N

N

Exploring Structural Changes in Ge-Te Amorphous Films
Through Small-Angle Neutron Scattering
Andrea Piarristeguy, Raphaél Escalier, Annie Pradel, Viviana Cristiglio, Gabriel
Cuello

» To cite this version:

Andrea Piarristeguy, Raphaél Escalier, Annie Pradel, Viviana Cristiglio, Gabriel Cuello. Exploring Structural
Changes in Ge-Te Amorphous Films Through Small-Angle Neutron Scattering. Applied Sciences, 2024, 14
(24), pp.11713. (10.3390/app142411713). <hal-04840691)

HAL Id: hal-04840691
https://hal.science/hal-04840691v1

Submitted on 27 May 2025

HAL is a multi-disciplinary open access archive
for the deposit and dissemination of scientific re-
search documents, whether they are published or not.
The documents may come from teaching and research
institutions in France or abroad, or from public or pri-
vate research centers.

L’archive ouverte pluridisciplinaire HAL, est des-
tinée au dépot et a la diffusion de documents scien-
tifiques de niveau recherche, publiés ou non, émanant
des établissements d’enseignement et de recherche
francais ou étrangers, des laboratoires publics ou
privés.

Distributed under a Creative Commons CC BY 4.0 - Attribution - International License


https://hal.science/hal-04840691v1
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr

iririell applied
e sciences

Article

Exploring Structural Changes in Ge-Te Amorphous Films
Through Small-Angle Neutron Scattering

Andrea A. Piarristeguy 17, Raphaél Escalier 117, Annie Pradel 1%, Viviana Cristiglio >

check for
updates

Citation: Piarristeguy, A.A.; Escalier,
R.; Pradel, A.; Cristiglio, V.; Cuello,
G.J. Exploring Structural Changes in
Ge-Te Amorphous Films Through
Small-Angle Neutron Scattering. Appl.
Sci. 2024, 14, 11713. https://
doi.org/10.3390/app142411713

Academic Editors: Mioara Zagrai and

Ramona-Crina Suciu

Received: 6 November 2024
Revised: 2 December 2024
Accepted: 10 December 2024
Published: 16 December 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Gabriel J. Cuello *

1 ICGM, Univ. Montpellier, CNRS, ENSCM, 34095 Montpellier, France;
andrea.piarristeguy@umontpellier.fr (A.A.P.); raphael.escalier@umontpellier.fr (R.E.);
annie_pradel@yahoo.fr (A.P.)

Institut Laue Langevin, 71 Avenue des Martyrs, 38042 Grenoble, France; cristigl@ill.fr
*  Correspondence: cuello@ill.fr

Abstract: The structure of the glassy GeyTe;_, system, with x = 0.17,0.21,0.28,0.30, and 0.45, is
studied using the small-angle neutron scattering (SANS) technique. The very-low-momentum-
transfer region of the diffractogram exhibits distinct behaviour depending on the germanium content.
A similar conclusion is drawn from the analysis of the first diffraction peaks observed at higher
angles. This system exhibits three composition regions with distinct behaviours: a first zone of
low Ge content (up to about 20-25 at.%), a third zone richer in Ge (from about 30 at.% and above),
and a second transitional zone between them. These changes are reflected in the parameters that
govern Porod’s region, as well as in the region where the first diffraction peaks appear, corroborating
previous observations made using other experimental and simulation techniques. Our study provides
experimental evidence that could open up new possibilities for conducting simulations using neutron
data. The results presented here show that increasing Ge content leads to a strengthening of the
intermediate-range order at the expense of a weakening of the short-range order.

Keywords: chalcogenide glasses; SANS; neutron diffraction; short-range order; intermediate-range
order; correlation distances

1. Introduction

GeTe-based materials, known for their remarkable phase-change behaviour [1] and ther-
moelectric [2,3] performance, are widely explored for advanced applications in non-volatile
memory devices and energy-harvesting systems. Phase-Change Materials (PCMs) were
first conceptualised in the late 1960s, with Stanford Ovshinsky’s pioneering work [4]
highlighting their potential for data storage applications. These materials exhibit unique
properties, such as the ability to switch between crystalline and amorphous states, each
with distinct optical and electrical characteristics. The crystalline phase typically shows
high electrical conductivity and high optical reflectivity, whereas the amorphous phase
has high resistivity and low reflectivity. This transformation, driven by external energy
inputs like laser pulses or electrical currents, occurs on the nanosecond scale and is fully
reversible [5]. Prominent PCM compositions include telluride-based materials, such as
Ge,SbyTes, Ge1Sb,Tey, and GeTe [6-8], which have been widely utilised in optical storage
devices like CD-RW, DVD-RW, and Blu-ray Discs due to their fast switching capabilities,
durability, and scalability [9].

