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Abstract 

In this minireview, we intend to shed light on relatively recent examples related 

to the size and shape effects on materials at the nanoscale and their usage to test 

a set of quantum mechanics governed phenomena. 

Keywords: nanoscale; nanomaterials; size effects; surface effects; surface 

coordination; quantum confinement; electrons or phonons confinement; 

surface-to-volume ratio 

1 Introduction 

Notwithstanding their specific characteristics in general, nanomaterials have ushered in 

broad applications in a variety of fields [1]. Likewise, they have induced an 

unprecedented synergy at the interface of various disciplines. The diminutive word 

“nano” was first used in 1914 by Adolf Zsigmondy [2], then coined by Norio Taniguchi 

[3], and popularized by physicist Richard Feynman in his famous lecture of 1959 titled 

“There’s plenty of room at the bottom” [4]. From a historical viewpoint, it is exemplified 

by the Lycurgus Cup from the Roman era, which contained nanoscaled gold embedded 

in glass exhibiting different colours related to the nanoscaled Au’s plasmonic selective 

absorptions. However, it was Faraday, in the mid-1850s, who established scientifically 

nano-Au synthesis. Among the specific fingerprints of the nanoscaled materials are size 

effects, electrons or phonons confinement, and the breaking of the 3D symmetry, 

including an elevated surface-to-volume ratio [5]–[10]. 

As schematically represented in Figure 1(a), the surface atoms experience a 3D broken 

crystallographic symmetry; surface effects and surface tension phenomena are therefore 

the prime driving forces of phase stabilisation and/or phase transitions, if any [6]–[8]. 

In addition, the vibrational modes of the external surface atoms are likely to be altered 

relative to those in volume. Consequentially, the phonons’ behaviour would be affected 

with even a significant phonons confinement [9]. Likewise, free electrons would 

experience spatial confinement in such quantum wells owing to limited space, inducing 

quantised energy states and/or tunable bandgaps [10]. Equally important if not 

paramount in several technological applications of nanoscaled materials is their surface-

to-volume (S/V) ratio as schematically represented in Figure 1(b). In general, 

nanosystems, with one of their dimensions ≤ 100 nm, can be engineered in various 

configurations such as independent nanoparticles with an isotropic or anisotropic shape 

(1-D) and 2-D systems (sheets) or thin films as well as multilayered systems or their 

nanocomposites (Figure 1(c)). In this minireview, we intend to exemplify the rich field 

of size effects in nanoscaled materials via a set of examples in optoelectronics, 

photonics, condensed matter, and solid-state and quantum mechanics. More precisely, 

the following examples are treated: 

• size effect and photoluminescence tunability in nanoscaled ZnO; 

• size effect and melting temperature in nanoscaled NaCl; 
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• size effect and phonons confinement in nanoscaled TiO2; 

• size effect and phase transition in nanoscaled Hg; 

• shape effect and Anderson localisation in carbon nanotubes (CNTs); and 

• nanoscale and quantum mechanical behaviour of neutrons, neutron trapping and 

neutron lifetime. 

Figure 1: Major size effects induce (a) the breaking of the 3D symmetry, electronic 

and phonons’ confinement 

(b) the enhanced S/V 

(c) various configurations of nanoparticles 
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2 Size Effect and Intrinsic Luminescence Tunability in ZnO 

Among the family of the so-called transparent conducting oxides (TCOs), ZnO and its 

doped compounds are the most investigated nanoscaled optoelectronic system so far. 

ZnO is a wide direct band-gap semiconductor (Eg = 3.7 eV) with a substantially high 

excitonic binding energy of 60 meV. It crystallises in the wurtzite crystallographic 

structure while exhibiting optical properties similar to those of GaN. However, 

compared to this, ZnO has a superior advantage. It is significantly stable with a melting 

temperature as high as 2 248 K, withstanding therefore high-temperature treatments 

associated with doping and forming ohmic contacts [11]. Yet, ZnO has been synthesised 

with various shapes; its wurtzite-related facets, especially those of ZnO hexagon-shaped 

particles, were shown to play a unique role in its photonics properties. When Fabry-

Pérot lasing individual cavities, a lasing effect was reported in spatially oriented ZnO 

nanowires with an average diameter of about 60 nm [12] and in nanoplatelets [12]–[13]. 

Correlated to such a lasing effect is its intrinsic excitonic ultraviolet emission. This 

manifests itself with an emission peak within the spectral UV-blue range of 380–

390 nm. This section reports on the size effect exhibited by ZnO nanodiscs on their 

room temperature (RT) intrinsic excitonic emission [14]. 

Figure 2(a) displays a scanning electron microscopy of freeze-dried synthesised ZnO 

nanodiscs with a constant average diameter < Ø > and a variable basal thickness < D > 

[14]. While the average diameter of the nanodiscs was kept constant at about 

< Ø > ~7 nm, their average transversal thickness varied within the range of 9–42 nm. 

More precisely, < D > was fixed to ~ 9.3, 15.8, 27.2, and 41.7 nm by favouring the 

growth of the ZnO nanodiscs within the transversal direction (c-axis). Figure 2(b) 

displays a typical XRD profile of such nanodiscs. ZnO, a typical member of the wurtzite 

family, crystallises preferentially within the “c-axis” as the easy growth direction. As a 

result, the three fastest growth directions are < 0001 >, < 0110 >, and < 2110 >, and the 

polar surface-induced phenomena [15]. The current nanodisc shape (Figure 2(a)) 

substantiates such a preferred growth direction via the constancy and the variation of 

< Ø > and < D >, respectively. It is therefore worth investigating the size effect on the 

nanodiscs’ excitonic ultraviolet emission versus their thickness < D >, if any. Because 

of its intrinsic emission, ZnO has been receiving worldwide attention for its potential 

application in solid-state lighting devices such as light-emitting and laser diodes [16]–

[20]. 

