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Abstract: 

While it is broadly known that solid compounds may exist in distinct crystalline arrangements 

(polymorphs), the notion that some liquids may also adopt distinct phases with dissimilar 

structures and densities is much less widespread. One of the reasons is that these liquid-liquid (L-

L) transitions often occur in the supercooled equilibrium regime below the melting line and can 

be challenging to observe experimentally. Glass-forming liquids that supercool over significant 

temperature ranges can therefore constitute useful systems for investigating these transitions. In 

this paper we review experimental evidence for L-L transitions in chalcogenide systems. In that 

respect, L-L transitions are found to be associated with transitions from fragile to strong viscous 

behavior in these glass-forming liquids. Moreover, they are signaled by extrema in multiple 

thermodynamic functions and sharp change in physical properties such as electrical conductivity. 

Finally, while the physical principles underlying these transitions are still unclear, they have 

been shown to play a critical role in the function of phase change materials that are poised to 

transform fast computing technologies. 

1 INTRODUCTION 

Glass forming liquids have the ability to bypass crystallization upon cooling and can persist as 

metastable equilibrium liquids down to temperatures far below the melting point. Normally, their 

density, enthalpy, viscosity and other physical properties vary monotonically with decreasing 

temperature until they eventually vitrify. The rate of change of these physical properties differs 

greatly between material systems and the temperature dependence of the viscosity in particular 



has been broadly used to categorize glass forming liquids1, 2. Liquids that show an Arrhenius 

dependence are classified as “strong” while those that depart greatly from the Arrhenius behavior 

are classified as fragile3. In either case, the volume, enthalpy or entropy decrease in a continuous 

fashion as the viscosity increases4. However, a growing number of systems are found to exhibit 

abnormal changes in viscosity with temperature as they undergo a transition from fragile to 

strong (F-S)5-14. These transitions are associated with anomalies in multiple thermodynamic 

variables such as the heat capacity, expansion coefficient and compressibility7, 15. In some cases 

the F-S crossover can be extremely sharp, indeed discontinuous, as in the case of Si16 and models 

of water17. Such anomalies have been linked to the presence of a liquid-liquid phase transition 

which may be hidden below the melting point and can only be observed in the supercooled 

regime18, 19. The observation of such L-L transitions can therefore be challenging as the liquid 

has a limited range of stability between crystallization at high temperature and vitrification at 

lower temperature20. Nevertheless, even when the system vitrifies, the presence of the L-L 

transition may still be revealed in the form of solid-solid polyamorphic transitions between two 

distinct glassy phases21-23. In this case the transition is most commonly observed by changing 

pressure rather than temperature. 

While this type of L-L transition has initially raised interest for its fundamental importance in 

understanding fluid thermodynamics24, it has recently been suggested that it may play a key role 

in enabling advanced information storage technologies18, 19, 25-27. Indeed, the phase memory 

alloys that are the central elements of ultrafast nonvolatile computer memories have been shown 

to exhibit L-L transitions and the associated F-S transitions25. The L-L transitions are essential to 

the operation of these devices because the phase change memory alloys must exhibit ultrafast 

crystallization at high temperature (promoted by high fluidity) and extended stability in the 

glassy state (promoted by low fluidity approaching Tg). These two opposite properties can only 

be achieved because the system undergoes a sharp L-L (and F-S) transition during cooling. In 

addition, this transition is associated with a metal-to-semiconductor (M-SC) transition which is 

also essential to provide the contrast in electrical properties necessary to encode binary 

information in computer memories18, 19. 

In this paper, we review the general principles of liquid-liquid and polyamorphic transitions with 

a focus on chalcogenide systems. We show that L-L transitions are associated with anomalies in 



multiple physical properties, including the main thermodynamic response functions: heat-

capacity, expansion coefficient and compressibility. Moreover, it is shown that these transitions 

coincide with a change in viscous behavior manifested by a F-S transition as well as distinct 

changes in structural features. Finally, it is observed that in chalcogenide systems, L-L 

transitions are associated with a M-SC transition that has direct implications to the operation of 

phase change memory alloys. 

 

2- LIQUID-LIQUID TRANSITIONS 

L-L transitions involve a reversible temperature or pressure induced conversion between two 

liquids of distinct structures and physical properties but with identical chemical composition. 

The most unequivocal example of a first order L-L transition is that of phosphorus 28, 29. For this 

element, the liquid-liquid equilibrium line is located above the melting point within the domain 

of stability of the liquid30 and the L-L transition is most easily observed by changing pressure28. 