Current research focuses on advancing PCMs for electrical memory technologies, such
as Phase-Change Random-Access Memory (PC-RAM), which offers advantages such as
faster speeds, greater energy efficiency, and enhanced durability compared to conventional
flash memory. One of the defining characteristics of PCMs is their ability to crystallise
rapidly from the amorphous phase, generating a marked contrast in electrical properties
between the two states. However, the interaction between the amorphous and crystalline
structures remains a critical area of research. These structures must be sufficiently distinct to
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ensure the stability of the amorphous phase and reliable data retention at operating temper-
atures yet topologically similar enough to enable rapid crystallisation within nanoseconds.

Storage density is another crucial aspect of PC-RAM technology. One approach to
enhancing storage density is the development of multi-level cells (MLCs) [10], where the
resistance of a cell can be precisely adjusted by modulating the volume of its amorphous
phase. However, this requires a stable amorphous state with time-independent resistance.
A significant challenge in this area is resistance drift [11-13], a phenomenon in which the
resistivity of amorphous telluride materials, such as GeTe and Gey 15Teg g5, increases over
time, potentially leading to data degradation in MLCs.

During the last decades, different techniques have been used to study the atomic
and local structures of amorphous Ge-Te, including the extended X-ray absorption fine
structure (EXAFS) at the Ge and Te K-edges [14-16], anomalous X-ray scattering [17], time-
of-flight neutron diffraction [18], X-ray absorption fine structure spectroscopy [16], and
numerical simulations [19-22]. Previous studies on amorphous Ge,Te; _, (0.10 < x < 0.50)
films, produced via co-sputtering, have identified three distinct regimes of resistance drift,
with notable transitions occurring at approximately 25 at.% and 35 at.% Ge. Ge-rich glasses
(x > 0.25) exhibit high drift coefficients, with values ranging from 0.13 for Gegs50Teg 50
to ~0.29 for compositions near the stiffness threshold. In contrast, the drift coefficient
decreases with lower Ge content in Ge-poor compositions (x < 0.25) [23]. These anomalies
may result from microstructural or topological changes, although the possibility of phase
separation near the critical composition thresholds cannot be ruled out.

Recent structural analyses of co-evaporated or sputtered Ge,Te;_, (0.10 < x < 0.50),
utilising techniques such as X-ray diffraction and EXAFS combined with reverse Monte
Carlo (RMC) modelling, have provided valuable insights into the atomic-scale
structure [24-26]. This research has identified two structural singularities at approximately
22-25 at.% and about 33 at.% Ge. The first singularity, at 22-25 at.% Ge, corresponds to
the minimum bond variability and homopolar bond fractions, indicating a high level of
structural organisation. This behaviour aligns with the flexible-to-rigid transition predicted
by rigidity theory, initially proposed by Phillips and Thorpe [27,28]. Experimental evidence
supports this interpretation, with maximum values of thermal stability (AT = Tx — Ty),
where T is the temperature of crystallisation onset and Ty the glass transition temperature
and the optical band gap (Eg) observed near 22 at.% Ge [27].

The second singularity, occurring at compositions above about 33 at.% Ge, signi-
fies a pronounced trend towards crystallisation, as evidenced by the disappearance of
the glass transition temperature (Tg) and a sharp decrease in the crystallisation temper-
ature (Tx). Structurally, this Ge-rich region is marked by increased disorder, reflected
in a constant distribution of heteropolar and homopolar bonds, significant bond length
variability, and the consistent intensity of the First Sharp Diffraction Peak (FSDP) in the
concentration—concentration structure factor [25]. The enhanced Ge-Ge correlations ob-
served at intermediate length scales (~7.7 A) in this region further suggest the potential for
phase separation.

