AlqJ Sci. 2025;1(2):157-171
https://doi.org/10.69667/ajs.25205

Algalam Journal of Science
pgmbld Ak | Al

https://algalam.utripoli.edu.ly/index.php/AR

Original article

Raman Light Scattering Study of the Isotopic Construction Effects on
the Lattice properties -TO and LO Phonon modes- of CuCl

Nadir Driza*'“, Ola Mohammed"'"', Asma Elgade

Department of Physics, Faculty of Arts and Sciences, Elmarj, University of Benghazi, Benghazi, Libya
Corresponding E-mail: nadir.driza@uob.edu.ly

Abstract

This work expands on our research on isotope effects on phonons to include compound semiconductors.
In this article, we concentrate our study on the variation of the lattice properties, such as lattice dynamics
and electronic structure, due to the effects of isotope substitution on the CuCl Raman spectra. We fulfilled
that by examining 35Cl, 37Cl, 63Cu, and 65Cu. Unlike elemental semiconductors, compounds whose
constituents are isotopically substituted have a substantial dependence on the phonon branch and wave
vector q for changes in phonon frequencies and atomic displacements. In the case of CuCl, the substitution
of heavy or light atoms has distinct effects on the acoustic and visual branches of the phonon dispersion
relations. The significant mass difference between copper and chlorine causes the eigenvectors of the
acoustic vibrations to be dominated by copper displacements, while the optic vibrations are dominated by
chlorine displacements. Consequently, the phonon frequencies in the visual and acoustic branches can be
altered nearly independently, especially at the X point, by employing isotope replacement. At low
temperatures, this enables us to examine the effectiveness of the anharmonic decay channels of I'-point
optical phonons into lower-lying acoustic bands.

Keywords. Isotopic, Lattice Properties, TO Phonon Mode, LO Phonon Mode, Raman Light Scattering.

Introduction

Isotopes are atoms with the same number of protons and electrons but a different number of neutrons.
Isotopes differ in mass but are chemically identical. Early theoretical works have established that only
properties dependent on nuclear mass are altered in isotopes. The most obvious instance of such
dependence is the mass-dependent effect on the harmonic lattice vibrational frequency, which is represented
as 1/V/m . Isotope-dependent properties also include properties that are affected by changes in unit cell
volume, atomic hopping mobility, and anharmonicities—for example, thermal conductivity, thermal
expansion, melting temperature, nuclear magnetic resonance, and superconducting phase transition
temperature. The electronic band structures were once believed to remain identical in isotopes under such
changes. However, this belief has been justified only by atomic-spectra data. Evidence has revealed that in
the case of molecular spectra, the effect of mass involves differences between isotopes through the
mechanism of electron—-phonon coupling [Watanabe, 2009, P1426] [Kragh, 2012, P179]. The presence of an
isotope effect is an effective indicator of phonon-mediated superconductivity in materials and constitutes
support for the Bardeen—-Cooper—Schrieffer (BCS) theory of superconductivity [Gweon, 2004, P187, P188]
[Cheng, 2017, P1-4], [Hodovanets, 2013, P1748-1753] [Bud'ko, 2001, P1877, P1878].

The ionicity of copper chloride is f; = 0.75. Of all the binary compounds that crystallize in the zincblende
structure at room temperature and pressure, it is therefore one of the semiconductors that shows the highest
ionicity [Phillips, 1970, P332, P346] [Alhaddad, 2025, P9] [Gobel, 1997, P210]. The six-fold coordinated rock-
salt structure is preferred above a critical value of f; [Ono, 2020, P1], which is f, = 0.785(10). The physical
properties of CuCl, which are near phase transitions, show several peculiarities that have been thoroughly
studied. For example, the linear expansion coefficient at low temperatures is strongly negative, which is
associated with the negative mode-Griineisen parameters of the acoustic branches at the zone edges. A
strongly anharmonic lattice potential has been linked to the expansion coefficient and the tiny elastic shear
constants c44 and cs = (c11 — ci12)/2, which decrease with increasing hydrostatic pressure [Varshney, 2016,
P1, P2]. The inverted spin-orbit splitting in CuCl [Hodges, 2007, P1] and changes in the band gap with
isotope substitution [Yu, 2004, P1-P4] show that the admixture of the copper d electrons to the chlorine p
levels is essential for the valence band structure [Quevedo, 2020, P10]. Even at low temperatures, the mean
square atomic displacement of Cu in CuCl is substantial, and it keeps rising as the temperature rises.
Though not as noticeable, CuBr and CuCl exhibit comparable behavior [Wang, 2023, P1,2].

The mean square atomic displacement of Cu in CuCl is large even at low temperature, and it continues to
increase with increasing temperature. CuBr and Cu2 show a similar behavior, although not as pronounced
[Wang, 2023, P1,2]. There are three models to describe the large mean square displacements. Those models
have been considered as the following: first model is isotopic thermal vibrations of copper atoms within a
harmonic model [Majzlan, 2023, P1-P3], second model describes displacements along the tetrahedral axes
as a result of asymmetric anharmonic thermal vibrations [Aree, 2022, P1], and the third model clarifies a
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statistical occupation of metastable positions displaced from the ideal lattice site along the [111] axes [Wang,
2023, P1]. It is clearly shown that the harmonic model is not consistent with their room temperature neutron
diffraction data. In contrast, the anharmonic lattice potential model, just like the disorder model refined by
a temperature-dependent metastable off-center position, can explain the Bragg peak intensities observed in
neutron diffraction. Schreurs et al. have examined the diffuse neutron scattering background and found
that 50 to 70% of it is elastic [Sakata, 1974, P655-P661]. From this, they concluded that a model including
correlated displacements from the ideal zincblende lattice site must be developed [Schreurs, 1976, P618].
For subsequent powder neutron investigations, however, an anharmonic lattice potential was sufficient to
account for the data [Lan, 2014, P1, 2]. It should be noted that all of the above data were obtained at or
substantially above room temperature.

