorder effects according to the correlated Debye
model within the harmonic approximation [11} 14) 15, 25]. The total EXAFS spectrum x(k,T") was cal-
culated as a sum over all multiple-scattering contributions (N ) with the scattering path lengths 2R; up
to a selected maximum value 2R,,., (Table :

Ntot

x(k,T) = S5 Z Xi(k, Ri(T), Amp;(k), Pha;(k))) exp(—207 (T)k?). (1)
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2.3 Data analysis and simulations

Table 1: Parameters used in the EXAFS spectra calculations. ag is the lattice constant [26, 27, 28] 29, [30], Ryax is the
length of the maximal scattering path included in the calculations, Ny is the total number of scattering paths.

Metal  ag [A]  Rupax [A]  Niot

bece Cr  2.880  6.277 82
bcc Mo 3.141  6.186 37
becc W 3.165  5.897 34
fcc Cu  3.610 6.253 59
fcc Ag 4.090 5.996 24

where 02(T) is the temperature-dependent mean-square relative displacement (MSRD) or Debye-Waller
factor. The R, value was selected for each metal to include scattering paths that contribute to about
6 A in the FTs of the respective EXAFS spectra. This choice includes multiple-scattering contributions
up to the 4th order, i.e., single-scattering, double-scattering, and triple-scattering events. The total num-
ber of scattering paths Ny, depends on the type of lattice (bec or fec) and the lattice constant (ag), as
reported in Table[I] The scattering path degeneracies, equal to the coordination numbers for the single-
scattering paths, were determined by the crystal lattice symmetry.

The scattering amplitude Amp;(k) and phase shift Pha;(k) functions for the required multiple-scattering
paths were calculated for ideal crystallographic structures of metals using the ab initio self-consistent
real-space MS FEFF8.5L code [31]]. Inelastic effects were accounted for using the complex energy-dependent
exchange-correlation Hedin-Lundqvist potential [32].

The temperature dependence o2(T) can be calculated in the harmonic approximation as [15] 24]

h o [ p;(w) hw
2(T) = / ’ th d 2
oi(T) 2u; Jo w €0 2kpT W 2)

where p; and p;(w) are, respectively, the reduced mass and the projected local vibrational density of states
for the scattering path ¢, kg is the Boltzmann constant, and wy,. is the maximum frequency. In this
study, we used the correlated Debye model [11 [14) [15], which is often applied to metals and provides
reasonable accuracy for lattice dynamics in the case of bee or fee lattices [33]. The model accounts for

the phonon dispersion effect and the acoustic phonon branch in crystals. In this case, the projected vi-
brational density of states for a pair of atoms located at a distance R is given by [I5]

3w? sin(wR/c)
== |1 - == 77 3
pr(w) w [ wR/c (3)
where wp = kpfp/h is the Debye cut-off frequency, and 6p is the Debye temperature. ¢ = wp/kp is

the Debye approximation for the speed of sound in a material with atomic number density n and kp =
672n)'/3. It is convenient for practical applications that the Debye model for a particular material de-
Y
pends solely on a single parameter (fp).

In the first round, the fit of each set of temperature-dependent EXAFS spectra y(k)k* was performed
using the FEFFIT code [34], 35] in the back-transformed k-space from 2.5 to 17.0 A-1. This approach
allows for simultaneous analysis of the experimental EXAFS spectra recorded at several temperatures
using a strongly limited number of fitting parameters. Indeed, our EXAFS model included only five vari-
able parameters: S3, AFy, ag, at, and fp. The first two non-structural parameters are responsible for
correcting the EXAFS amplitude (S2) and the photoelectron energy origin (AEy). The constant lattice
expansion ag and the thermal expansion coefficient arr were used to account for lattice expansion. As a
result of the fits, the values of the Debye temperatures, fp, reported in the third column of Table [2 were
obtained. The MSRD values obtained from the correlated Debye model can be found in the Supporting
Information (see Tables S1-S5).

In the second round, the Debye temperatures, 6p, obtained were always fixed, while two models were
used to evaluate the temperatures from the three selected experimental EXAFS spectra, which were mea-
sured at low (10-16 K), intermediate (150 K), and high (293 K or 300 K) temperatures Tey,. In the first
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Table 2: Parameters of the correlated Debye model [IT, [I4] [I5] for five metals with bce and fec crystallographic structures.
Values of the Debye temperature 6p from the literature [36, [37, [38] [39, [40], 41] are shown in the second column, while
those determined in the present study are given in the third column. T¢,. is the temperature obtained from the fit of the
experimental EXAFS spectrum measured at the temperature Toyp.

