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The reliance of future technologies on the development of economical methods for 

boosting the performance of portable-electronic devices beyond just miniaturization (owing to 

physical and lithographic constraints) has spurred intense and rapid progress in the area of 

material nano-engineering
[1-3]

. Phase-change materials (PCMs) are fast-switching materials, 

and the ability to design nano-engineered PCMs has led to broad applications in nonvolatile 

memories
[4,5]

, reconfigurable electronics
[6,7]

 and, more recently, photonic devices
[8]

 and  

neuromorphic computing
[9,10]

. PCMs, based on the reversible switching between amorphous 

(a) and crystalline (c) phases
[11]

, are generally scalable down to nanometer length scales
[12]

. 

The pursuit of nano-engineering methods to enhance the performance of PCMs has yielded 

strategies including, but not limited to, the formation of superlattices in PCM nanowires
[13]

 

and PCM nanoclusters in silica
[14]

. Although each method has had some success in achieving 

PCMs with improved properties, no distinct strategy to date has yet focused on ‘engineering’ 

the atomic structure of a PCM itself.  

One approach for realizing such a material is through the formation of a cage-like 

structure, requiring an unusual interaction between the guest atoms and host matrix that is 

commonly found in clathrates
[15]

. Clathrates are compounds formed by the inclusion of atoms 

or molecules (guests) into the cages of a matrix (host) formed by other components
[15]

. The 

ability to control the interactions between the guest atoms and the host matrix of clathrates has 

proven to be a viable means to alter the properties of such materials on the nanoscale. The 

exploitation of clathrates has led to the discovery of new materials that have, for instance, 

demonstrated control over thermal conductivity
[16]

 and crystal nucleation
[17]

, or the ability to 

store and release biomolecules
[18]

. Since these diverse processes are, at the fundamental level, 

linked to the interactions between the guest atoms and the host matrix, the material properties 

can be easily controlled, for instance, by varying the type and concentration of the guest 

species.  
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We report here the formation of new clathrate forms of a PCM, based on cage 

frameworks, which allows for altering the crystallization, as well as amorphization, by 

controlling the interactions between the guest atoms and the host matrix via ‘inter-complex’ 

guest-atom vibrations. The formation of a PCM with cage-like structures (PCM-CLS) using 

two chemically different elements, viz. Cs and Ba, as the guest atoms in the archetype PCM, 

Ge2Sb2Te5 (GST) as host, demonstrates both the flexibility of the cage scaffold, and the 

ability precisely to control the material characteristics through guest-atom modifications. In 

contrast to other nano-engineering methods, this approach allows for the nanoscopic control 

of crystallization of PCMs using a universal cage template based on the incorporation of 

alkali or alkaline-earth ions.  

We employed ab initio molecular-dynamics (AIMD) simulations to investigate the 

structural properties of, and interactions between, the guest atoms and the host matrix using 

four models of doped GST. The first three models, denoted C′, C′′ and C′′′, had one, two and 

three Cs guest atoms in a GST matrix formed by thirteen Ge, thirteen Sb, and thirty-five, 

thirty-four and thirty-three Te atoms, respectively, while a fourth model (B′′) had two Ba 

guest atoms in a GST matrix formed by thirteen Ge, thirteen Sb, and thirty-four Te atoms. The 

compositions of the models were predefined, based on a material compositional study (see 

supporting information). The models were generated with initial densities of around 6.07 g 

cm
-3

, chosen to be close to the experimental a-phase density of GST
[19]

. The AIMD 

simulations were carried out using the VASP code
[20]

 (see supporting information). Random 

initial configurations were equilibrated as liquids at 1000 K for 180 ps, followed by thermal 

quenching to 300 K at a rate of dT/dt = -25 K ps
-1

 to generate the a-models. To study the 

dynamics of the guest atoms, indicative of their interactions with the host matrix, the models 

were annealed at 300 K for 30 ps. The models were then relaxed at 0 K to examine their 

structural properties. 
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Figure 1 shows a snapshot of a Cs-doped a-model, along with an equivalent mass-spring 

model, and partial radial atomic distribution functions (g(r)). According to the metal-

chalcogenide framework model
[21]