Copper halides, a family of chemical compounds, are notable for their ability to conduct electricity. A prime
example is copper chloride (CuCl), which exhibits a fascinating change in conductivity with rising
temperature. At a temperature of 400 K, the conductivity of CuCl is a modest ¢ = 4.5 x 10-6 Q~"1cm-1. However,
as the material is heated, its conductivity increases sharply, reaching 0.10 Q" 'cm-! at 700 K. Around this
temperature, a significant change occurs: the crystal structure of the CuCl transforms. Interestingly, while
other copper halides like copper bromide and copper iodide become "superionic conductors" under normal
pressure, CuCl does not. To achieve a similar state of high conductivity, CuCl needs to be put under extreme
conditions. At approximately 680 K and a very high pressure of 1 GPa, it transforms a new cubic structure.
In this structure, the chlorine atoms form a fixed, stable lattice, while the copper ions become highly mobile,
distributed randomly within the gaps of the chlorine framework. This disordered state of the copper ions is
what allows for the material's increased electrical conductivity. Its high cationic conductivity, roughly 10 Q-1
cm™!, characterizes the superionic phase of CuCl. With a modest temperature dependence, this conductivity
approaches levels that are characteristic of molten salts [Sekkal, 1998, P1293]. An "melting" of the cationic
sublattice is shown by the latent temperatures linked to the transition to this superionic state. A preferential
conduction path for the cation within the superionic phase of copper halides is along the [111] direction,
according to experimental data from EXAFS measurements [Boyce, 1981, P1]. Furthermore, Schneider et
al. [Schneider, 1992, P3196] have identified local tunneling of muonium between tetrahedral interstices,
each of which has four nearby copper atoms.

The ac magnetic susceptibility of quickly warmed materials likewise showed diamagnetic anomalies above
90 K throughout a temperature range of 10 to 20 K [Stegemann, 2019, P1] [Lefkowitz, 1979, P4506]. Their
size and temperature range varied from sample to sample, but the anomalies were reproducible for a given
sample. The observed diamagnetic anomaly was thought to be a hint of the Meissner effect in
superconducting materials. However, the observed anomalies are still poorly understood because
superconductivity in CuCl could not be verified [Lefkowitz, 1979, P4506].

The Raman spectrum of CuCl is unusual, even at 5 K. Instead of the single TO phonon peak expected for
this type of material, it has a standard LO phonon peak (~209 cm™) and a broad structure in the TO region
with at least two additional peaks (145-175 cm™) [Ulrich, 1999, P351]. All three peaks are broad but remain
stable at higher temperatures. We will be using the Fukumoto et al. notation to identify them [Park, 1996,
P2314], [Fukumoto, 1976, P349]. For instance, in Fig. 1, we display the Raman spectra of multiple
isotopically changed CuCl samples at 5 K. As one moves from the bottom to the top of the spectrum, the
lowered mass u increases. The LO phonon shifts monotonically to smaller frequencies in accordance with
that. On the other hand, it is already evident that the isotopic composition significantly influences the form
of the TO structure line, namely, the fact that the TO(y) The peak does not change monotonically as the
mass changes. This raises the prospect that the nature of the TO structure can be elucidated by the
examination of the changes in line form upon isotope substitution.
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Figl. Raman Spectra of isotopically modified CuCl at 5 K. The reduced mass pu increases from the bottom to
the top. The LO phonon amplitude was normalized to one for all spectra. A strong isotope dependence of the
TO phonon position and, in particular, the intensity relative to that of the LO phonon is apparent.

Raman Intensity (arb. units)

The zone center is not the only location where the two-peak TO structure appears. It was demonstrated to
extend into the Brillouin zone using inelastic neutron scattering. It was detected at least 0.2 r.l.u. from the
I’ point along the three high symmetry directions A, X, and A.

A number of departures from the typical behavior have been found when comparing the temperature
dependence of the CuCl Raman spectra to that seen for other zincblende semiconducting compounds:
Because of the negative thermal expansion coefficients below 100K, the LO phonon frequency increases
from O to 90K and only drops above 90K [Vaccari, 2007, P1]. While the TO(y) and TO(f) modes' frequencies
fall monotonically as the temperature rises, the TO(f) modes' temperature dependency is surprisingly
considerable, measuring roughly 35 cm-! between O and 300 K [Potts, 1974, P2712]. Unlike the TO(8) mode,
which seems to correspond to a first-order Raman line, the temperature dependence of the scattering
intensity of the TO(y) peak is incompatible with a one-phonon or two-phonon Bose-Einstein factor [21, Potts,
1974, P2714]. However, considering the mean of the TO(y) and TO(B) frequencies, the temperature
dependence of the integrated total intensity of the TO structure is likewise consistent with what would be
predicted for a first-order Raman process.