The observation of two coexisting phases with distinct structure28 and density29 unambiguously 

confirm the first order nature of this L-L transition. However, in many material systems the 

equilibrium line may be shifted below the melting point and the L-L transition can only be 

observed in the supercooled liquid state. This is the case of high pressure ST2 water which 

exhibits a first order L-L transition below the homogeneous nucleation temperature17. The 

occurrence of fast crystallization make these L-L transitions experimentally challenging to 

observe31. It has recently been suggested that phase change materials may undergo similar L-L 

transitions although the first order nature of the transition has not been confirmed26. On the other 

hand, L-L transitions of higher order are observed in many other systems such as glass-forming 

chalcogenides32. Figure 1 depicts the schematic phase diagrams for two generic systems 

exhibiting L-L transitions, one undergoing a first order L-L transition (Figure 1a) and one 

undergoing a higher order continuous L-L transition (Figure 1b). The systems comprise two 

crystalline polymorphs with distinct densities. The low density polymorph is represented with a 

curved Clapeyron slope by analogy to GeSe2
32, Ge1Sb2Te4

26, tellurium33, and phosphorus30, all 

known to exhibit polyamorphic transitions. In Figure 1a, the solid blue line represents the L-L 

coexistence line, where the transition is first order. The L-L coexistence line ends with a critical 

point and is followed by the Widom line depicted as the blue dotted line. This behavior is 



representative of Si, ST2 water, and likely some PCMs25, 26. For the case of higher order L-L 

transitions depicted in Figure 1b, the transition between the low-density and high-density phases 

is continuous and the boundary between the two phases is represented as a broader region with a 

finite width rather than a coexistence line. Higher order L-L transitions are most commonly 

observed in chalcogenide systems as shown in Figure 2. The L-L transitions are revealed by 

simultaneous anomalies in multiple thermodynamic response functions upon change in 

temperature. The relatively broad width of the peaks in α, Cp and Ks shown in Figure 2 does not 

meet the Ehrenfest criterion for a first-order transition. Such thermodynamic responses could be 

associated with the systems crossing a Widom line with a critical point nearby, thereby implying 

the possible existence of a first order transition at higher or lower (even negative) pressure. 

However, there is currently no experimental evidence for such transitions in chalcogenide 

systems and the L-L transitions line may be entirely of higher order. In this case there is no 

critical point, as found for example in SiO2
34. Transitions across the L-L boundary between the 

low-density liquid (LDL) and the high-density liquid (HDL) may be induced by a change in 

pressure as shown for GeSe2
32, or by a change in temperature as shown in Figure 2. It is 

important to note that crossing the L-L line through an isobaric temperature increase involves 

transitioning from the LDL to the HDL (Figure 1) and must therefore result in negative thermal 

expansion. This process is indeed observed systematically in systems exhibiting L-L transitions 

as illustrated in Figure 2a and as will be discussed in the next sections. For temperatures and 

pressures far below the melting line, the supercooled liquid easily vitrifies and the L-L transition 

becomes a solid-solid polyamorphic transition between two distinct glassy phases represented by 

the dashed lines in Figure 1a & 1b. Polyamorphic transitions between the low-density amorphous 

(LDA) and high-density amorphous (HDA) phases are most commonly observed by changing 

pressure as in the case of Si21, GeO2
22 or Ge1Sb2Te4

23
.  



 

FIGURE 1 Schematics of the P-T phase diagram for two generic systems exhibiting liquid-

liquid phase transitions and polyamorphism. (a) System undergoing a first order L-L transition. 

The solid blue line corresponds to the liquid-liquid coexistence line which ends with a critical 

points represented by the blue dot followed by the Widom line represented as a dotted line. (b) 

System undergoing a higher order continuous L-L transition. The broad boundary between the 

two phases indicates continuous L-L transition. Below Tg, the transition is between two 

amorphous phases and is indicated by dashed lines. The location of the L-L boundary may vary 

between systems. See text for a detailed description. 

 

As discussed for phosphorus and water, the position of the L-L transition line within the phase 

diagram may significantly vary depending on the system and may overlap the stability domains 

of the crystal and liquid. In the case of the chalcogenide systems shown in Figure 2, the 

transition occurs either below or above the melting point (represented by arrows in Figure 2a). 

For tellurium, the ambient pressure L-L transition lies in the supercooled region below the 

melting line in agreement with thermodynamic models35. For Ge15Te85 the L-L transition is 

located barely above the eutectic temperature while for As2Te3 and Ge3Se7 it is located further 

above the liquidus within the liquid stability region. In the case of Ge1Sb2Te4, the L-L 

coexistence line is expected to be fully submerged below the liquid-crystal boundary line26 

similar to the case depicted in Figure 1. In the case of GeSe2, a pressure induced higher order L-



L transition is observed in the equilibrium liquid region during isothermal experiments but was 

speculated to become first order in the supercooled regime32. Overall, anomalies in 

thermodynamic response functions have been experimentally revealed in many systems and 

suggested to be associated with L-L transitions line, but the availability of partial data often do 

not permit to determine their full extent and position in P-T space. 