In this study, we aim to extend the structural investigation of the Ge-Te system by
exploring potential rearrangements at the nanometre scale using small-angle neutron scat-
tering (SANS). The objective is to clarify the structural evolution of Ge,Te;_, amorphous
films. Covering a wide range of momentum transfer, we monitored structural changes from
large structural units to short-range order (SRO, corresponding to interatomic distances),
also covering intermediate-range order (IRO, corresponding to connections and relative
orientations of groups of atoms) [29,30]. Within this context, fitting Porod’s region [31] in
the SANS diffractograms also aims to reveal the topology of the system and to provide
insights into its morphology and dimensionality.

2. Materials and Methods

In this work, we studied amorphous films of the Ge,Te;_, system with x < 0.5.
The use of films, rather than materials prepared by melt-quenching techniques, is justified
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by the inherently limited amorphous domain of this system. Thermal co-evaporation offers
a significant advantage by enabling access to a broader amorphous region, making it a
more suitable technique for investigating amorphous GeTe mixtures.

The use of the SANS technique offers certain advantages over X-rays. The neutron
scattering lengths of Ge (8.185 fm) and Te (5.80 fm) are comparable, allowing a balanced
analysis of both elements in the Ge-Te glass structure. This contrasts with X-rays, where
the higher atomic number of tellurium (Z = 52) leads to a dominant contribution, overshad-
owing that of germanium (Z = 32). In X-ray studies, the atomic form factor serves as the
equivalent to the neutron scattering length, but its dependence on atomic number makes
X-rays less suited for studying systems with significant differences in Z.

2.1. Sample Preparation

Five thick amorphous films with measured compositions of Geg 17Teq g3, Gep21Tep.79,
Geg2sTeg 72, GegzoTeg 7o, and Geg 45Teg 55 were prepared via thermal co-evaporation using
a MEB 500 system from Plassys. Microscope slides were employed as substrates. Prior to
deposition, the chamber was evacuated to a pressure of 10~/ mbar. Germanium pieces
(from Goodfellow, Huntingdon, UK, 99.999%) were evaporated by electron beam bom-
bardment, while tellurium pieces (from Sigma-Aldrich, St. Louis, MI, USA, 99.999%) were
evaporated from two current-induced heated sources. During deposition, the substrate
holder was rotated and heated to approximately 70 °C. The deposition rate for each element
was automatically controlled using a thin film deposition controller.

The samples (approximately 150-200 mg) required for the SANS measurements were
prepared by scraping the 5-7 um thick co-evaporated films. This process produces frag-
ments that are primarily two-dimensional, with a thickness equivalent to that of the film and
dimensions of 1-2 mm in the other directions. The film compositions were verified using
Electron-Probe Micro-Analysis (EPMA) with a CAMECA SX-100 (Paris, France) instrument.
The amorphous nature of all as-deposited films was confirmed through X-ray diffraction,
performed using a PANalytical XPERT (Almelo, The Netherlands) diffractometer with a
Cu (Ky) source for an incident wavelength of A = 1.5406 A.

2.2. Small-Angle Neutron Scattering

The SANS experiments were performed using the small momentum transfer diffrac-
tometer D16 at the Institut Laue-Langevin (Grenoble, France) using a wavelength of
A = 4.47 A. This provides a high AQ/Q resolution of 1%, suitable for detailed struc-
tural analysis. Six detector positions (SANS and WANS configurations) were used to
achieve a broad Q-range from 2 x 102 A=1t022 A~1 (Q = 471/Asin 6, where 26 is the
scattering angle).

The monochromatic neutron beam dimensions at the sample position were defined by
slits of 25 x 5 mm? and centred on a cylindrical vanadium sample holder with a 4 mm inner
diameter and 66 mm length. This setup ensured the uniform illumination of the sample
cell by the neutron beam.

Amorphous Ge,Te; _, films were placed in the unsealed cylindrical vanadium contain-
ers, and the room-temperature diffraction patterns were collected by moving the neutron
detector around the sample at a fixed distance. The sample cells were mounted in a rotative
sample changer. In addition to the samples, the necessary ancillary measurements were
performed, including a vanadium rod (5 mm in diameter), empty cell, and cadmium, all
with dimensions closely matching those of the sample.