There are two possible explanations for the abnormal TO structure: First, a Fermi resonance that repelled
the optical phonon out of a two-phonon combination band has been used to describe the anomalous TO
spectrum of CuCl [Krauzman, 1974, P529] [Ulrich, 1999, P351, P354]. Conversely, a method has been used
to determine how third- and fourth-order anharmonic coupling causes a two-phonon resonance to hybridize
with single-phonon states [Pang, 2024, P1] [Behera, 1981, P528, P529]. Third-order anharmonic coupling
is adequate to explain both peaks of the TO phonon structure, according to further extensive lattice
dynamical simulations [Hattori, 2010, P10, P12].

We present a model computation in Fig.2 that is comparable to the textbook case put out by Shand et al.
[Shand, 1976, P4641, P4643]. They have assumed an elliptical density of states. By accounting for cubic
and quartic factors in the anharmonic interaction, they have arrived at a broadening I'(w) that is comparable
to the one seen in Fig. 2 (b). The line shape derived from these two values is displayed in Fig. 2 (c); the
frequency-dependent shift A(w) represents the Kramers-Kronig transform of I'(w). However, because of the
very narrow pressure range examined, predictions for changes in the line shape—that is, changes in the
frequencies of TO(y) and TO(B) and their intensities—was not conclusive when applying hydrostatic
pressure [Shand, 1976, P4643]. Additionally, within the formalism of Ruvalds and Zawadowski [Ruvalds,
1970, P1172-1174], their two-phonon density of states is a model function that is purposefully created to
produce the desired line shape. In other words, while an elliptical two-phonon density of states may be a
good model, it is only a rough approximation to a realistic one, as we shall see.
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Figure 2. Simulation of the CuCl TO structure. Full line 63Cun+tCl, dashed line: 65CunetCl
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Nevertheless, this may be a suitable point to discuss briefly in which way isotope effects have to be taken
into account within the Krauzman model. Since the two-phonon density of states is dominated by copper
vibrations in this frequency regime, we scale the broadening I'(w) by the full copper isotope effect, i.e.,

W = 4/ 63/65 (4)63 = 0.984495 w63.
The aforementioned connection causes a somewhat lesser shift in the I' low-frequency edge compared to its

high-frequency edge. For 65CuratCl, the broadening is somewhat more than that achieved for 65CuratCl,
however, since the total number of two-phonon states must be preserved. The generated spectra show sites
of high intensities for which the shift A(®) in Fig. 2 (a) is closest to or intersected by the straight line (w —
wro) The model spectra in Fig.2 (c) are compared to the real spectra in Fig. 1, and we can easily see that
the isotope replacement in this model produces the right patterns in shifts and even relative intensities of
TO(y) and TO(B)

However, a number of disorder theories have also been put out to explain the TO structure, in which a
significant portion of the Cu atoms are situated at non-ideal lattice locations, resulting in the emergence of
extra (local) vibrational modes [Ulrich, 1999, P351, P353]. Cu displacements from the typical zincblende
sites are caused by secondary minima in the lattice potential in these models, which are attributed to the
large anharmonicity [Gobel, 1997, P211].

The findings of first-principles calculations on structural abnormalities in the Cu halides have recently been
supported by references to off-center models. As the copper atom is moved along the [111] axis in an
antibonding direction, all-electron density functional theory has been used to get an extra local minimum
in the total energy of a 16-atom CuCl supercell [Wei, 1993, P1640, P1641] [Pham, 2020, P2972]. It has been
found that the development of a complex of four Cu off-center atoms further reduces the total energy of
CuCl for a bigger supercell [Wang, 2023, P1]. They suggest that these complexes may give rise to local modes
and link them to the anomalous TO phonon spectrum.

Here, we demonstrate that the Fermi resonance scenario provides a quantitative explanation for the complex
variations in the Raman spectra derived from CuCl samples with changed isotopic composition (see Fig. 1)
[Serrano, 2002, P1]. A detailed comparison is made between the line shifts, linewidth changes, and intensity
ratio changes with isotope replacement. It should be noted that the TO structure may be explained without
using a second set of optical phonons [G6bel, 1996, P2591] [Park, 1996, P2592]. Vibrations resulting from
the suggested disorder in the material are responsible for this second phonon set. Our data, however,
qualitatively differ from the off-center model's predictions.
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Sample Preparation

Two distinct methods were employed for sample preparation. A portion of the samples was synthesized using
the Pulsed Laser Deposition (PLD) technique. The remaining samples were produced by heating copper (Cu)
metal, with a desired isotopic composition, in a flowing hydrogen chloride (HCI) gas atmosphere.

Natural copper and chlorine each possess two stable isotopes: 3Cu: 71.3%, 65Cu: 28.7%, 35Cl: 78.4%, and
37Cl: 21.6%, respectively. The elemental precursors utilized for sample growth were isotopically pure (99.5%),
with the exception of the enriched 37Cl, which contained approximately 9% of 35Cl as quantified by mass
spectroscopy. To mitigate potential artifacts arising from variations in chemical impurities and crystalline
quality, samples from independent sources were investigated, and their Raman spectra for identical isotopic
compositions were confirmed to coincide. The prepared samples were typically presented as platelets,
exhibiting a surface area up to 10 mm? and a thickness of less than 0.1 mm. X-ray diffraction (XRD) analysis
confirmed the samples' surfaces possessed a (111) crystallographic orientation. For samples derived from
isotopically pure HCI, initial reaction products underwent purification via two successive sublimations
under vacuum, followed by a zone melting process. Subsequent growth of the platelet samples was achieved
using a closed-tube transport method employing a hydrogen (Hs) atmosphere.