Metal Op [K] 0p [K] Teale K] Teate [K] Teare [K] Number of variable parameters
this study  (Tawp = 1016 K)  (Toxp = 150 K)  (Thxp = 293-300 K)

bee Cr 424 [306] 412+16 151434 183+32 272434 5
427 [38] 93+21 128417 222416 1

bece Mo 377 [36} 40845 71429 148416 29618 5
374.54+17 [3§] 53+24 146+8 304+9 1
305.3 [A0]

bce W 312 [36} 333+4 134416 195414 314412
302.6+17 [38} 67411 149+6 28616 1
296.9 [40]

fce Cu 310 [36] 32143 55122 152+15 314+23 5
301+£22 [37] 43+15 148+7 29349 1
333 [39]

fcc Ag 221 [306] 22242 5448 15319 307+21 5
231.7 [41] 38+6 143+4 28318 1
245.7 [41]

model, five variable parameters (S2, AEy, ag, at, and T,.) were employed (see the last column in Table
. In the second model, only the temperature (7¢,.) was varied, while the other parameters were fixed
at the values obtained during the first round. The obtained temperature values 1., and their fitting un-
certainties are reported in Table [2|

3 Results and Discussion

Experimental EXAFS spectra x(k)k? and their FTs for bee Cr, Mo, and W, as well as for fcc Cu and
Ag, are shown in Figure 2| as a function of temperature in the range of 10-300 K. Note that the use

of metal foils with optimized thicknesses resulted in experimental data with a high signal-to-noise ra-
tio across a wide k-space range up to 18 A='. An increase in temperature from 10 to 300 K causes a
stronger damping of the EXAFS spectrum amplitude at larger k values due to the exponential Debye-
Waller term, and a decrease in the F'T peak intensity while leaving the peak positions nearly unaffected.
This indicates that the thermal disorder effects related to a change in the MSRD ¢?(T) are dominant.
Additionally, one can observe the effect of the scattering amplitude (Amp(k) in Equation (1)) on the
overall shape of the EXAFS spectra x(k)k?: the envelope maximum shifts from about ¥ = 8 A1 for
light chromium to k& = 16 A~! for heavy tungsten. Note that the EXAFS spectra do not show any vis-
ible phase shift (except for the Ag foil) because the lattice expansion of the studied metals is small in
the temperature range of 10-300 K. At the same time, for the Ag foil, the phase shift at high k-values is
masked due to large MSRD values, leading to strong damping of the Ag K-edge EXAFS amplitude.

The difference between bee (Cr, Mo, W) and fce (Cu, Ag) structures is clearly observed in the shape of
the respective FTs (Figure . In the bee structure, the first peak in the FT is distorted for Cr and even
split for Mo and W because it includes contributions from the first and second coordination shells, con-
taining 8 and 6 atoms, respectively. In contrast, in the fcc structure, there is one group of 12 atoms in
the first coordination shell, and, therefore, the first peak in the FT is more symmetric. Note that the
nonlinearity in the scattering phase Pha(k) in Equation (1)) [I2] also affects the shape of the peaks in
the FTs.
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Figure 2: Temperature-dependent K-edge EXAFS spectra x(k)k? and their Fourier transforms (FTs) for bee and fee met-

als.
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Figure 3: Examples of the experimental (open circles) and calculated (solid lines) K-edge EXAFS spectra x(k)k? and their
Fourier transforms (FTs) for bee molybdenum at 10 K and 300 K and fce copper at 11 K and 293 K.

Depending on the lattice parameter ag (Table [1)) and the type of lattice (bcc or fee), clusters with vary-
ing sizes Rpyax, including 5 coordination shells (for Mo, W, and Ag), 6 coordination shells (for Cu), and
7 coordination shells (for Cr) around the absorbing atom, are required to describe the EXAFS contribu-
tions that give rise to the peaks in the FTs up to about 6 A. Therefore, the total number Ny of scatter-
ing paths was different for each metal.

To determine the characteristic Debye temperatures, fp, the set of temperature-dependent EXAFS spec-
tra x(k)k? for each metal was simultaneously fitted using the FEFFIT code [34, [35], taking into account
the Ny scattering paths up to the 4th order, as described in Section 2.3 Selected examples of fits for
bee Mo and fee Cu at low and high temperatures are shown in Figure [3] demonstrating good agree-
ment between the experimental and calculated EXAFS spectra in both k and R space. Similar fit qual-
ity was achieved for other metals and temperatures. The obtained values of the Debye temperatures, 0p,
are reported in the third column in Table 2] They are in reasonable agreement with the literature data
from [36], 37, 38, 39] 40}, 41], which are reported in the second column. The deviation between the De-
bye temperatures obtained in different studies ranges from 3 K for bee Cr [36] B8] to 32 K for fecc Cu [37,
40]. Note that in previous studies, analysis of the first peak in the FTs of EXAFS spectra was used to
evaluate the anharmonicity of nearest-neighbor interactions, typically based on anharmonic pair poten-
tials or cumulant expansion. Anharmonic effects are important for describing phenomena such as ther-
mal lattice expansion and high-temperature lattice dynamics. Nevertheless, they represent small correc-
tions to the MSRD values, especially in the outer coordination shells analyzed here. Therefore, anhar-
monicity corrections were neglected in the present study.
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Figure 4: Dependence of the mean-square relative displacement (MSRD) o2 on temperature and interatomic distance for
the first five coordination shells in bce molybdenum and fee copper. 0p is the Debye temperature. The contribution of
zero-point vibrations to MSRD is indicated.