Figure 2(c) displays the RT of the nanodiscs’ excitonic emission for the various samples 

under an external UV excitation of exc = 337.1 nm. As one can notice, there is a net 

size dependence versus the nanodiscs’ thickness < D > ~ 9.3, 15.8, 27.2, and 41.7 nm. 

More precisely, there is a significant blue shift of the maximum of the excitonic 

emission em
max with the thickness < D >; Smaller is < D >, smaller is em

max, and 

therefore higher is the corresponding excitonic energy Excitonic. This latter parameter, 

Excitonic, is therefore size-dependent. It is = 3.22, 3.20, 3.17, and 3.11 eV for 

< D > ~ 9.3, 15.8, 27.2 and 41.7 nm, respectively. Figure 2(d) reports such a size 
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dependence which seems to indicate a likely linear variation of the spectral position of 

the excitonic emission Excitonic versus 1/< D >. Such a size dependence is in line with 

several reported experimental observations [21]–[23]. 

The second parameter deserving investigation is the potential size variation of the width 

at half maximum of this excitonic emission 1/2. Figure 2(e) depicts the width at half 

maximum of the Excitonic emission peak. As one can notice, small < D > gives rise to 

a small full width at half maximum of the excitonic peak value, ie narrowing the 

excitonic peak. If the size evolution of the excitonic peak’s spectral position is as 

expected and in an agreement with the standard experimental literature, the variation of 

the full width at half maximum of the excitonic peak versus < D > as reported in 

Figure 2(e) is certainly not in regard of size-induced quantum confinement effects. In 

light of such, one should underline that it is well established that the size dependence 

excitonic shift and its broadening in various ZnO nanoscaled systems could be due to 

mainly four effects, namely, (i) quantum confinement [23], [24]–[30], (ii) defects 

density and size-dependent charge carrier dynamics in the ZnO nanoparticles [31]–[38], 

(iii) shape effect [15], [23], [39]–[41], and (iv) surface strain/stress and surface 

phenomena [42]–[45]. 

In summary, several size-dependent variations were observed in the photoluminescence 

properties of ZnO nanodiscs versus their basal thickness < D >: (i) the excitonic peak’s 

spectral position is basal size-dependent; the maximum of the excitonic emission lmax 

shifts to low values when the ZnO nanodiscs’ thickness < D > decreases (max  < D >), 

and (ii) the excitonic peak’s width at half maximum 1/2 is basal size-dependent; it 

becomes sharp when the ZnO nanodiscs’ thickness < D > decreases (1/2  1/< D >). 

(a) 
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(b) 

(c) 
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(d)    (e) 

Figure 2: (a): Scanning electron microscopy of freeze-dried ZnO nanodiscs exhibiting 

a nearly constant diameter Ø and variable thickness D 

(b): Their corresponding X-ray diffraction pattern showing a preferential growth 

direction within the wurtzite crystallographic structure 

(c): Intrinsic photoluminescence emissions of the various ZnO nanodiscs with different 

thicknesses (D = 9.3, 15.8, 27.2 and 41.7 nm) 

(d): Band-gap evolution versus D 

(e): Thickness width at half maximum evolution versus D 

3 Size Effect and Melting Temperature of NaCl Nanocrystals 

Because of the high S/V ratio and the breaking of the 3D symmetry, the thermodynamic 

properties of nanomaterials such as the melting, vaporisation and/or sublimation 

temperatures are governed by surface effects in general, and surface atomic coordination 

as genuinely demonstrated in the classical case of gold nanoparticles by Buffat and 

Borel [46] and in the case of nanoscaled sodium chloride (NaCl) by Kana et al. [47]. In 

bulk form, NaCl has a cubic unit cell with a face-centred cubic lattice type and space 

group (Fm3m) with a cell lattice parameter < a > = 5.6410 Å. Its bulk thermodynamic 

melting and vaporisation temperatures are 1 074.5 and 1 686 K, respectively. Its bulk 

modulus and specific heat capacity are of the order of 24.42 GPa and 854 JK-1, 

respectively. In its nanosised form, NaCl nanocrystals should exhibit a lower surface 

cohesive energy owing to the large ratio of surface ions, leading to a significant 

reduction of the ionic bonds. This breakdown of the 3D symmetry at the surface would 

likely enhance the surface reactivity of the NaCl nanocrystals. The macroscopic 

parameters, such as the melting and/or sublimation point, would therefore be size-

dependent as predicted theoretically for numerous metallic and semiconducting 

materials [48]–[49]. 

Similarly, owing to the additional surface tension effects, NaCl nanocrystals could 

exhibit a lower symmetry crystallographic structure. With the intention of investigating 

possible size effects in NaCl, specifically and related halides in general, one should 
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consent to consider the electric polarisability of the Na+ Cl− surface pairs as well as their 

surface vibrational modes. At first glance, if one considers that the surface Na+ – Cl− 

pairs act as independent molecules, their cohesive energy is equivalent to free Na+ – C− 

molecules, ie of ~ –74 kcal/mole, while the in volume Na+ – Cl− molecules are affected 

by the Madelung electrical crystal field. Their corresponding cohesive energy is 

therefore bulk related, ie ~ –152 kcal/mole. Accordingly, the higher is the S/V ratio and 

the smaller is the melt/sublimation energies. These size effects have been estimated 

theoretically on the basis of the semi-infinite continuum model. More accurately, semi-

infinite lattice dynamic calculations and molecular-lattice dynamics [50]–[52] early 

investigations on size effect on the enhancement of specific enhancement in NaCl 

powder have been performed by Patterson et al. [53]. This theoretical study has revealed 

an enhancement of the specific heat capacity several times larger than predicted with 

the semi-infinite model [54]–[60]. This section presents size effects in the 

melting/sublimation of NaCl nanocrystals. 