, the incorporation of large electropositive ions, such as 

alkali or alkaline-earth atoms, into a chalcogenide material should yield a structure that is 

stabilized by metal-encapsulating cages due to the high-coordination sites which the metal 

ions adopt, and the ionic character of the surrounding metal-chalcogen bonds. We find that all 

doped GST models form one or more “cage(s)” within the GST matrix, with each cage 

enclosing a Cs or Ba atom. The cages were mainly comprised of Te atoms, which was evident 

from snapshots of the models (see Figure 1a), as well as the pronounced peak in the g(r)s 

between the Cs/Ba and Te atoms, as shown in Figure 1c. The average number of Te atoms 

forming a cage can be estimated from the area under the first peak in the guest-atom-centred 

g(r), which gives the average coordination numbers, Nc, for both Cs and Ba atoms to be 

between 9 and 10, indicating their preference to occupy high-coordination sites, as predicted 

by the metal-chalcogenide theory. The interatomic separations, r0, between the Cs/Ba guest 

and host Te atoms were estimated from the positions of the first peak in g(r), and were found 

to be between 3.5 and 4.0 Å. These values are very similar to those observed in most Cs/Ba-

Te compounds
[22,23]

, confirming the ionic nature of the dopant environments in the doped 

models. The average r0 values between Ge or Sb atoms and Te atoms (~3.0 Å) in the host 

matrix were identical to those observed in undoped GST
[24]

. 

We find that the guest atoms exhibit large thermal vibrations. Figure 2a shows the 

squared displacements (SDs) which are averaged over a specific type of atoms during 

annealing for the doped models at 300 K, whereby the maximum fluctuation found in SD is 

denoted by . While the guest atoms in the B′′ models exhibit a large  value of 1.13 Å
2
, 

the host atoms show much smaller  values of around 0.22 Å
2
 (see supporting Table S1). 

This behaviour is also observed for the three Cs-doped models. We compared the  values 

Dx0

2 Dx0

2

Dx0

2

Dx0

2



   

5 

 

for the Cs and Ba atoms in the C′′ and B′′ models, respectively. The calculations show that the 

 value for the Cs atoms (~2.98 Å
2
) is even larger than that for the Ba atoms. This suggests 

that the vibrational properties of a PCM can be varied by using different types of guest atoms 

to control the electrostatic interaction (EI) between the guest atoms and host matrix; in this 

case, the divalent cation, Ba
2+

 has a stronger EI than the univalent cation, Cs
+
. In addition, we 

find that the  value depends on the concentration of the guest atoms, with a higher 

concentration of Cs atoms leading to a reduction in its amplitude, which suggests that a higher 

number of guest atoms would lead to a more rigid structure. It should be noted that the 

characteristic large displacement of Cs and Ba atoms might be investigated experimentally by 

employing neutron scattering or photon correlation spectroscopy, which could provide an 

insight into the mean-square relative displacement (MSRD) of the atoms in the matrix
[25]

. 

To evaluate the origin of these vibrations, we examined the dynamical behaviour of the 

guest atoms. The dynamics of the guest-cage interaction can be described in terms of a mass-

spring model (Figure 1b), whereby a mass vibrates within a cavity defined by the walls of a 

cage, which themselves are flexible. We find that the vibrations stemmed from a pronounced 

movement of the guest atoms between different regions of their cages, with a general 

movement from sites forming complexes with a low number of host atoms to those formed by 

a high number of host atoms (see Figure 2b). This motion is likely to be associated with the 

thermal fluctuations that distort the guest-host bonds, while the apparent preference for a 

higher coordination is possibly due to the more favourable electrostatic forces acting on the 

guest atoms in the complexes. The form of the cages was dynamic; it would evolve and 

change, both in size and position, with time due to thermal motions within the host matrix. In 

most cases, separate regions of the cages would expand and contract interchangeably, and this 

mechanism induces the atoms to “rattle” back and forth between the complexes, providing an 

explanation for the vibrations observed in Figure 2a.  
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The frequency, ν0, of these guest-cage atomic vibrations is low. According to the loose-

cage/tight-cage framework picture
[26]

, some guest atoms do not fit comfortably in a single 

substitutional site. In general, a guest atom occupies the lowest energy position that is a 

compromised between an optimum distance at some points of contact with the host matrix, 

and a less-than-optimum distance at other points of contact. The host matrix tends to distort 

the guest atom to fit into the available cage, and the extent to which the guest atom is distorted 

depends on the EI between the guest atom and host matrix. Guest atoms with a strong EI 

usually find themselves in “tight cages”, exhibiting high ν0 values, while those with a weak EI 

find themselves in “loose cages” exhibiting low ν0 values. Figure 2c shows the averaged 

partial vibrational density of states (VDOS) for a guest atom in the doped models. The spectra 

for the C′, C′′′ and B′′ models are shown, as they display clearer peaks. The Cs and Ba atoms 

both show low ν0 values, with two peaks in the spectra located at around 1 and 3 THz, which 

indicate that both atoms do not exhibit very strong EIs, and are likely to be confined in loose 

cages. The spectra for the Ge, Sb and Te atoms in the host matrix were similar to those for 

undoped GST and other PCMs
[27]