The MSRD values 02(T, R), calculated for bcc Mo and fee Cu using the correlated Debye model within
the harmonic approximation [LT} [14, [15] and the Debye temperatures, fp, (Table [2)), are shown in Fig-
ure 4] as a function of temperature and interatomic distance for the first five coordination shells. The
obtained dependencies allow for three conclusions. First, at low temperatures, the MSRD depends weakly
on temperature, and its value is determined by zero-point motion. Indeed, it was demonstrated in [42]
that within the Debye model, the magnitude of zero-point vibrations equals that of the excited vibra-
tions at Ty ~ 1/30p. Second, at temperatures above Ty, the temperature dependencies of the MSRDs
are almost linear, which is convenient for use in thermometric applications. The difference between the
MSRD values for different coordination shells is due to the change in the correlation of atomic motion
[33] and is clearly visible in Figure . The correlation decreases with decreasing temperature and in-
creasing interatomic distance, i.e., for distant coordination shells [14]. Third, the dependence of MSRD
on interatomic distance suggests that the MSRD value approaches some limit at large distances due to
the progressive loss of correlation in atomic motion. As a result, the MSRD for a pair of atoms becomes
equal to the sum of the uncorrelated mean-square displacements (MSDs) of these atoms [33]. Therefore,
the analysis of MSRD values for distant coordination shells allows for the determination of MSD values,
as demonstrated for tungsten in [43]. Note also that, since the Debye model assumes an isotropic crys-

tal structure, it is less accurate for the nearest coordination shells where correlation effects are important
[33].

To check the accuracy of using the correlated Debye model for EXAFS-based thermometry in bee and
fce metals, we employed two models (Section with five variable parameters (52, AEy, ap, o, and
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T.a1c) and one variable parameter (T,1.), respectively. The experimental EXAFS spectra x(k)k?, mea-
sured at three selected temperatures Tey, — low (10-16 K), intermediate (150 K), and high (293 K or
300 K) — were fitted. These temperatures were chosen to test the accuracy of the approach in regions
where zero-point vibrations dominate, close to the beginning of the MSRD o?(T') linear slope, and at the
MSRD (T linear slope, i.e., in the classical limit. The obtained temperatures Ti,. and their uncer-
tainties are reported in Table [2] As might be expected, both models fail at low temperatures, where the
MSRD has weak temperature dependence, making the solution unstable. At intermediate and high tem-
peratures, the temperature values obtained by the two models are close within the error margins. The
average difference between the experimental and obtained temperatures is less than 10 K for all met-

als except chromium, where it is about four times larger. While the involvement of several coordination
shells and accounting for multiple-scattering contributions play a positive role in the analysis, the intrin-
sic limitations of the Debye model affect the accuracy of the method.

4 Conclusion

The sensitivity of the EXAFS amplitude to thermal disorder provides an opportunity to determine the
sample temperature by analyzing variations in interatomic distances induced by atomic vibrations [16,
17, 19, 20, [44]. In this study, we tested this idea using several monatomic metals with bee (Cr, Mo, and
W) and fee (Cu and Ag) structures over a temperature range of 10-300 K in harmonic approximation.

The temperature dependencies of MSRDs, also known as the EXAFS Debye-Waller factors, for the near-
est 4-7 coordination shells were approximated using the correlated Debye model [11 14} 15], which was
employed in the analysis of EXAFS spectra based on the multiple-scattering formalism [24]. The depen-
dence of the Debye model on a single parameter, fp, is an advantage, though it is limited by a poor de-
scription of the phonon density of states.

The obtained Debye temperatures were used to predict the sample temperature. It was found that the
accuracy of the method depends strongly on the temperature range. In particular, EXAFS-based ther-
mometry fails at low temperatures, where quantum effects (zero-point vibrations) dominate and MSRD
values change weakly with temperature. At high temperatures, where the MSRD dependence on temper-
ature is nearly linear, a more accurate estimate of the sample temperature is possible.
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Extended X-ray absorption fine structure (EXAFS) spectra are highly sensitive to thermal disorder. The temperature de-
pendencies of the mean-square relative displacements are used to determine the local temperature of bee (Cr, Mo, W) and
fce (Cu, Ag) metals from EXAFS spectra, based on the multiple-scattering formalism and the correlated Debye model.
The pros and cons of the approach are discussed.
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