Figure 3(a) displays the transmission electron microscopy (TEM) of freeze-dried NaCl 

nanoparticles [47] investigated to shed light on the size dependence of their 

melting/sublimation temperature, if any. The nanocrystals are cuboidal in shape with a 

transversal dimension DTrans = 63.5, 75.2, 91.7 and 108.3 nm corresponding to basal 

dimension LBasal of 0.4–0.9, 0.7–1.2, 0.9–1.5 and 1.3–1.7 m, respectively. Figure 3(b) 

displays the RT X-ray diffraction pattern of the micrometric, as well as the nanometric 

NaCl samples, pressed powders corresponding to bulk NaCl and NaCl nanocrystals with 

the lowest DTrans and LBasal values (DTrans = 63.5, LBasal = 0.4–0.9 m) in the angular 

range of 26° to 47° especially. As one can notice, besides the slight difference in the 

Bragg peaks’ intensity, the crystallographic and texturing of the NaCl nanocrystals are 

quasi-similar to bulk but with a noticeable angular shift. These significant angular shifts 

of the 110, 200 and 220 Bragg peaks of the NaCl nanocrystals are compatible with 

an extensive surface pressure inducing a noteworthy 110, 200 and 220 reticular 

planes expansion dhkl/dhkl. Figure 3(c) displays the variation of the deduced lattice 

parameter a = dhkl/(h2 + k2 + l2)1/2 derived for most intense Bragg peaks. The average 

value a is about 5.6280 and 5.6410 Å for bulk and nanosized NaCl crystals, 

respectively. The corresponding relative volume expansion of the elementary cell of the 

NaCl nanocrystals is therefore of the order of V/V = 0.7%. For such a halide material, 

such a non-negligible value could be correlated to the intrinsic softness of NaCl itself. 

If one considers that the bulk modulus BBulk
NaCl = 2.442010 N/m2 [59] is alike at the 

nanoscale, the surface pressure on the nanosized NaCl nanocrystals is of the order of 

P ~ K V/V ~ 0.17 GPa. 

Figure 3(d) displays the thermogravimetric mass loss versus temperature of the NaCl 

nanocrystals (DTrans = 63.5 nm) and its bulk equivalent. There is a net difference in the 

behaviour of the two curves as low as 100°C. Indeed as shown by the inset zoom 

displaying the mass loss within the temperature range 0–300ºC of the bulk and those 

corresponding to nanocrystals with DTrans = 63.5 and 75.2 nm. In these latter cases, the 

sublimation of the NaCl nanocrystals seems to deviate from the standard linear 
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melting/sublimation process but rather goes through various stages while being size-

dependent [60]. 

The smallest nanocrystals of NaCl with DTrans = 63.5 nm start sublimating below 

323.5 K. Figure 3(e) displays the sublimation temperature of the NaCl nanocrystals 

versus the normalised DTrans/DTrans
max. At first glance, the sublimation/vaporisation 

temperature Tsub seems to vary as Tsub =  (DTrans/ DTrans
max)2. In summary, several size-

dependent variations such as the following were observed in the melting properties of 

NaCl nanocrystals versus their transversal thickness < DTrans >: 

• the sublimation temperature is size-dependent as Tsub  (DTrans)2; and 

• the smallest nanocrystals of NaCl with DTrans = 63.5 nm start sublimating below 

323.5 K, far below the bulk value of 1 686 K. 
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Figure 3: (a): Scanning electron microscopy scan of freeze-dried NaCl nanoplatelets 

exhibiting a variable transversal thickness DTrans 

(b): X-ray diffraction spectra of bulk and nanocrystalline NaCl and its corresponding 

strain/stress 

(d): Thermogravimetry mass loss of bulk and nanocrystalline NaCl. The inset indicates 

a significant deviation of the melting/sublimation at the nano relatively to bulk 

(e): Size dependence of the sublimation/vaporisation of the freeze-dried NaCl 

nanoplatelets 

4 Size Effect and Phonon Confinement in Nanoscaled TiO2 

Owing to the enhanced S/V ratio characterising nanoscaled particles, their surface atoms 

population suffers a 3D symmetry breakdown, and therefore their atomic vibrational 

modes will be affected significantly. This would be reflected in the phonons’ signature, 

which should be size-dependent, as observed in Raman spectra in various nanosystems 

[61]–[70]. More precisely, the Raman active modes exhibit not only a frequency shift 

but also a significant broadening. 

Such a trend was explained considering the breakdown of the phonon momentum 

selection rule q’0, specific to Raman scattering in ordered systems. In the case of 

nanocrystals, this rule is no longer valid as the phonons are confined in a defined space, 

and all the phonons over the Brillouin zone will contribute to the first-order Raman 

spectra. The weight of the off-centre phonons increases as the crystal size decreases, 

therefore the phonon dispersion causes an asymmetrical broadening and a shift of the 

Raman peaks’ position [63]–[68]. The Raman intensity over the Brillouin zone was 

found to be size-dependent as [61]–[62]: 

I() =  exp(−q2Ø2/162) d3q/[(− (q))2 + (0/2)2] 

where 0 is the Raman linewidth at RT, and Ø is the average size of the nanoparticles. 
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The broadening and the shift of the Raman peak are a result of this integration. This 

model has successfully described various Raman size-dependent trends in several 

nanoscaled materials, including; Si, ZnO and TiO2. This latter oxide is of particular 

interest. It possesses a rich family of polymorphs in addition to the major phases of 

anatase, rutile and brookite crystallographic phases, as shown in Figure 4(a). The 

anatase form is the most investigated phase in view of its physical–chemical properties 

in line with several technological applications, including their unique photocatalytic 

response. From a vibrational point, anatase exhibits six vibrational modes 

(A1g12B1g13Eg), with the most intense one, Eg, spectrally located at the vicinity of 

144 cm-1. 