 



 

FIGURE 2 Maxima in thermodynamic response functions indicative of liquid-liquid phase 

transitions in chalcogenide systems. Arrows represent the melting point or liquidus temperature 

for each system. (a) Thermal expansion coefficient α for Ge15Te85
36, Te36, As2Te3

37 and Ge3Se7
38. 

α values for Ge3Se7 were obtained by fitting density data with a fifth order polynomial; (b) Heat 

capacity at constant pressure Cp for Ge15Te85
39, Te39 and As2Te3

40; (c) Adiabatic compressibility 



Ks for Ge15Te85
36, Te36, As2Te3

41 and Ge3Se7
42. Ks values for As2Te3 and Ge3Se7 were obtained 

from density ρ and sound velocity VS according to Ks = 1/ρVS
2. 

 

3- FRAGILE-TO-STRONG TRANSITIONS 

Sudden changes in thermodynamic response functions like the heat-capacity peaks observed in 

Figure 2b are expected to affect other properties such as the configurational entropy and in turn 

the viscosity (per the Adam-Gibbs equation43). Indeed, Figure 3 shows that many chalcogenide 

systems exhibit abnormal viscous behavior with an anomaly in viscosity-temperature 

dependence indicating a transition from a fragile to a strong behavior. While most chalcogenide 

melts have viscosities of similar magnitude at high temperature, they appear to surge suddenly at 

lower temperature in a way that cannot be fitted with traditional viscosity models such as VFT2 

or MYEGA44. It is also found that the temperature of these anomalies in viscosity match that of 

other physical properties. For example Ge15Te85 shows a pronounced change in viscosity at the 

same temperature as the peak in heat-capacity shown in Figure 2b7. In fact, viscosity estimates 

from these heat capacity data using the Adam-Gibbs equation15 match closely with the viscosity 

data shown in Figure 3. These estimates also reveal the full S-shaped fragile-to-strong transition 

in this system15. Similarly, tellurium shows the onset of an anomaly in viscosity at the same 

temperature as the thermodynamic anomalies of Figure 2. Unfortunately, tellurium is a poor 

glass-former and viscosity data cannot be obtained further into the supercooled region to capture 

the full viscosity divergence. Likewise, the phase change material AIST (AgInSbTe) crystallizes 

rapidly before the anomaly in viscosity can be measured. However, recent structural 

measurements by ultrafast x-ray probe have permitted to access the supercooled regime and have 

provided direct structural evidence for a L-L transition in this system25. Conversely, better glass-

formers such as GeSe3 or As5Se5 allow viscosity measurements across the whole temperature 

range and permit to reveal the entire F-S transition. The abnormal viscous behavior is displayed 

by an intersection across the viscosity curve of selenium. Like GeO2 or toluene, selenium 

exhibits a “normal” viscosity behavior that can be fitted with a single fragility parameter. 

Instead, GeSe3 and As5Se5 initially exhibit a strong behavior and cross over the selenium curve 

before transitioning to a more fragile trend thereby avoiding an extrapolation towards unphysical 

values of viscosity.  



Additionally, the pattern of anomalies in viscous behavior is replicated in the density-

temperature dependence of each of these systems as shown in Figure 4. While the density of 

selenium decreases monotonically with increasing temperature, systems exhibiting a F-S 

transition assume a negative expansion coefficient in the same temperature range as the viscosity 

anomaly. For As2Te3 the density anomaly is very shallow and the corresponding viscosity 

transition is also highly smeared out. For Ge15Te85 and tellurium, the density increase is more 

pronounced, in accordance with the sharper F-S transition. Density data for the Ge-Se system 

indicate that such transitions are prevalent in the Ge-rich portion of the binary system, including 

GeSe2 as previously suggested8, 45. This is consistent with viscosity data indicating F-S 

transitions in all these Ge-rich compositions46-49. Overall, the position of the density increase 

matches well with that of the viscosity anomaly for all available compositions. These increases 

in density with increasing temperature are not expected from standard liquids since higher 

thermal energy raises vibrational amplitudes and weakens interatomic forces thereby leading to a 

continuous decrease in density, as in selenium. The pronounced increases in density with 

temperature shown in Figure 4 therefore strongly indicate the presence of a L-L transition from a 

LDL to a HDL. One would in turn expect that these pronounced changes in density and other 

physical properties must be accompanied by significant structural changes as will be discussed in 

the following section. Here it is worth mentioning the outlier case of sulfur which exhibits the 

abnormal transition from strong to fragile instead of fragile to strong upon cooling50. This unique 

process is associated with an unusual polymerization reaction which does not involve the density 

anomaly observed in other chalcogenides51. 