Raman Spectroscopy

Raman spectra were excited using a Kr-ion laser operating at a wavelength of 406 nm with a power output
ranging below 10 mW to avoid heating of the sample. Although copper (I) chloride (CuCl) is transparent at
this wavelength, its proximity to the material's bandgap induces resonance effects, significantly enhancing
scattering efficiency and enabling high-resolution measurements. To assess for potential line shape
distortions or shifts attributable to these resonance effects, additional laser lines (514 nm and 647 nm) were
also employed. The scattered light was dispersed by a triple monochromator setup is crucial because two of
them are positioned back-to-back to block off stray light, while the third one separates the Raman signal
from the laser light, where the focal length (f) was 0.75 m. Spectra were recorded in a backscattering
geometry from the [111] surface using single-photon counting. Samples were cryogenically cooled to 5 K by
immersion in superfluid helium, with meticulous care taken to minimize sample heating during
measurements. Calibration of the spectra was performed against nearby laser plasma lines.

Results and Discussion

The eigenvectors have a significant influence on the variations in the phonon frequencies when various
atoms in the unit cell are isotopically swapped.

Mode eigenvectors for the two coupled E2 phonons in wurtzite CdS and GaN may be found using isotope
substitution.

[Lin, 2019, P400], [Zhang, 1998, P9716-P9718], [Zhang, 1997, P14399, P14402]. According to the harmonic
approximation, the inverse square root of the decreased mass (@ ~ 1 A/, 1! =M_iont Manion) determines the
optical zone center phonon frequencies of zincblende compounds. Together with the sublattice mass
variance parameter g(k), which describes the isotope mass variations on the corresponding sublattice of the
zincblende sample, we have included the reduced masses of our samples for convenience in Table I. It is

provided by
m— m; 2
gk = Z ‘i ( m )

L
Here c¢; denotes the concentrations of either the cation or anion isotopes i of the respective sublattice. The
average mass of the sublattice overline m and the isotope mass is denoted by m;. These mass fluctuations
perturb the translational invariance and soften the q conservation rule of crystal momentum, giving rise to
elastic disorder-induced scattering of phonons [Lindsay, 2013, P2] [Asen-Palmer, 1997, P9431]. This effect
vanishes in isotopically pure samples.
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Table 1. Sublattice mass variance g(k) and reduced mass u in [104] LO(y), LO(y), and TO(y) units, Raman
linewidths, and frequencies. Several isotopically modified CuCl samples at T = 2K were measured for gamma
T'ow) (FWHM) in [cml] units. The linewidth has been adjusted to account for the resolution of the
spectrometer. The mean square deviation of many measurements represents the mistakes.

Sample plamu] gcu gci WLO(Y) T'Lo(y) WTO(Y) WTO(B)
63Cu3sCla 20.78 0 0 210.00 1.62 169.54 153.8
natCy35C] 20.69 2.1 0 209.45 1.30 167.93 153.6
63CuynratCl 20.74 0 5.8 208.98 1.69 168.51 153.2
65Cu3sCla 20.82 0 0 208.88 1.61 166.72 152.5
natCynatC] 20.77 2.1 5.8 208.81 1.70 167.87 152.7
65CuynatC] 20.89 0 5.8 207.79 1.62 166.65 152.1
natCy37Cl10) 21.53 2.1 2.9 206.67 1.43 167.36 152.9

(a) Data were taken at T = 5 K; samples have different orientations and were grown by a different process. (b) The Cl-
compound contains about 9% 35CL

The isotopically adjusted CuCl's LO(y) Raman spectra are displayed in (Figure 3). As the samples go from
the bottom to the top of the spectrum, their decreased mass, u, rises. In light of this, the LO(y) phonon
frequency (~ 208 cm-!) falls from the bottom to the top. Normalization of the peak intensities to one is
applied.

65CuratC]

;_’_/_/\ natCymatC] |
]

65Cu3sCl

63 Cunatcl ]
\\\‘_\M

natCu3 5 Cl

Raman Intensity (arb. units)

63Cu3sCl

n n 1 1 1 L s 1 1 " L L |
202 204 206 208 210 212 214 216
Raman Shift (cm )

Figure 3. Raman spectra of the isotopically modified CuCl's LO phonon at 2K. As would be
predicted for a zone center phonon, LO(y) moves in accordance with u='/? as the lowered mass p
rises from the bottom to the top.

(Figure 4) displays the frequency of LO(y) as a function of the decreased mass. Based on several
measurements on the corresponding sample, the mean square deviation is displayed by the error bars. The
dashed line represents the lowered mass behavior of the natural chemical in relation to its experimental
frequency. The agreement with the optical I point phonon prediction is quite good. For some substances,
the full phonon linewidth at half maximum (FWHM) [}, is reported in Table I along with the experimental
LO(y) frequencies. A 0.5 cm™! A wide Gaussian can be used to approximate the spectrometer resolution. A
Lorentzian line shape LO(y) [Chen, 2016, P4085, P4087, P] [Zaghloula, 2024, P1] [Menendez, 1984, P2054|
is implicitly assumed, and we fit the spectra to a Voigt profile to derive I}4)-
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Figure 4: Raman frequencies of the LO(y ) phonon at T 5K. Together with a few other isotope
mixes, the data match the samples in Table I. The two natural CuCl data points are from
separate samples. A lower mass behavior is shown by the solid line.