Figure 4(c) displays the principal Eg mode of anatase TiO2 nanoparticles synthesised 

by freeze-drying (Figure 4(b)) of three different average sizes; Ø = 7, 12 and 62 nm. As 

one can notice, both the width at half maximum 1/2 and the spectral position of the 

principal Eg mode max are size-dependent. 1/2 was found to be 12.3, 8.1 and 7.2 cm‑1 

for Ø = 7, 12 and 62 nm, respectively. max was found to be 150.5, 147.3 144.3 cm-1 for 

Ø = 7, 12 and 62 nm, respectively. Hence smaller is the TiO2 nanoparticles’ size Ø, 

broader is the mode, and higher is its Raman shift. 

Figure 4: (a): Major RT stable phases of TiO2, anatase, rutile and brookite 

(b): TEM images of anatase nanoparticles 

(c): Raman spectra of the Eg vibrational mode of the various nano-TiO2 with diameter 

Ø ~ 7, 12 and 62 nm 
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5 Size Effect and Phase Transition in Nanoscaled Hg 

As mentioned previously, the elevated S/V ratio in nanoscaled materials substantially 

affects the coordination of the surface atoms as well as their short and mid-range atomic 

ordering. Surface tension and related properties therefore become pre-eminent and 

would significantly affect any phase transition phenomena such as crystallographic 

phase transitions, including solid-solid and potentially liquid-solid transitions [71]. This 

section intends to exemplify the size effect on the liquid to the solid phase transition of 

nanoscaled mercury (Hg). 

Hg has the highest RT elemental surface tension; g ~ 486 mN/m [72]. Accordingly, the 

theoretical calculations were made on the liquid-vapour interface of simple metals in 

general [73]–[74]. Approaches based on the jellium model [75] and the perturbation 

expansion up to the second order in the surface “e-ion” pseudo-potential [76]–[77] 

indicated that excessive surface tension could stimulate a significant surface atomic 

layering of three to five atomic planes (as depicted in Figure 5(a)) and their related 

periodic S/V electron density distribution. This surface atomic ordering, in full 

agreement with the capillary wave theory, has been observed by X-ray reflectivity 

measurements on a bulk liquid mercury surface [78]. Likewise, Bafile et al. [79]–[80] 

showed that such an atomic ordering could be segregated in the bulk liquid mercury by 

examining the height and the width in addition to the position of the main peaks of the 

static structure factor S(Q) at ambient conditions. Both X-rays and neutron diffraction 

S(Q) profiles revealed a structure of up to four or five discernible peaks: a feature of a 

local surface atomic ordering [80]. 

Such a surface atomic ordering at RT observed on the flat surface of bulk Hg could be 

enhanced significantly if not drastically on nano-Hg particles if one could engineer 

them. Indeed, owing to their substantial S/V ratio and the 3D symmetry breakdown, the 

surface atoms population would be greater in nanoscaled Hg. Henceforth, at such a 

scale, the surface phenomena dominate gravity effects in view of the significantly 

elevated surface tension of Hg (Figure 5(b)). If engineered, the enhanced surface ratio 

of nano-Hg of radius “Ønano-Hg/2” should induce an excess of Laplace surface 

pressure P  4/Ønano-Hg of tens of MPa. As a simple estimation, if Ønano-Hg  2.50 nm, 

P  0.76 GPa at RT. Considering the mercury phase diagram of Figure 5(c), such an 

excess surface pressure of 0.76 GPa should induce at RT a net crystallisation out of the 

liquidus space to the solid -rhombohedric phase [81]–[83] of the nano-Hg 

(Figure 5(c)). This atomic ordering phenomenon at RT should therefore manifest itself 

through a significant crystallisation of the liquid phase to the solid rhombohedral “-

type” phase at RT via a standard X-ray diffraction technique, only if it would be possible 

to synthesise Hg nanoparticles with an average diameter Ønano-Hg  2.50 nm or less. If 

so, Hg would become solid at RT. But, if synthesised independently, the nanoparticle 

of Hg would coalesce promptly. It is therefore necessary to trap them in a chemically 

inert host matrix, as schematically represented in Figure 5(d). 
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Figure 5(e) displays a TEM of the nanoscaled Hg particles embedded in a chemically 

inert boron nitride (BN) host matrix. As pointed out previously, this approach was 

required to ensure that the BN would act effectively as a barrier to avoid the coalescence 

of the Hg nanoparticles. As one could notice in the TEM of Figure 5(f), the Hg 

nanoparticles are almost quasi-spherical in shape with substantially truncated interfaces. 