 

FIGURE 3 Fragility plot for chalcogenide systems exhibiting a fragile-to-strong transition in 

comparison to classical liquids GeO2
7, selenium49, 52-55 and toluene56. The viscosity of 

Ge15Te85
57,Te49, AIST58 (AgInSbTe), As2Te3

59, As5Se5
60, 61, GeSe3

46-48, 62 cannot be fitted with 

standard viscosity models. Lines are guide to the eyes. 



 

FIGURE 4 Negative expansion coefficients in chalcogenide systems exhibiting a fragile-to-

strong transition. The density is normalized by its value at Tg for Ge15Te85
36, Te36, As2Te3

37, 

As5Se5
63 and Ge-Se38 melts. 

 

4- STRUCTURAL TRANSITIONS 

The structural origin of L-L transitions has been investigated in several systems including 

metallic6, 9, 64 and chalcogenide32, 65 melts. In the case of GeSe2, the structural origin of the L-L 

transition can be inferred from the high-pressure x-ray measurements shown in Figure 5. It was 



found that the low-density liquid has a two-dimensional connectivity consisting of edge- and 

corner-sharing tetrahedra while the high-density liquid has a three-dimensional connectivity 

likely consisting mostly of corner-sharing tetrahedra32. A similar pressure-induced conversion 

from edge- to corner-sharing tetrahedra is also observed in the glass at ambient temperature66. 

This is consistent with the relative density of the two crystalline polymorphs where the corner-

sharing 3D crystal is 9.6% denser than the corner- and edge-sharing 2D crystal67. Increasing the 

pressure of the GeSe2 melt at 1120K induces a transition between the two liquids (Figure 5). This 

transition can be depicted as a vertical arrow across the liquid-liquid line in Figure 1. 

Conversely, the density plot shown in Figure 4 indicates an L-L transition with a sudden density 

increase near 1250K upon temperature change at ambient pressure. This transition can be 

depicted as a horizontal arrow across the liquid-liquid line in Figure 1. Initially, an increase in 

temperature results in a decrease in density associated with a conversion from corner to edge-

sharing tetrahdra as previously shown by Raman spectroscopy68. But crossing the L-L line along 

an isobar implies a transition from the low-density (partially edge-sharing69) liquid to the high-

density (corner-sharing) liquid upon increasing temperature. This structural process would 

effectively results in the negative expansion coefficient associated with the L-L transition shown 

in Figure 4. Neutron diffraction measurements in this temperature range indicate a change in 

medium range order of Ge-centered structural motifs that is consistent with the onset of that 

process70. At higher temperature or pressure chemical disorder prevails and the structure is better 

described as a random packing of hard spheres. 



 

FIGURE 5 Change in short range order measured by x-ray diffraction during compression of 

GeSe2 melt32. The melt structure evolves from a low-density 2D edge-sharing tetrahedral 

structure to a high-density 3D corner-sharing tetrahedral structure upon pressure increase from 

0.5 GPa to 4.1 GPa at 1120 K. Adapted from Ref 32. 

 

The structural origin of the L-L transition in Ge15Te85 melts has been investigated by x-ray 

diffraction65, neutron diffraction71 and EXAFS72. The local order around the Ge atom is found to 

change from a distorted octahedron to a more regular octahedron upon temperature increase 

(Figure 6). This transition is associated with a Peierls-like transition which shortens some Ge-Te 

bonds and increases the local coordination. This effectively leads to a decrease in volume despite 

the temperature increase. The ratio of the next-nearest to the nearest neighbor distances is found 



to decrease during this process as the distorted octahedral bonds length decreases due to the 

Peierls-like transition (Figure 6). It was also found that the medium-range-order on the length 

scale of ∼8 Å shows notable change in the course of the L-L transition65. The change in 

configurational entropy associated with this structural transition is expected to affect the 

temperature dependence of the viscosity through the Adam-Gibbs equation43 and should 

therefore serve as a major contribution to the F-S transition shown in Figure 3. 

 

 

FIGURE 6 Structural evolution during the liquid-liquid transition in Ge15Te85 melt65. The 

change in ratio of the next-nearest to the nearest neighbor atomic distance r2/r1 measured by X-

ray diffraction indicates an evolution in short range order from a distorted octahedral 

environment to a more symmetric octahedral reminiscent of a Peierls-like transition. 