The Raman spectra of the TO structure exhibit two key features: a narrow peak at 168.5 cm™, designated
as TO(y), and a broad peak at approximately 152.3 cm™, labeled TO(B). These spectra, shown in (Fig. 5),
were normalized to the TO(y) peak. They were collected during the same scan as the LO(y) spectra (shown
in Fig. 3), though the order of display is different. The vertical bars in the figure mark the average position
of the TO(y) peak, based on multiple measurements and thlS value is also listed in Table I.
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Figure 5. Raman spectra show several isotopically modified CuCl samples' anomalous TO
structure. Changes in copper mass cause the TO(y) line to shift rather than changes in u. When
u changes, the broad TO(B) line changes as well.

The TO(y) Raman shift exhibits a pronounced sensitivity to the isotopic mass of copper. Specifically,
replacing 65Cu with 63Cu in compounds with chlorine results in a TO(y) shift of 1.6.0+£0.6 cm~! as we see in
(Fig.6(a)). This shift is significantly larger than the 0.8 cm™! shift predicted by the change in the system's

Copyright Author (s) 2025. Distributed under Creative Commons CC-BY 4.0
Received: 02-07-2025 - Accepted: 01-09-2025 - Published: 10-09-2025 163


https://alqalam.utripoli.edu.ly/index.php/AR

AlqJ Sci. 2025;1(2):157-171
https://doi.org/10.69667/ajs.25205

Algalam Journal of Science
pgmbld Ak | Al

https://algalam.utripoli.edu.ly/index.php/AR

reduced mass, p. Conversely, the TO(y) frequency is less sensitive to the isotopic mass of chlorine. For
instance, the substitution of 37Cl with 35Cl leads to a minor TO(y) shift of 0.40+0.5 cm-!, which is
substantially smaller than the anticipated shift of 2.1 cm™! derived from the change in reduced mass.
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Figure 6: (a) Raman frequencies of the TO(y) peak as a function of the copper mass at 5 K (dashed
line m;i/ ’scaled to the frequency in netCunetCl). The circles are the measured values, and the x are
calculated values (Theoretical values). For clarity, the theoretical values have been shifted down
by 0.2 amu. The error bars represent the mean square deviation of several measurements. (b)
Raman frequencies of the TO(f3) peak depending on reduced mass at 5 K.

The TO(y) The peak is a narrow feature with a unique line shape that is neither Gaussian nor Lorentzian
(see Fig. 2). Spectrometer resolution distorts and broadens the experimental TO(y) peaks shown in (Fig. 5).
Therefore, a direct comparison of spectra is only valid if they were measured with the same slit width. To
address these challenges, we determined the width of TO(y) by fitting a Gaussian function to the high-
frequency side of the peak, starting from the sharp rise on the lower frequency side. We confirmed that the
starting point of the fit does not significantly impact the calculated width by testing multiple starting points.
The determined values were then corrected for the spectrometer's Gaussian resolution function. The
corrected linewidths, I7¢(,), are provided in (Table 2).

Additionally, the TO(B) peak changes due to isotope replacement. For certain substances, however, its
significant breadth and low intensity make it difficult to detect even small changes in its Raman shift.
(Figure 6) (b) shows the average TO(f) frequency shown across the decreased mass based on fitted spectra
with a Gaussian profile from many observations in the 130-160 cm-! range, see Table I for more clarification.
Moreover, we would like to emphasize that there is no presumption of a reduced mass dependency.

Table 2. The amplitude ratios of TO(y) and TO(B), as well as the linewidth I'rg,) in [cm'], were measured and
computed. The spectrometer resolution is taken into account while adjusting the observed values of I'rg(y).
The Fermi resonance model is in good agreement with the trends in the linewidths and the ratios of the
amplitudes of TO(y) and TO(f). Mean square deviations of many measurements make up the mistakes.

I1(TO
Sample 7o) I((T(([);))))
measured calculated Measured calculated

63Cu3SCle 0.85 0.84 1.9 2.0
63CynatCl 0.71 1.0 2.6 1.8
63Cus7Cl - 1.2 - 0.8
natCy35C1 0.59 0.57 2.9 3.1
natCynatC] 0.76 1.1 2.0 1.7
natCy37Cl 0.9 1.4 1.1 1.0
65Cu3sSCle 0.8 0.4 3.3 4.5
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65CuratCl 0.6 0.63 2.9 3.0
65Cu37Cl®) - 1.1 - 1.2
(a) The data were taken at T = 5K in this table; samples have different orientations and were grown by a different
process. (b) The 37Cl-compound contains about 9% 35CIL.

Here we will only see the key concepts and outcomes of the anharmonic decay of phonons that causes
widening and energy shift [Cusc6, 2025, P1], [Menendez, 1984, P2052, P2053]. In the harmonic
approximation, the crystal lattice potential is enlarged to quadratic terms in the atomic displacements only,
and this is how most lattice dynamical computations are carried out. The quartic and cubic terms in this
expansion, however, are frequently non-negligible in a real crystal. Such anharmonicities cause the normal
modes to move and broaden as a result of the coupling of the harmonic eigenstates they create. These are
described by a complex phonon self-energy

n(jq, ) = A(jg,w) +il(jq, ») (1)
which depends on the frequency ®, phonon wave vector g, and the branch j of the phonon. We consider the
renormalization of zone center phonons (q = 6) by anharmonic interaction. For small shifts A and
broadenings I' compared to the harmonic Raman frequency, the line shape of the Stokes Raman peak at low

temperature (kT < hw) is
Is (j6 ,0) a

r(jow)
[w- w;(0)- A(j0,w)] 242 (j0,w)

(2)

Depending on the study of Raman light scattering, we use the next equation to calculate Raman line
broadening [Balkanski, 1983, P1931], [Tallman, 2004, P493]