 (see supporting Figure S1). Aggregation effects
[28]

, which 

occur as a result of interference from the vibrations of adjacent atoms, typically leads to 

spectral broadening. This effect is observed as the concentration of the guest atoms was 

increased; the widths of both peaks in the spectrum for the C′′′ model were relatively broader 

than that for the C′ model. This means that, at high concentrations, the vibrations of the guest 

atoms are more tightly coupled to those of the host, suggesting the formation of smaller, more 

tightly-bound cages. 

Experimental results for doped GST samples, obtained under similar conditions to those 

employed in the simulations, are shown in Figure 3. To study the influence of the guest atoms 

on the switching properties, two Ba-doped GST (BGST) film samples, denoted as B1 and B2, 

with Ba concentrations of 1.4 at% and 4.5 at%, respectively, were fabricated and examined 
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(see supporting information). For comparison, a pure GST film sample (B0) was also 

fabricated. The initial electrical resistance, R, of the samples was around 100 MΩ. To 

investigate the properties of the a-phase films, the samples were initially studied at 300 K. 

Because the switching effects at low T were too slow to be observed, the samples were 

examined at gradually increasing T at a rate of 0.17 K/s, as well as at a constant T = 410 K. 

Figure 3a shows the correlation between R and T of the samples during annealing from 

300 K to 470 K. The samples show a reduction in R from 100 MΩ to 10 kΩ over this range of 

T due to structural ordering of the a-phase matrix
[29]

. A sharp drop in the R level, from 1 MΩ 

to 10 kΩ, was observed at an onset temperature (Ton) of about 420 to 450 K, which indicates 

that the films had transformed in an a → c phase transition. The value Ton provides a measure 

of the thermal energy ET required for the phase transition. We find that both BGST films 

required a higher ET to switch than that for the GST film, as manifested by the B1 and B2 

samples having higher Ton values of 425 K and 440 K, respectively, compared to 415 K for 

the B0 samples, suggesting that the energy required to induce a phase transition, and hence 

the thermal stability of the a phase, can be controlled by altering the guest-atom concentration. 

The BGST samples exhibit long-term a-phase stability. This was observed via the time-

dependence of R during annealing at 410 K (see Figure 3b). The initial R value for the 

samples was lower than that observed in Figure 3a, as the starting T employed in this 

experiment was higher. For both B0 and B1 samples, R decreased from around 10 MΩ to 100 

kΩ within 600 s of annealing. While the B0 sample shows a sharp drop in R, indicative of an 

a → c phase transition, which occurred after an onset time ton = 20 s, the B1 sample exhibits a 

much longer ton = 400 s. The B2 sample maintained a high and constant R value of 10 MΩ 

throughout the test period. These results indicate that the guest atoms promote stability of the 

a-phase, and that higher concentrations of guest atoms lead to longer retention times. 
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Finally, the BGST films show a reduction in melting energy, high recrystallization speed, 

as well as clear reversibility of the phase transition. In addition, based on the AIMD 

simulations, they also exhibit a small change in density for the a → c phase transition (Figures 

3c-e; see also supporting information). These results demonstrate further the potential utility 

of these materials for device applications. 

Both experimental and simulation results suggest that the enhanced a-phase stability may 

stem from the presence of the guest atoms, leading to a more rigid a-structure. At low T, the 

large coordination cage and strong electrostatic interactions between the guest and the host 

atoms, evident from the AIMD simulations, will restrict atomic diffusion, which is required 

for structural ordering. This phenomenon would explain both the observed higher Ton, and 

also the longer ton, seen in the BGST samples. The combined use of experiments, theoretical 

modeling, and simulations further infer that the BGST films in the c phase should exhibit a 

cage-like structure (Figures S4, S5; see also supporting information). According to Slack’s 

“rattler-atom” theory
[30]

, the motion of guest atoms produces low-frequency anharmonic 

phonon modes, which can scatter heat-carrying acoustic modes, and thereby reduce the 

thermal conductivity of the material. It is plausible that the BGST films have lower thermal 

conductivities than the GST films, which allows them to switch from the a → c phase with a 

low ET. It is, however, noted that Tm increases with Ba concentration, possibly due to the 

rattling motion being suppressed at high guest-atom concentrations, as suggested by the 

AIMD simulations (see Figure 2a). 