The resulting 2D data were radially averaged to obtain the scattered intensity I(Q)
as a function of Q. Data were corrected by taking into account the empty cell, environ-
mental background, sample transmission, and the thickness of the sample. Additionally,
the data were then normalised using a vanadium standard to correct for the non-uniform
detector response. This data reduction was carried out using the ILL's LAMP software
(https:/ /www.ill.eu/users/support-labs-infrastructure /software-scientific-tools /lamp, ac-
cessed on 9 December 2024) [32] and specific routines for SANS experiments.
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3. Results

Figure 1 shows the SANS diffractograms recorded at room temperature for all Ge,Te;
samples. All the curves display similar behaviour, showing a linear regime (in the log-log
plot) in the low-Q region (below 0.1 A~1) and exhibiting two diffraction peaks in the high-Q
region (above 0.3 A~1): atabout 1 A~! for the FSDP and at about 2 A~! for the Principal
Peak (PP). Despite these similarities, some differences are evident at a glance. The two
samples with lower germanium content display nearly the same behaviour in the low-Q
region, while the others exhibit much higher intensity and different slopes.

To quantitatively analyse the diffractograms shown in Figure 1, fitting is performed in
the range 0.03 to 2.3 A~! using the following fitting function:

f(Q=9+aQF+ ) Aisbel exp(— 1)

label—FSDP, PP V 27T Olabel

(Q— Qlabel)z>

2
2072bel

where 7 is the background. This function has two main contributions: a power-law function
to describe the low-Q region (below 0.1 A1), also known as Porod’s region, and a couple
of Gaussian peaks describing the high-Q (or diffraction) region. The a parameter takes
into account the intensity of the SANS signal (proportional to the neutron counts per
detection channel), and S is the exponent of the power function. For the Gaussian peaks,
the parameters are the usual ones: Ajpel, Qlabel, and Ojape (1Iabel: FSDP or PP) are the area,
the centre, and the standard deviation, respectively. Figure 2 shows the fit corresponding to
the Geg 17Teg g3 sample, representing the typical fit for all samples. The resulting parameters
from this fitting process are shown in Tables 1 and 2.

102 5
7 "ﬁ.. o GegirTegss
- 005 o, Gegz21Teo 79
o 0 s
] . e..,“.., »  GegagTegs
E 101_: ..9;:"5‘:‘%’ ] GE()_30TEO_70
' 3 . Geg.4sTeo.s5
=] 7] .Q‘
P i %
[
L 1004
‘'« ]
c
b ]
-
£ 101+
10_2 T T T T LI I T T T U LI I
102 101 100

Q (A1)

Figure 1. SANS diffractograms as determined on the D16 instrument for the five Ge,Te;_, samples,
with x = 0.17,0.21,0.28,0.30, and 0.45.

Table 1. Fitted parameters of the power-law function, Equation (1), for the GeyTej_, samples in
the low-Q region. The numbers in parentheses represent the uncertainties affecting the last two
significant digits of the tabulated values.

x= 0.17 0.21 0.28 0.30 0.45
x/1075 9.93 (29) 9.15 (26) 206.6 (3.2) 85.2 (1.8) 95.5 (1.9)
B 3.1689 (88) 3.2487 (86) 2.7587 (47) 2.6770 (64) 2.7897 (60)

7/1072 2.52 (17) 3.89 (14) 2.40 (58) 2.46 (21) 7.25 (20)
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Figure 2. The fit of the model given by Equation (1) to the Geg 17Tep g3 sample data. The fitted
parameters and their optimised values are shown in Tables 1 and 2.

The strong variation in the a and  parameters shown in Table 1 allows for a clear
separation of the five samples into two distinct groups: up to 22 at.% and above 30 at.% Ge,
with the sample with 28 at.% Ge being in a transition zone. The most relevant parameter in
Porod’s region is the exponent B, which is shown in Figure 3.