- 18w - 2
()= — > 1(0au/0)
q,J1,J2
X [n(1q1) + n(2q2) + 1] §(wj1(q1) + wg2(q2) — w) 3)
V5(jq,j191,j2.92) These are the cubic coefficients in the expansion of the lattice potential in normal coordinates.
In the following, we choose the particular case in which a zone center phonon (q = 0) with branch index j
decays into two phonons with opposite wave vectors q: = q, q2 = -q and branch indices ji, jo2, respectively.
Conservation of energy is guaranteed by the §-function in Eq. 3. The number of thermal occupations, n(jq),
disappears at low temperatures. Therefore, the right side of Eq. 3 becomes proportional to the two-phonon
density of states p,(w) if we assume matrix elements V; that are constant within the energy range of interest
here. The optical Raman frequency w; (6) may thus be predicted to expand significantly whenever it
coincides with a peak in the two-phonon density of states. The assumption may be oversimplified, though,

because V3 It is also dependent on the wave vector of the pair of phonons into which the mode decays. This
dependency is provided by [Balkanski, 1983, P1929] [Cusco, 2015, P4, P5] as

V 'Ol' " - =z 0
3(70,20.J2 —a) 6<8ij(0)wj1(Q)“’j2(_q)>

e (K|j0) es(K'|j;q) (K"|j, —
y Z Z Dy (0K, U, K1, K «(K|j0) eg (K'1j1q) ( : ljz — @)

1" KKTK" By [myg mygr myn]2
x eialR(1")-Ra')] (4)

where @, 5, is the third derivative of the interatomic potential with respect to displacements along the
Cartesian coordinate axes a, f and y of the atoms (0, w), (I, k), and (I", k") [Menendez, 1984, P2053]
[Balkanski, 1983, P1928, P1929]. The index I labels the primitive cell, while denotes the two atoms within
the primitive cell. The e(k|jq) are the harmonic eigenvectors. m; is the atomic mass and N the number of
cells in the crystal? We can consider the change of the decay rate with isotope substitution, depending on
A

The anharmonic shift A of a zone-center optical phonon is caused by third-order coupling [Wei, 2021, P3],
which represents the decay of one phonon into two phonons. This contrasts with thermal expansion and
fourth-order scattering, which cause a frequency-independent shift. The frequency-dependent nature of the
third-order coupling can distort the phonon's line shape. Since the anharmonic shift is the real part of the
self-energy II (see Eq. 1), it can be calculated from the imaginary part I using a Kramers-Kronig
transformation [Pain, 2025, P2, P3].
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In the lattice dynamics part, we can clearly see that the Third-order anharmonic interactions of lattice
vibrations are the only basis on which we define a model. Calculating the Raman spectra of CuCl with
varying isotopic composition is made possible by it. Only the third-order coupling constant V; It is a
parameter that can be used. As we know the inelastic neutron scattering is a powerful technique; therefore,
it is used to specify CuCl at low temperatures [Gopakumar, 2017, P2, P7, P8], [Prevost, 1977, P3999-P4001].
To determine the phonon dispersion of CuCl, we utilize the parameters that they received from fitting their
data to a 14-parameter shell model [Hennion, 1979, P1610, P1621]. The phonon dispersions that were
obtained for (full lines) at ®3CuratCl and dashed lines at 65CuratCl are displayed in (Fig. 8 (a)). Using the
restriction g, + g, = 0, the corresponding two-phonon densities of states, p»(w), are displayed in (Fig. 8 (b)).
The reduced mass (~1/+/u) determines the optical phonon energies at the zone center, whereas the copper

vibrations (~1/,/m¢,) define the energies of the acoustic branches surrounding the X and K points (Fig. 8
()

r X K

=
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o
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Figure 8. a) CuCl phonon dispersion in high symmetry directions, calculated with the parameters
of the shell model. b) The density of states p.(w) with two phonons. There are indications for the
branch combinations that produce Van Hove singularities in the TO energy range

It is possible to deduce from Patel and Sherman's findings that the dominance of the copper eigenvectors is
more than merely a characteristic of the shell model parameterization. When these scientists examined the
eigenvector g-dependence of CuCl phonons from a rigid-ion model to those from the shell model, they
discovered that there was only a little difference between the two models [Patel, 1990, P923].

Using an 8240-point mesh and an energy resolution of 0.1 cm™!, the two-phonon density of states (DOS) in
CuCl was determined. Two notable peaks were found in this calculation close to the harmonic TO frequency
(~162 cm™1); these are Van Hove singularities that arise from combinations of the longitudinal acoustic (LA)
and transverse acoustic (TA) branches at the Brillouin zone's X and K points.

The two-phonon combination band peaks could only be found to a minimal extent because of the low
precision of neutron tests (6% for phonon frequencies). In order to reduce artifacts in the calculated spectra,
the two-phonon DOS was smoothed and approximated by averaging across a width of 1.5 cm~1. The flat TA
branches in CuCl are responsible for the rapid decrease of about 168 cm™!, which is the most noticeable
aspect of the smoothed spectrum. The smoothing technique has little effect on this distinctive dip, which is
strong.

It was discovered that the two-phonon DOS is directly proportional to the phonon self-energy broadening
(I'), which was calculated under the assumption of a gq-independent matrix element. After that, a Kramers-
Kronig transformation was used to determine the actual part of the self-energy (A). These approximations
were used in the calculation of the Raman spectra in the TO region. The unrenormalized TO frequency
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crossing the actual part of the self-energy explains the two peaks in the spectrum. In order to fit the
experimentally obtained spectrum, model spectra were calculated with different coupling constants. Higher
coupling constants result in bigger amplitudes of A relative to I and also increase the distance between the
real component of the self-energy and the unrenormalized TO frequency. Even though the simulated peak
frequency is somewhat higher than the real value, the best-fit simulation offers a decent approximation of
the observed line form.