The diameter of the Hg nanoparticles ranges from 1.5 to 28.9 nm for the Hg-BN 

nanocomposite (Figure 5(g)). Few larger distorted Hg nanoparticles of 63–70 nm in 

diameter are observed too. This could be congruent with sample zones exposed to 

noteworthy heat from the TEM probing e-beam. Figure 5(h) displays the X-ray 

diffraction pattern of the Hg-BN nanocomposite consisting of nanoscaled Hg particles 

of Ønano-HgTEM  2.4 nm dispersed homogeneously in the BN host matrix. More 

precisely, it displays the diffraction patterns at room temperature (RT = 293.5 K) and 

nitrogen temperature (78 K), ie below the solidification temperature of bulk Hg 

(THg solidification = −38.83°C, 234.3 K). The RT Hg-BN nanocomposite’s pattern exhibits 

one narrow and two larger diffraction peaks. 

The narrow Bragg peak is assigned to the turbostratic BN-t host matrix (121) diffraction 

“ASTM Card 18-0251” (84). The first intense broad Bragg peak centred at 2 32.781° 

(57.18 10-2 rad) with a width at half maximum of  6.30 10-2 rad can only be 

assigned to crystallised mercury; more precisely to the -rhombohedric (101) reticular 

orientation “ASTM Card 09-0253”. Yet broad, such a Bragg peak could be considered 

a signature of a preliminary atomic ordering exhibited mostly by surface mercury atoms 

within the non-percolated encaged nano-Hg. Using the Debye-Scherrer approximation 

for this Hg (101) Bragg peak, the average size of the corresponding Hg nanoparticles in 

accordance with the Scherrer approximation is Ønano-HgD-S  2.44 nm. Likely, such 

an atomic-like ordering would originate from the surface atoms of the nano-Hg 

population and those with a smaller diameter according to the phase diagram of 

Figure 5(c). 

The second additional broad Bragg peak centred at 2  39.695° (69.24 10‑2 rad) with 

a width at half maximum of   3.580° (6.25 10-2 rad) (Figure 5(i) and zoom inset). 

Taking into account both its angular position and the relative intensity to the Hg (101) 

peak and the specific turbostratic structure of the host BN matrix (12), this Bragg peak 

could only be assigned to the second intense crystalline Hg Bragg peak, ie the Hg (003) 

crystallographic orientation of the rhombohedric Hg ‑phase “ASTM Card 09-0253”. 

To confirm that the indexed Hg (101) and Hg (003) are proper mercury Bragg peaks 

originating from the atomically ordered nano-Hg embedded in the BN-t host matrix, the 

RT nano Hg-BN pattern is compared to its profile which was cooled to 78.0 K 

(Figure 5(i)). The labelled Hg (101) and Hg (003) develop into sharper peaks with a 

significant angular shift with three new less intense Hg Bragg peaks corresponding to 

Hg (110), Hg (104) and Hg (113) in addition to the presence of numerous BN 

turbostratic diffraction peaks. The coexistence of the two Bragg peaks, namely Hg (101) 

and Hg (003), in the RT diffraction pattern of Hg-BN nanocomposite is therefore the 

forthright confirmation of the RT crystallisation of the non-percolated nano-Hg 
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“ØHgTEM  2.4 nm” within the BN-t host matrix and is consistent with seven to eight 

atomic planes ordering ((a  3.005 Å) (83). 

Figure 5: (a): Surface atomic ordering as predicted theoretically and its electronic 

distribution from surface to inner volume in liquid metals 

(b): Volume to surface dominating phenomena in liquid metals 

(c): P-T phase diagram of mercury (Hg) 

(d): Schematic representation of Hg nanoparticles encaged in turbostratic BN host 

matrix 
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Figure 5: (e): High-resolution TEM image of the Hg1/20-BN sample 

(f): High-resolution TEM at higher magnification 

(g): Their corresponding size distribution 
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Figure 5: (h): RT X-ray diffraction patterns of the various samples [h-a] Hg1/1BN, 

[h-b] Hg1/4BN, [h-c] Hg1/20-BN ,[h-d] liquid nitrogen Hg1/20-BN (f) 

(i): RT and liquid nitrogen XRD spectra of Hg1/20-BN.The inset reports on the (110) 

and (003) Hg Bragg peaks 
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6 Size Effect and Light Quantum Confinement in CNTs 

Given their nanoscale dimensions and various shapes, nanoscaled systems are ideal 

platforms for observing quantum mechanics phenomena at RT, including but not limited 

to band gap tunability and optical light resonance in disordered conformation [84]–[88]. 

This subsection presents the case of resonant light scattering in disordered media; more 

precisely, the Anderson localisation in CNTs. 

Within the light scattering configurations, the dominating scattering regimes are the 

classical Rayleigh and Mie scattering (Figure 6(a)), allowing the determination of the 

average size of the nanoparticles, their size polydispersity, the nature of their interface 

and the dynamic of free charge carriers within their confined volume. 

In addition to these classical regimes, the so-called Anderson scattering regime [89]–

[102] is a quantum-mechanic driven process. Yet, it is complex and generally difficult 

to observe at RT; it was observed recently in CNTs. This Anderson localisation 

scattering regime derives from the seminal 1958 Anderson paper titled “Diffusion 

absence in certain random lattices”. Anderson’s original focus of this decisive 

contribution was the investigation of the effect of the disorder on electron transport 

and/or spin diffusion, specifically in semi-disordered condensed matter. The quantum-

mechanic treatment of the electron wave-packets propagation in such disordered 

condensed matter media exhibited a paradoxical localisation in specific configurations. 