4.5
3.5
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3.0- ~sg <——| 1D structures
i D I Sy L

@ 2.5

2.0 <«——| 2D structures

1.5

1.0 - <—[Mass fractal structuresJ

0.5 T T T T T T T

Figure 3. The power-law exponent 3, as obtained from the fit of the low-Q region, is plotted as
a function of Ge content x. The dashed line is a smoothed spline that only serves as a guide for
the eye. The red-, white-, and blue-shaded areas correspond to the different zones observed as a
function of the Ge content. Labels and arrows indicate the expected values of j for typical structures
or behaviours.

When the exponent is 4, this power law is known as Porod’s law [33] and typically
describes a surface-dominated scattering from a well-defined structure, such as a large
aggregate or particle with smooth interfaces.
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Table 2. Fitted parameters for the GeyTe;_, samples in the high-Q region, i.e., the Gaussian parame-
ters in Equation (1). The areas A are in arbitrary units, while peak positions Q and widths ¢ are in
A1 Correlation distances D (see text for details) are in A. The numbers in parentheses represent the
uncertainties affecting the last two significant digits of the tabulated values.

x =017 FSDP PP x =021 FSDP PP
A 0.0576 (28)  0.2652 (19) A 0.0663 (19)  0.2627 (19)
Q 1.0907 (66)  2.0126 (13) Q 1.1040 (39)  2.0070 (14)
v 0310 (11) 0.2464 (16) v 02555 (57)  0.2447 (18)
D 8.62 (30) 10.83 (7) D 10.44 (23) 10.90 (8)
x =028 FSDP PP
A 0.0839 (83)  0.2150 (71)
Q 0.986 (13) 2.0156 (54)
v 0.274 (19) 0.2685 (74)
D 9.74 (66) 9.94 (27)
x = 0.30 FSDP PP x =045 FSDP PP
A 0.0759 (23)  0.2805 (30) A 0.0308 (16)  0.2365 (36)
Q 1.0188 (33)  2.0174 (20) Q 09340 (44)  2.0354 (29)
v 02294 (48)  0.2734 (27) v 0.1269 (57)  0.2349 (35)
D 11.53 (24) 9.76 (10) D 21.03 (94) 11.36 (17)

4. Discussion

For the sake of clarity, we discuss the two regions observed in the Q-scale separately:
Porod’s and the diffraction regions.

4.1. Low-Q Region: Porod’s Region

In Porod'’s region [31], the scattering pattern is dominated by the interfaces between
different phases or components within a sample, such as particles or pores in a material.
The power law in Equation (1) describes the decay of the scattering intensity, which is
related to the size and shape of the scattering entities. This region provides vital information
about the surface and structural characteristics of the scattering objects.

In this region, the main parameter is the exponent 8, which is critical for interpreting
the structural properties of the sample. When the exponent is 4, this power law is known as
Porod’s law [33] and typically describes a surface-dominated scattering from a well-defined
structure, such as a large aggregate or particle with smooth interfaces. A value of 3 suggests
a situation where the scattering arises from more complex geometries, such as rod-like or
cylindrical structures. In contrast, a value of 2 often corresponds to scattering from mass
fractals, where the scatterers are distributed in space but not necessarily in a uniform way.

The values in Table 1 already indicated two distinct groups of samples, and Figure 3
now clearly highlights this. Thus, in line with the discussion in the Introduction, the compo-
sition range is divided into three compositional zones: the first up to ~22 at.% Ge (shaded
in red), a second transitional region between ~22 at.% and ~30 at.% (white in the plot),
and a third above ~30 at.% (shaded in blue). The Geg23Teg 72 sample is in the second zone,
a transition regime where the fitted parameters may present strong variations. For this
sample, the exponent B is in line with the exponents observed for the Ge-rich samples.

The analysis of the scattering exponent as a function of increasing Ge content reveals a
decrease from 3.25 to 2.75, corresponding to a 15% reduction. This behaviour suggests that
the Ge,Te;_, system exhibits characteristics of both fractal-like structures and complex
geometries. Specifically, this range of exponents indicates that the scattering is influenced
by structures combining multiple dimensionalities. An exponent approaching 3 reflects
a system with a significant surface area, potentially associated with elongated or rod-like
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features, whereas values closer to 2 indicate a degree of fractality. This variation in interface
types suggests that the geometry becomes increasingly complex as the Ge content increases.