16 | T 1 T T,
w

12 1 (R) ()
= 4
o
fa -4
= 2] 1
g | O rog’
=
& |
E T0() “a
=
a L wp
3 /

il L

130 140 150 160 170 180
Raman Shift ® (cm™)

Figure 9. Fermi resonance model for CuCl's TO anomaly. (a) I'(®w) = V3p,(w) is the imaginary
component of the phonon self-energy, shown by the solid line. A(w), a Kramers-Kronig related
quantity, is shown by the dashed red line. For T0(0,j), the dotted straight blue line is introduced

w — Wrg (5). (b) The intensity is provided in arbitrary units for the simulated "*tCun+tCl spectrum

We now want to talk about the main issue of consistency in the described process: The phonon dispersion
of CuCl was measured using inelastic neutron scattering, which measures phonons that had already been
renormalized by the anharmonic interaction. The unrenormalized harmonic frequencies are not obtained by
parameterizing the harmonic shell model with these values [Hennion, 1979, P1616]. However, we implicitly
employed the phonon dispersion as if it were unrenormalized in our computation of the complex self-energy
206, w). Therefore, it is expected that the absolute phonon frequencies determined by using the anharmonic
renormalization will differ from those being observed. In addition, we have overlooked the fourth-order
contributions to the real part of the self-energy and thermal expansion, which also cause a line shift and
could explain the discrepancy between the calculations and measurements. The location of the drop in p.(w)
and the harmonic frequency wr¢ (6) would not be known with precision, even if the renormalization issue
did not occur. It is assumed that both come from a fit of the phonon dispersion to the shell model, which
may not accurately recreate the phonon frequencies at every Brillouin zone location. However, this
consistency issue has minimal impact on the relative shifts brought about by the isotope effect.

Additionally, we have considered the lattice dynamics within the framework of the virtual crystal
approximation, hence ignoring the consequences of isotope disorder in our mathematical calculations. To
project the masses of the ions on the cation or anion sublattice, an average over the relevant isotopic
composition is used. As the reported disorder effects are already very minor for germanium (Ge) [G6bel,
1997, P216] or stannum (Sn) [Sharma, 2020, P1044], where the mass variance parameters g(k) are about
an order of magnitude smaller, shifts in the Raman spectra of CuCl caused by isotope disorder should be
insignificant. Both isotopically pure and isotopically 118 disordered materials show good agreement between
the measured LO(y) frequencies and the expected decreased mass behavior, which further supports the
virtual crystal approach (Fig. 4). On the other hand, the linewidth of LO(y) varies little with isotope disorder.
The TO zone center phonon is even less affected by isotope disorder-induced scattering because, as Fig. 8
illustrates, the optical branches of the phonon dispersion bend monotonically upward. Consequently, the
ensuing self-energy is tightly suppressed, and there is only a small one-phonon density of states to scatter
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into. Our estimates also did not account for the effects of structural disorder, where ions would be found on
off-center locations.

To calculate the phonon dispersion of CuCl, we simply change the atomic masses m,. It is anticipated that
the force constants of the shell model would remain unaffected by the isotope replacement. As previously
mentioned, the two-phonon density of states p,(w) is computed for each isotopic composition to determine
the line broadening I (ja, ) and the line shift A(jﬁ, w). We calculate the Raman spectra for different isotopic
compositions using the same anharmonic coupling value VZ = 70 cm™? in each case, and the associated
harmonic frequency wqg (6) We find that the TO(y) frequencies are similar for compounds that have the
same mass of copper. Within these groups, TO(y) shifts follow the pattern indicated by the lowered masses,
meaning that the molecule with the lighter chlorine isotope has a greater TO(y) energy. The energies of TO(y)
changed by +3.1 cm-! for the aforementioned causes are shown by the crosses in (Fig. 6 (a)).

We discovered that the data and our estimated isotope shifts agreed rather well. With our method, the
complex modifications in the TO structure brought about by the isotope replacement-induced variations in
eigenvectors and phonon frequencies are automatically taken into consideration. The results may be
summed up as follows: The location of the TO(y) The phonon is mostly determined by the abrupt decrease
in the imaginary component of the self-energy I', as can be seen in Fig. 9. This drop is caused by a Van Hove
singularity of TA + LA acoustic band combinations concerning the X and K positions. The decrease shifts
mainly for Cu isotope substitution because copper ions are the main component of these modes. As far as
we know, the TO(y) peaks of compounds with the same mass of copper form groups because the substitution

of chlorine does not alter the decrease in I'. w — wyg (6) = A(jB, w), or the position in Fig. 9 (a) where the
straight line is closest to the dotted line that signifies A, is the second prerequisite for the TO(y) placement
inside these groups. When the chlorine mass in compounds with the same copper mass is modified, the
whole isotope impact on the reduced mass shifts the straight line in Fig. 9 (a). As the chlorine masses get
smaller, the straight line and the point where it crosses or is closest to A both shift to higher frequencies.
However, the strong slope of the real component of the self-energy Delta in this energy range means that the
shift of this point is not as large as a decreased mass shift would imply.