In view of the wave-particle duality, such a paradoxical localisation can be translated to 

photons. From the theoretical viewpoint, the Anderson localisation can be summarised 

in three major configurations [96]–[97], as schematically shown in Figure 6(b): 

(i) diffusive scattering in a non-absorbing medium; (ii) weak Anderson localisation; and 

(iii) strong localisation in semi-disordered media. In fact, in these disordered/semi-

disordered media, the transport of light with wavelength “” depends mainly on the 

system’s length scales. The pertinent scales are the mean free path “” which is the 

distance after which the light’s propagation direction is randomised, and the sample 

thickness “D”. Hence, and as was mentioned above, three main scattering processes can 

take place in such a disordered/semi-disordered medium with total transmission “T”: 

(i) diffusive scattering in a non-absorbing medium: <<<<D, T D, T /D; 

(ii) weak Anderson localisation: 2/ →1, T1/D2; and (iii) strong Anderson 

localisation: 2<< T  exp(-D/Dloc). Considering the wave-particle duality, this so-

called Anderson localisation was observed in various systems [99]–[108]. 
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Figure 6: Schematical representation of the (a) standard Mie and Rayleigh scattering 

(b): Anderson localisation: [b-i] weak localisation, [b-ii] medium localisation, and [b-

iii] strong localisation 

(c): High-resolution TEM image of spaghetti (c.1) and ship shaped (c.2) CNTs 

(d) Interference pattern from attenuated total reflection Fourier transform infrared (IR) 

spectrometry spectra of the ship-shaped CNT sample (d.1) and (d.2), and potential 

sources of such an interference pattern 

(e): (e.1) Fabry-Pérot resonating cavity, (e.2) Lummer-Gehrcke resonating cavity, (e.3) 

strong Anderson localisation resonating cavity 
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CNTs are considered in the current study (Figure 6(c)). The rationale for choosing such 

a nanosystem lies within the following major motives: (i) individually, CNTs can be 

highly ordered from a morphological and crystallographic viewpoint, especially if they 

are highly ordered ship shaped (Figure 6(c.2)) (obtained mainly by pulsed laser 

vaporisation and not spaghetti type such as those obtained via standard chemical 

methodologies; (ii) considered a powder, the CNTs distributed isotropically and hence 

a disordered nanosystem; and (iii) depending on their chirality, the CNTs can be 

metallic, semiconducting or insulator hence can be highly or weakly IR reflectors. This 

contribution, as a follow-up to previous work [108], is intended to seek the attention of 

the photonics community on this challenging Anderson localisation in nanoscaled 1D 

systems. As mentioned previously, this section is intended to demonstrate the possibility 

of a strong Anderson localisation of IR light in a 3D system of ship-shaped CNTs. 

For such a possibility, and as the ideal investigation technique, the Fourier transform IR 

under attenuated total reflection geometry (ATR-FTIR) was considered. Figure 6(d) 

displays the absorbance spectrum of the ship-shaped CNTs in the spectral range of 400–

3 000 cm-1 (Figure 6(d.1)) and 3 000–5 000 cm-1 (Figure 6(d.2)). As one can notice, the 

spectral absorbance-wavenumber spectra exhibit a rich interferential pattern from 400 

up to 5 000 cm-1 with a likely exponential envelope decay. Within such a spectral range, 

about 40 maxima are counted. These absorbance maxima occur at several sequences of 

wavenumbers with an average spectral inter-range ΔσMax ≈ 105 cm–1. As these 

maxima or absorption enhancements occur at equal wavenumber spacings 

ΔσMax ≈ 105 cm–1 that are independent of the specific value of the wavenumber (or 

frequency), one should conclude that the experimental periodic absorbance profile as 

generated by a resonating cavity-like of an optical length ncav Dcav where ncav is the 

refractive index of the medium filling the resonant cavity of geometrical length (Dcav). 

If so, ncav Dcav is related to the maxima difference Δσ via the resonance relation: 

ΔσMax = (2 ncav Dcav)-1. 

As confirmed previously, such an interference pattern cannot be induced by a 

transversal interference (Lummer-Gehrcke resonating cavity (Figure 6(e.1)) [111], 

longitudinal interference (Fabry-Pérot resonating cavity (Figure 6(e.2)) [112] or the 

resonance of a type of “optical necklace states in localized 1D systems” [113]–[118]. 

Hence, there is only the possibility of a strong Anderson localisation within the CNTs 

as schematically represented in Figure 6(e.3), whereby the CNTs act as IR reflectors 

[108]–[109]. This situation is close to that treated theoretically by Zhu et al. [119], 

whereby they treated the case of internal reflection of diffusive light in disordered 

media. The exponential decay of the maxima envelops cement furthers the strong 

Anderson localisation hypothesis [108]–[109]. 

7 Size Effect and Neutron Quantum Confinement in Nanoresonators 

In addition to size and shape effects in nanoscaled materials, nanoresonators can be used 

to test a variety of quantum mechanics governed phenomena such as trapping neutrons 
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to estimate their lifetime or test their wave-particle duality. This contribution therefore 

reports the possibility of trapping free neutrons in nanostructured Fabry-Pérot 

nanoresonators (Figure 7(a)). The precision of the trapping time of free neutrons in such 

nanoresonators is governed by the Heisenberg uncertainty and therefore offers, a priori, 

an attractive precise approach. Yet this concept was proposed by Steyerl et al. [120]–

[122] with unpolarised beams whereby the trapping approach was observed via dips in 

the standard neutron total reflection plateau. Such neutron trapping can be validated in 

various configurations including unpolarised [123]–[124], polarised [125]–[126], 

isotopic labelling [127]–[128] and/or using notorious highly absorbing materials [129]. 

In such Fabry-Pérot nanoresonators configuration, the neutron propagation is governed 

by its quantum mechanics wave-particle duality. 

Correlated to such a quantum mechanics wave-particle duality [130], the wave-packet 

optical behaviour of free neutrons manifests itself through several interference 

phenomena, including slit diffraction [131], prism deflection [132], edge diffraction 

[133], diffraction on a ruled grating [129] and interferometry experiments [130]–[131]. 