4.2. High-Q Region: Diffraction Region
The diffraction region starts at about 0.3 A1 where we observe two diffraction peaks,

as shown in Figure 2. By analysing the dependence of the peak parameters on the Ge
content x, we observe several trends in the high-Q region.

4.2.1. Peak Positions

The first peak (FSDP), located at 1 A1, corresponds to IRO in the glass structure.
Its position in reciprocal space relates to a longer characteristic distance in real space
27t/ Qpspp ~ 6.28 A). The overall decrease of about 15% in this peak’s position as the
germanium content increases from x ~ 0.2 to x ~ 0.30 (red symbols in Figure 4) indicates
an expansion or modification of the intermediate atomic arrangement. This expansion is
much more noticeable when x approaches 0.50. The fact that the intensity of this peak
does not change significantly implies that, while the connectivity is being altered, the basic
intermediate structural bonds remain relatively intact in terms of their overall number or
density. From the perspective of dividing the composition range into three zones, we can
say that the position of the FSDP increases in the first zone, whereas it decreases in the
third zone.

1.4 2.1
R S Y .
_ U -7~

1.3 & - - 2.0
T )
“S @ PP position _:
c 1.2+ FSDP position —1.9
5 [] P e
pe] =
[0
8 S

1.1 -~ n —1.8~
o [ i >
o Sao [
wn o -
[T ~a

\‘s
1.0 S%o 1.7
[ IR
N“-‘..‘-
[t -
0.9 T T T T T T T 1.6
0.10 0.15  0.20 0.25 0.30 0.35  0.40 0.45 0.50

Figure 4. Positions of the FSDP (left scale) and PP (right scale) as a function of the Ge content x.
Dashed lines are smoothed splines that only serve as a guide for the eye. The red-, white-, and
blue-shaded areas correspond to the different zones observed as a function of the Ge content.

The second peak (PP), at approximately 2 A~ corresponds to SRO. This peak relates to
a shorter characteristic distance in real space compared to the first peak (27t/Qpp ~ 3.14 A).
The slight increase in the position of this peak, albeit 6 times less than the decrease in
the FSDP, may suggest a gradual adjustment in the short-range structural arrangement
as germanium is added. This is consistent with observations from simulations of partial
correlations using the RMC method [24]. These simulations show that Ge-Ge distances
are 5% shorter than Ge-Te distances, which explains the shift in the PP towards higher
Q values. Again, from the perspective of compositional zoning, we observe that in the
first zone, the position of this peak remains almost unchanged, consistent with RMC
simulations, which indicate that only Ge-Te bonds are present for these compositions in
the PP. In contrast, in zone 3, the increasing presence of Ge-Ge bonds causes a shift in the
reciprocal space position towards higher values.
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To finish with the peak positions, it is worth noticing the opposite behaviour of the
two peaks: when the FSDP moves to lower positions, the PP moves to higher positions,
and vice versa.

4.2.2. Peak Widths

Examining the widths of the diffraction peaks enables an estimation of the degree of
order across various length scales. The peak width AQ is determined as the full width at half
maximum (FWHM), which, for a Gaussian function, corresponds to AQ = 2v2In2 ¢ ~ 2.35 7.
The characteristic distance of ordering in the system is given by D = 27t/ AQ, which repre-
sents the extent of the order attributed to the corresponding peak.

The correlation distance associated with the FSDP, initially around 9 A (in zone 1)
and increasing by more than 100% in zone 3 (Figure 5), reflects an enhancement in IRO.
This considerable increase suggests that, with higher Ge content, the intermediate atomic
ordering extends further, as if clusters or atomic groups are achieving greater spatial
coherence or connectivity. This likely indicates that germanium is reinforcing or stabilising
the network structure, possibly through the formation of Ge-Te or Ge-Ge clusters or similar
motifs that persist over longer ranges.

24
B Despp
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Figure 5. Correlation distances corresponding to the FSDP and PP as a function of Ge content x.
Dashed lines are smoothed splines that only serve as a guide for the eye. The red-, white-, and
blue-shaded areas correspond to the different zones observed as a function of the Ge content.