According to the resonance-bonding theory, an increase in the ionic character in the 

bonding of a PCM should induce a weaker delocalization of charge carriers, which yields a 

smaller change in its optical properties (e.g. optical contrast, absorption redshift) between the 

a and c phases, as well as an associated decrease in its electronic properties (e.g. electronic 

polarizability, electrical conductivity) in the c phase 
[31-34]

. Figure 3f shows a plot of the 
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change in the optical reflectivity r of the BGST samples as a function of temperature. The 

change in r of a sample, normalized with respect to its full a → c phase transition, is given by 

Δr/rn = (r-ri)/(rm-ri), where rn, r, ri, and rm are the normalized, point, initial and maximum 

reflectivities of the sample. We find that the BGST films show a weaker delocalization of 

charges than for undoped GST, as manifested by the smaller Δr/rn values exhibited by the 

B1/B2 samples compared to that for the B0 sample upon an a → c phase transition, for 

instance, between T = 500 K and T = 700 K. The same phenomenon is also observed from the 

dependence of the concentration of the charge carriers (holes) on the type of film samples 

(Figure S6), whereby the B1/B2 samples show a lower carrier concentration than for the B0 

sample. These indicate that the BGST films, as is intuitively expected, are more ionic in 

nature than undoped GST, and that the resonance bonding of a host matrix and hence its 

optical/electrical-conductivity contrast, is tunable via varying the concentration of the guest 

atoms. 

An interesting question is whether the cage structures could be formed in alternative 

PCMs, where similar guest atoms could interact with other host matrices to produce novel and 

unusual phenomena. In general, PCMs can be grouped into nucleation (N)-dominated and 

growth (G)-dominated types
[35]

, depending on their crystallization mechanisms. A candidate 

host matrix is AgInSbTe (AIST), which is a G-dominated PCM. Its properties differ markedly 

from those of GST (an N-dominated PCM), as characterized by a smaller probability of 

nucleation at low T, and a larger probability of growth at high T. This would allow the use of 

various types of guest atoms and host matrices, as well as their combinations, to open new 

avenues for optimizing PCM properties. 
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Supporting Information is available online from the Wiley Online Library or from the authors. 
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Figure captions 

Figure 1. Structural characterization of simulated models of Ge2Sb2Te5 (GST) with cage-like 

structures. a) Snapshot of a Cs atom encaged in a GST matrix of model C′′. The green, blue, 

red, and yellow spheres denote Cs, Ge, Sb, and Te atoms, respectively. Bonds are shown 

between atoms within a range of 3.0 Å. b) A simple spring model comprised of host-cage 

walls of mass m0 interconnected by springs with spring constant K0, and guest atoms of mass 

m1 attached to cage walls with springs of spring constant K1. c) Partial radial distribution 

functions g(r) for various atomic species in the models. 

 

Figure 2. Simulated dynamics of guest and host atoms. a) Squared displacements (SDs) for 

guest and host atoms at 300 K. The maximum in SD fluctuations is denoted by . The 

separate curves are displaced by a given amount vertically for clarity. b) Snapshots of a Cs 

guest atom and the GST host matrix in model C′′ corresponding to the positions marked x1 

and x2 in (a). Colour coding of atoms: Cs, green; Ge, blue; Sb, red; Te, yellow. The silver-

grey atoms and bonds belong to those species not involved in the motion of the Cs atom. 

Bonds are shown between atoms within a range of 3.8 Å. c) Normalised partial vibrational 

densities of states (VDOS) for guest atoms in the models. 

 

Figure 3. Thermal properties of Ba-doped GST. a) Correlation between film electrical 

resistance and temperature during annealing at a rate of 0.17 K/s. b) Time dependence of the 

resistance of films during annealing at 410 K. c) Variation of melting temperature with type 

of film sample.  d) Dependence of optical reflectivity on laser exposure time. e) Image of a 

film sample after switching from the a to c phases, and back to the a phase. f) Plot of change 

in optical reflectivity (Δr) normalized with respect to full crystallization (rn), showing 

crystallization occurring at 420 K, and melting at 800 K. 
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Figure 1. Loke et al. 
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Figure 2. Loke et al. 
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Figure 3. Loke et al. 
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The table of contents entry  

We report new clathrate-based, phase-change materials, with cage-like structures 

incorporating Cs and Ba guest atoms, as a means of altering crystallization and amorphization 

behaviour by controlling ‘guest-cage’ interactions via intra-complex guest vibrational effects. 

Both a high resistance to spontaneous crystallization, and long retention of the amorphous 

phase were achieved, as well as a low melting energy. This approach provides a route for 

achieving cage-controlled semiconductor devices.  
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