It also manifests itself through various interferential-based nanostructures such as 

multilayered monochromators [132], [136], polarisers [133], [137], interferometers 

[134]–[135] and supermirrors [138]–[139]. 

In addition to these climax experiments and neutron optics devices which sustain the 

quantum mechanics wave-particle duality of free thermal, cold and ultracold neutrons 

naturally, one can quote the prominent neutron total reflection demonstrated as early as 

1946 by Fermi and Zinn [140] and Fermi and Marshall [141]. From an experimental 

viewpoint, this total reflection phenomenon was used to determine nuclear-bound 

coherent scattering lengths of different materials [138] and perform non-destructive and 

advanced surface superconductivity studies [139], [144]. A prominent technological 

application of this total reflection phenomenon is the transport of neutron beams by 

multi-reflections to locations quite distant from the research reactor cores [136]–[141] 

before the current wide usage of supermirrors in modern research reactors halls. 

Correlated to this neutron total reflection phenomenon, the so-called frustrated total 

reflection observed with both thermal and cold neutrons is of major importance. Yet, it 

is of a fundamental curiosity; it was lacking with regard to deserved interest by the 

neutron scattering community until recent years when it was revived by Sears [142], 

Felcher et al. [143] and Ignatovich [144]. More precisely, this frustrated total reflection 

of neutron wave packets manifests itself by the existence of sharp dips in the plateau of 

total reflection due to the resonant bound states in nanostructured Fabry-Pérot like 

resonators [22]–[33], [36]–[37] as schematically shown in Figure 7(a). 

The propagation of the neutron wave-packet within the various media of the Fabry-Pérot 

nanoresonator of Figure 7(a) is described by the time-independent Schrödinger equation 

(Equation 1) where h is the Planck constant, m the neutron mass, Vi and Ei are the Fermi 

potential and total energy in the medium “i” [130]. In this regime, the neutron wave 
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function  (r) is approximated by a plane wave eik.r with the neutron wave vector k 

related to the De Broglie associated wavelength  as  = (I2/k) (Figure 7(b)). The 

conservation of the neutron’s energy requires the momentum relation of equation (2) 

with k0 and ki denoting the magnitude of the neutron wave vector in vacuum and 

medium “i”, respectively (Figure 2). In the continuum limit, the Fermi potential is 

Vi = 2h2/m)(Ni bj) (Equation (3)) where bj is the coherent scattering lengths of the 

nuclei in the medium “i” [130]. If one considers  = Ni bj as the scattering length 

density of medium “i”, the interaction/propagation of the neutron wave-packet in such 

a medium is described by the refractive index of equation (4). 

[-h2/2m2. + Vi(r)] (r) = Ei(r)] (r)      (1) 

h2 k0
2/2m = h2 ki

2/2m + Vi       (2) 

Vi = (2/m)h2 j, j = Ni  bj       (3) 

ni = ki/k0  1-2 i/k0
2        (4) 

tanh(2 sin dRtan ()/) = tan (2)/)/tan (2 sin d /)   (5) 

tan () = ((/C)2 − 1)1/2, C = sin 1(/R))1/2     (6) 

As in the case of X-ray photons [145], it is shown that in the case of a Fabry-Pérot 

nanostructure of Figure 1(a) consisting of two highly reflecting media (j > 0) separated 

by a neutron transparent medium (j ≤ 0), the neutron wave-packets governed by the 

resonance condition equation (5) would suffer a frustrated total reflection corresponding 

to a neutron tunnelling through the first reflecting layer. This will be translated into the 

existence of specific dips in the plateau of total reflection. In view of the symmetry of 

the Fabry-Pérot nanoresonator, the tunnelled wave packets will resuffer the second 

tunnelling through the second reflecting layer. This second tunnelling will be observed 

henceforth in the transmitted beam. In summary, with a white (polyenergetic) neutron 

beam, all neutrons verifying the resonance condition of equations (5) and (6) will 

experience a first frustrated total reflection (tunnelling) and a second one through the 

reflecting media one and two, respectively. This is translated into the existence of 

several minima in the total reflection plateau and corresponding maxima in the 

transmitted beam, as validated in Figure 7(c). 

Figure 7(c) displays the neutron reflectivity and transmission of a 

200 Å Ni/2 000 Å V/200 Å Ni Fabry-Pérot nanoresonator deposited onto a 1 m silicon 

substrate. The white neutron beam ( = 2–20 Å) was impinging on the Fabry-Pérot 

nanoresonator under a grazing incidence ~0.8° with a relative angular resolution 

 5 10-2, more precisely, the experimental neutron reflectivity R and transmission 

T in a linear scale versus neutron wavelength with the simulated curve (for reflectivity 

profile only). As one can notice, two main regions separated by the critical wavelength 

of nickel CNi ~ 7.7 Å are observed: the total reflection plateau and the so-called 
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vitreous region. In the vitreous region, a set of Kiessig fringes occur mainly due to the 

interference between the partial wave packets reflected at air-Ni, Ni-V and Ni-Si 

interfaces. Their simulation allows one to determine the films’ thicknesses and their 

interfacial roughness. The obtained thicknesses are 200 A and 2 050 A for the Ni and V 

layers, respectively, while the interface roughness is constant, of the order of 7 Å. 