For the PP, representing SRO, the correlation distance is more or less constant at
about 11 A for any germanium content (Figure 5). This implies that the initial ordering
is retained as more germanium is added. The constancy in the correlation distance for
the second peak points to a weakening of SRO with respect to the IRO. That is, as Ge is
added, the short-range connections are maintained, possibly breaking down the previously
existing Te-rich network in favour of longer, Ge-influenced connections. This provides
experimental confirmation of RMC results [24], showing that the addition of Ge causes a
gradual transition from a fully ordered SRO model to a disordered one. The huge difference
in correlation distance for each peak implies that the glass is evolving to a structure with
predominant intermediate-range domains.

By studying both regions (low and high Q), we reach the same conclusion: there are
three zones of composition (see the shaded areas in Figures 3-5), with changes occurring in
both SRO and IRO. This conclusion is also supported by the shoulder that the diffractogram
of the sample with x = 0.45 presents at about 0.1 A~?; the corresponding distance related
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to this “peak” is 271/0.1 A1 ~ 62 A, a value that is in line with the general trend observed
in glassy systems with chemical ordering [34].

5. Conclusions

Using the SANS technique, five samples of the Ge,Te; _, system were studied, with the
aim of obtaining experimental confirmation of effects observed through other experimental
and simulation techniques. A range of germanium content, specifically x < 0.50, was
selected where structural changes were anticipated. The main and most evident conclusion
is the confirmation of the existence of three compositional zones, with a central transition
zone bridging the low- and high-Ge content zones.

Fitting Porod’s region in the SANS part of the diffractograms reveals that the system
exhibits a complex topology, possibly of a fractal nature. Further exploration of the mor-
phology and dimensionality within the Ge,Te;_, system could offer additional insights into
the mechanisms underlying the observed scattering behaviour. The intensity patterns in
the diffraction region suggest that the GeyTej_, glass system undergoes significant atomic
structural changes as the germanium content increases. This observation is consistent with
the fact that, within the range of compositions studied here, the Ge-rich mixtures exhibit
PCM properties.

The trends in the correlation distances indicate that, with increasing Ge content,
the glass structure shifts towards a state where IRO becomes more stabilised, while SRO
is somewhat relatively diminished. The difference between these correlation distances
(Figure 5) suggests a restructuring process that strengthens the intermediate order at the
expense of short-range connectivity.

This delicate balance between short- and intermediate-range structures likely influ-
ences the material’s overall properties, and further studies could provide deeper insights
into how these structural variations impact its use across fields like optics and electronics.
The interplay between enhanced intermediate-range ordering and a reduced short-range or-
der may significantly affect macroscopic properties such as density, rigidity, and thermal sta-
bility, offering valuable guidance for tailoring glass structures to suit specific applications.

This work highlights the usefulness of neutron diffraction in complementing results
obtained from X-rays, particularly regarding the intensity of the FSDP. For example, X-ray
data recently employed in RMC simulations [24] barely show the presence of this peak,
whereas, in the case of neutrons, it becomes significantly more pronounced. Our study
provides experimental evidence that could, in the future, open new avenues for simulations
using neutron data and potentially for simulations integrating data from both probes
simultaneously. Achieving this would require extending the study to higher momentum
transfer values, enabling more precise conclusions about the structural properties.
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Abbreviations

The following abbreviations are used in this manuscript:

CD-RW Compact Disc ReWritable

CNRS Conseil National de la Recherche Scientifique
DVD-RW  Digital Versatile Disc ReWritable

ENSCM  Ecole Nationale Supérieure de Chimie de Montpellier
EPMA Electron-Probe Micro-Analysis

EXAFS Extended X-ray absorption fine structure

FSDP First Sharp Diffraction Peak

FWHM Full width at half maximum

ICGM Institut Charles Gerhardt Montpellier
ILL Institut Laue Langevin

IRO Intermediate-range order

LAMP Large Array Manipulation Program
MLC Multi-level cell

PC-RAM  Phase-Change Random-Access Memory
PCM Phase-Change Materials

PP Principal Peak

RMC Reverse Monte Carlo

SANS Small-angle neutron scattering

SRO Short-range order

WANS Wide-Angle Neutron Scattering
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