5- METAL-TO-SEMICONDUCTOR TRANSITIONS 

Chalcogenide glasses have been extensively studied for their semiconducting properties and their 

potential for applications in microelectronics73-75. These materials retain their semiconducting 

properties as they enter the supercooled liquid above the glass transition since the short range 

order of the glass and the melt are similar76. However, upon further temperature increase, the 

conductivity rises rapidly until it reaches a metallic-like value76, 77. This sudden change in 

electrical properties has long been presumed to originate from significant structural changes in 

the melt76, 77. A link to a L-L transition then appears highly probable. 

Figure 7a shows the transition from semiconductor to metallic conductivity in Ge15Te85 and 

Se30Te70 melts. This behavior is representative of a large number of chalogenide melts as 

demonstrated long ago by Alekseev et al.78 and recently discussed in relation to the M-SC 

transition in PCMs by the present authors18. The activation energy for conductivity Ea is plotted 

in Figure 7b and exhibits a clear maximum for both melts. But more interestingly, the position of 

the maximum in Ea match that of the maximum in thermal expansion coefficient α that has been 

recognized as a signature feature of L-L transitions. The result of Figure 7 therefore strongly 

suggests that M-SC transitions are another manifestation of L-L transitions in chalcogenide 

melts, along with the anomalies in density, viscosity and heat capacity. Ultimately, the changes 

in all these physical properties originate from the same underlying structural transition in the 

melt. 

 

6- IMPLICATIONS TO MEMORY TECHNOLOGY 

One of the most groundbreaking applications of chalcogenide materials involves the rapid 

encoding of binary information in the form of amorphous and crystalline bits79, 80. In these 

devices, the contrast in electrical conductivity between the two phases is exploited to produce 

non-volatile memory cells on the nanometer scale. These may enable new computing 

architecture where dynamic and permanent memories are combined, or neuro-inspired 

computing where calculations are performed in the memory array81. Such applications require 

reversibly switching between the amorphous and crystalline phases at high speed (<10 ns) 

through application of an electrical pulse. The switching speed is controlled by the crystallization 



rate and consequently depends on the viscosity of the melt during the “set” pulse. In that respect 

it is advantageous to use a material with a fragile character so that low viscosities (fast-

switching) can be accessed during the pulse. On the other end, the high kinetic factor of fragile 

systems is disadvantageous in the glassy state as it may lead to crystallization of the amorphous 

bit at ambient temperature and loss of stored data. It was recently reported that this conundrum 

can be solved in phase change materials such as AIST, Ge15Sb85 or Ge2Sb2Te5 where a sharp 

transition from fragile to strong occurs upon cooling, thereby providing the benefit of fast 

kinetics at high temperature and stabilization of the amorphous phase at low temperature18, 25, 27. 

The structural origin of these L-L transitions was characterized by employing femtosecond x-ray 

diffraction to observe the change in local atomic environment before crystallization occurred on 

the nanosecond time scale. It was found that the transition is predominantly caused by the onset 

of a Peierls distortion similar to that described in Figure 625. The occurrence of a L-L transition 

in these materials therefore enables the fabrication of devices combining high speed with 

excellent data retention. This provides an example where L-L transitions actually serve a critical 

role in advanced technological applications. 

 



 

FIGURE 7 Metal-to-semiconductor transition in Ge15Te85 and Se30Te70 melts82. (a) Electrical 

conductivity σ; (b) Activation energy Ea of the electrical conductivity; (c) Thermal expansion 

coefficient36, 83. 



 

7- CONCLUSION 

The presence of L-L transitions in chalcogenide glass-forming systems is found to be more 

common than previously thought. While these transitions are of higher order when measured at 

conventionally accessible conditions of pressure and temperature they may become first order in 

the deeply supercooled regime and at higher pressure as in ST2 water. The L-L transitions are 

associated with significant changes in structure and negative expansion coefficients due to the 

transition between LDL and HDL during isobaric temperature changes. Chalcogenide liquids 

which are traditionally semiconducting near Tg are also found to undergo a M-SC transition 

concomitant with the L-L transition. The change in electrical property is an important factor for 

application in memory technology where binary information is encoded using the contrast in 

conductivity between the amorphous and crystalline phases of telluride phase change materials. 

More importantly, the F-S transition observed during L-L transitions is key to enable the fast 

kinetics and data retention of phase change memory devices. Novel characterization techniques 

such as ultrafast spectroscopy may be used to uncover L-L transitions in an increasing number of 

chalcogenide alloys in the future. 
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