The second region, which is the main feature of this contribution, is the total reflection 

plateau, where we clearly distinguish five resolved dips instead of the standard total 

reflection plateau (R = 100%). These dips, which clearly assert the frustrated total 

reflection in the considered Fabry-Pérot nanoresonator, correspond to the quasi-bound 

states (k = 1, 2, 3, 4 and 5). The characteristics of these resonances, which are correlated 

to the multiple internal reflections of the trapped neutron in the Fabry-Pérot 

nanoresonator, are summarised in Table 1. Each dip coincides with a tunnelled peak in 

the transmission curve. The width of these dips is different; the lower is the order, and 

the larger is the width at half maximum. As established, this is correlated to the neutron 

trapping time in the resonant cavity nTrapping. Via the Heisenberg uncertainty, the 

average associated value is of the order of nTrapping  2m/(h k k). According to 

Table 1, this neutron trapping time in the resonant cavity nTrapping varies approximately 

from 0.1 to 1 s. It can be concluded that (i) neutrons with a De Broglie associated 

wavelength above 7 Å can be trapped within the considered 

200 Å Ni/2 000 Å V/200 Å Ni Fabry-Pérot nanoresonator, (ii) such neutrons are 

trapped inside the transparent 2 000 V medium, totally reflected back and forth by the 

nickel layers at the internal Ni-V interfaces as schematically represented in the inset of 

Figure 3), and (iii) the higher the De Broglie wavelength, the higher the trapping time 

in the resonant cavity. Consequently, the European spallation source (ESS) might afford 

high flux cold or ultra-cold neutron beams, which are ideal for trapping in such Fabry-

Pérot nanoresonators. 

Table 1: Spectral parameters of the various minima in the total reflection plateau due 

to the frustrated total reflection in the 200 Å Ni/2 000 Å V/200 Å Ni /silicon substrate 

Fabry-Pérot nanoresonator, corresponding to the cavity quasi-bound states (  = 1, 2, 

3, 4 and 5). The derived trapping time  ~ m/h k k 

Resonance 
order 
 

Resonance 
wavelength 
res, (Å) 

res 

(Å) 
k, 
(Å-1) 

 k, 
(10-2 Å-1) 

Trapping 
time  
(ps) 

1 17.38 1.09 1.09 2.267 19.35 

2 12.99 0.85 0.85 3.165 10.36 

3 10.56 0.73 0.73 4.113 6.48 

4 9.02 0.61 0.61 4.711 4.83 

5 7.87 0.61 0.61 6.188 3.21 
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Figure 7: (a) Standard configuration of a thin film Fabry-Pérot resonator consisting of 

two identical high reflecting films separated by a transparent medium and the 

corresponding potential transversal distribution 

(b): Standard neutron reflectometry configuration 

(c): Neutron reflectivity and transmission of the 200 Å Ni/2000 Å V/200 Å Ni Fabry-

Pérot nanoresonator deposited onto 1 m silicon substrate. The white neutron beam 

( = 2–20 Å) was impinging on the Fabry-Pérot nanoresonator under a grazing 

incidence ~0.8° with a relative angular resolution  5 10-2 
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As a conclusion of this section, in which a nanoscaled Fabry-Pérot nanoresonator was 

used to trap cold neutrons with a De Broglie associated wavelength within the range of 

2.5–25 Å, the following can be deduced: 

• cold neutrons manifested their wave-particle duality via a Ni/V/Ni/Si substrate 

resonating nanostructure; 

• double tunnelling occurred through the high-reflecting Ni nanobarriers; 

• the resonating neutron were efficiently trapped within the V spacing film; 

• neutrons with a higher De Broglie wavelength have been trapped for a longer 

time within the nanoscaled resonator; and 

• as it is derived from the Heisenberg uncertainty, this neutron trapping time is of 

the highest precision so far and could contribute to the neutron lifetime 

investigations of special importance to cosmology. 

8 Conclusions 

In this minireview, we considered a series of examples to shed light on the size effects 

at the nanoscale. Within such nanosystems, the following was determined: 

• the intrinsic luminescence of ZnO nanodiscs was found depending on their basal 

thickness D. More precisely: 

➢ the maximum of the excitonic emission max shifts to lower values when the 

ZnO nanodiscs thickness < D > decreases (max  < D >), 

➢ the excitonic peak’s width at half maximum  1/2 is basal size-dependent; it 

becomes sharp when the ZnO nanodiscs’ thickness< D> decreases 

( 1/2  1/< D >); 

• the thermodynamic of melting and sublimation of NaCl nanocrystals were size-

dependent versus their transversal thickness < DTrans >: 

➢ the sublimation temperature is size-dependent as Tsub  (DTrans)2, 

➢ the smallest nanocrystals of NaCl with DTrans= 63.5 nm start sublimating 

below 323.5 K, far below the bulk value of 1 686 K; 

• the quantum confinement of phonons in nanoscaled particles of anatase TiO2. This 

was observed through the width at half maximum and the Raman spectral position 

of the major Eg vibrational mode of TiO2 nanoparticles; 

• the liquid–solid phase transition in nanoscaled systems is size driven via surface 

tension considerations. More precisely, it was found that for Hg nanoparticles with 

diameter Ønano-Hg < 2.50 nm, the excess surface pressure is P above 0.76 GPa at 

RT, inducing a net crystallisation at RT. This translates into a net atomic ordering 

of about seven to eight atomic reticular plans of the hexagonal; 
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• a strong Anderson localisation at RT of IR radiations in ship-shaped CNTs 

validating the possibility of a particularly unexpected resonance of 

electromagnetic waves in disordered media; and 

• neutrons can be trapped in Fabry-Pérot nanoscaled resonators, highlighting their 

wave-particle duality. Governed by the Heisenberg uncertainty, such a trapping 

time approach could be used or linked to the neutron lifetime of pivotal 

importance in cosmology and nuclear physics. 
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