The measured linewidths of the TO(y) The peak for compounds made from native copper increases with
increasing chlorine mass (Table II). Our calculated spectra confirm this, as seen in (Fig. 9): The frequencies
wz,and w, point to the lower and upper borders of the drop in I', respectively. If the copper mass remains
constant, these frequencies ought to remain constant since the acoustic vibrations involved have a primary
copper nature. In Fig. 9 (b), the edges of §,(w) at w,and w, are plainly visible in the spectrum. Consequently,
the linewidth I74,) is essentially determined by the amplitude of the spectrum between w,and w,. The lowest

values of [w — wyg (6) - A(jﬁ, w)] yield the highest amplitude. Ignoring this value with respect to I', we see
that Eq. 2 simplifies to I ~I'"1. As the mass of chlorine grows, the dotted line in Fig. 9 (a) moves towards
lower frequencies, I" therefore rises. As the resultant spectrum's linewidth increases, its amplitude lowers.
Nevertheless, a quantitative comparison between the estimated and real linewidths I, is not possible due
to the limited spectrometer resolution. While the larger predicted linewidths, up to 1.6 cm!, would remain
mostly unaltered, the 0.5 cm-! spectrometer resolution would greatly expand the least calculated linewidth,
which is around 0.4 cm-!. Furthermore, the linewidth I7¢,) is determined by the finer characteristics of the
two-phonon density of states between w, and w,. We find that theory and experiment agree rather well for
both the absolute values of I74(,) and the trends with isotope replacement, despite these two uncertainties.
The Fermi resonance model generally matches experimental TO(y)/ TO(f) amplitude ratios (Table II), except
for *Cu®*Cl, where the predicted ratio is too high. TO(BFrequencies are ~1.7 cm™ lower than measured but
show isotope shifts proportional to reduced mass (Figs. 6 (b), 9). Chlorine substitution mainly shifts [w —
Wro (5)] with minimal A change, producing reduced-mass behavior; copper substitution shifts both, but the
TO(B) peak still follows reduced-mass trends, consistent with Fig. 6 (b).

We model LO(y) behavior using a reduced mass approach similar to the TO case. Two LA modes near the L
point dominate the two-phonon DOS around LO(y), approximated with an average acoustic frequency of 105
cm™'. From Eq. 4, (Vf°)? = 26 cm™ yields linewidths ~1.6 cm™, matching observations (Table I). The
measured LO(y) frequency is ~6 cm™ higher than calculated, and simulated I[LO(y)]/I[(TO(y)] ratios are up
to 4x larger than measured. Isotope substitution changes (V£9)? by < 5%, giving predicted linewidth
variations < 0.08 cm™'—much smaller than observed, suggesting disorder-induced elastic scattering.

In this model, isotope broadening is proportional to the DOS projected on each sublattice and weighted by
its mass-variance parameter. For samples made under the same conditions, matCu®®Cl shows the smallest
linewidth (I;4)= 1.34 cm!) and lowest disorder (g, = 0.7 X 107*). Switching to natCu®’Cl increases g, by
~2.9 x 107™* and linewidth by ~0.14 cm™!. Other isotopic compositions have g,,; = (5.1-5.8) x 10™* and
linewidths of [}, = 1.64-1.75 cm™, about 0.38 cm™ higher than natCu**ClL.
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Conclusion

In this study, we could investigate the Raman spectra of copper(l) chloride (CuCl) samples with varying
isotopic compositions at low temperature (T=5K) to understand the effects of isotope disorder on phonon
linewidths. Our findings are consistent with the Fermi resonance model, which provides a robust
explanation for the anomalous Raman spectra of CuCl. Our results confirm that the observed variations in
the linewidths of the TO(y) phonon are qualitatively consistent with a broadening caused by isotope disorder,
specifically the mass-variance parameter g(k). While a quantitative analysis would necessitate a
spectrometer with higher resolution, the qualitative agreement supports this mechanism. We found that the
TO(y) peak's position is closely tied to the edge of the two-phonon density of states, which is a consequence
of Van Hove singularities. Since these singularities arise mainly from acoustic dispersion branches involving
copper vibrations, the TO(y) peak exhibits a copper-dominated isotope effect. For samples with a natural
copper abundance, the linewidth of the TO(y) peak increases with increasing chlorine mass. The frequency
changes of the TO(B) peak, however, are consistent with a reduced-mass-like behavior, as predicted by the
Fermi resonance model. Furthermore, the ratio of the peak intensities of TO(y) to TO(B) decreases with
increasing chlorine mass. The LO phonon, on the other hand, interacts with a relatively flat two-phonon
density of states. Its position shifts in a manner consistent with a normal zone-center phonon, following a
decreased mass behavior. The linewidth of the LO(y) phonon is attributed to a combination of anharmonic
and isotope-disorder-induced broadening. We were able to account for all experimental observations using
a single effective anharmonic coupling parameter V;. In contrast to our findings, off-center models fail to
account for the Raman data. An early quantitative description of such a model, which implies two reduced-
mass-like oscillators, cannot explain the differing mass dependences of the TO(y) and TO(8) phonons. While
we cannot definitively rule out the presence of off-center defects in CuCl, they are neither necessary nor
sufficient to explain the observed Raman anomaly. An interesting exception was the 3Cu35Cl samples, which
showed anomalously high LO(y) linewidths despite their vanishing mass-variance parameter. This
discrepancy may be attributed to a lower sample quality, surface effects, or compositional differences
resulting from a different manufacturing batch. Future research could investigate these possibilities to
ensure sample consistency across different compositions.
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