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Chapter 4 

Visualizing the structural solid-fluid 

transition and free energy at colloidal 

crystal-fluid interfaces 

 

 

The interfacial free energy between a crystal and its melt is an important parameter that 

determines crystal nucleation and growth. The origin of this interfacial free energy is 

mostly entropic, and results from the change of order from the long-range order of the 

crystal to the short-range order of the liquid. In this chapter, we report the direct 

measurement of the interfacial free energy and its small anisotropy from thermally 

equilibrated crystal-fluid interfaces using pNipam microgels as a model system [1-5]. We 

use three-dimensional imaging of the equilibrium crystal-fluid interface to obtain insight 

into the structural transition from the liquid to the crystal. We measured the corresponding 

interfacial free energy barrier directly by implementing a new method to relate structure 

and free energy. Finally, we resolve the small anisotropy of the interfacial free energy by 

directly following thermally induced interface fluctuations of crystal fluid interfaces in 

different orientations. 
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4.1 Introduction 

The hallmark of the crystal is its maximal global density, which results from a periodic 

filling of space. In contrast, the liquid maximizes its short-range density by forming local 

close packed configurations [6, 7]. It has been argued that for simple monatomic liquids, 

maximum short-range density is achieved with icosahedral configurations [6]. These 

icosahedral units exhibit five-fold rotational symmetry that is incompatible with a periodic 

filling of space [8]. This incompatibility leads to the first-order transition that separates 

solid and liquid phases [9]. At the interface to the solid, the number of possible packing 

configurations of the liquid is reduced with respect to the bulk liquid, resulting in a loss of 

configurational entropy; this loss of configurational entropy provides the dominant 

contribution to the interfacial energy [10]. The structural transition is therefore central to 

our understanding of the interfacial energy. In atomic liquids, sophisticated scattering and 

electron microscopy [11-13] measurements have been used to elucidate it; however, the 

change of liquid configurations at the interface to the solid is extremely difficult to image 

in atomic system, and the direct measurement of the structure-dependent free energy 

barrier remained elusive. 

We used colloidal poly-N-isopropylacrylamide (PNIPAM) particles to obtain direct 

images of the short-range order of the liquid at the interface to the solid. The PNIPAM and 

its derivative particles have the advantage that their size is directly controlled with 

temperature, allowing direct control over crystal growth and melting [14] and glass-

formation [15]. These particles enabled us to achieve large, equilibrated crystal-fluid 

interfaces that are well suited to elucidate the structural crystal-fluid transition. The crystal 

growth was studied in the last chapter. Here, we focus on the stationary interface after the 

crystal has been fully grown. We switched off the temperature gradient, and use confocal 

microscopy to image the equilibrium crystal-fluid interface on the particle scale. We show 

that the predominant building blocks of the liquid are large fragments of icosahedra that 

are broken and reformed by thermal fluctuations, and we elucidate changes of the short-

range order as we approach the crystal. We establish a direct link between the structure 

and the free energy to measure the free energy change across the interface directly from 

the three-dimensional particle configurations [16]. The resulting interfacial energy is 

 ~ 0.65kBT per particle, in very good agreement with simulation results of slightly soft 

spheres. We then use thermal fluctuations of the interfaces to resolve even the small 
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anisotropy of the interfacial tension. We obtain an anisotropy of ~2%, surprisingly larger 

than values obtained in simulations.  

 

4.2 Free energy measurement of hard sphere configurations.  

The free energy of hard-sphere systems is directly related to the geometry of the packing, 

and can be determined conveniently from the positions of the particles [16]. The free 

energy measurement is based on the insertion of an additional particle into the given 

particle packing. To find the free regions available for the insertion of an additional 

particle, exclusion spheres are created around the particles; these exclusion spheres have a 

radius of one particle diameter and demarcate the region from which the center of the 

additional particles is excluded. The volume unoccupied by the excluded spheres is 

defined as available volume V0 to insert the additional sphere into the system without 

disturbing its neighbors. The surface area of this volume is defined as available surface 

area A0, (see Fig.4.1).  

In thermal equilibrium, the reversible work per unit volume needed to squeeze an extra 

particle into a volume V0 is related to the pressure p and it is expressed in terms of A0 and 

V0 as 

p =kBT [1 + (rA0/3V0)]    (4.1) 

 

Figure 4.1: A 2D illustration of V0 (gray area) and A0 (black lines). The dark and white circles, respectively, 

represent the hard spheres and the corresponding excluded volume spheres [16]. 
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where ρ is the particle number density and r is the particle radius. On the other hand, the 

energy required for adding an extra particle into the system is the chemical potential µ and 

it is determined as 

=0 - kBT ln(V0/V)      (4.2) 

where µ0 is ideal gas chemical potential and V is the total volume of the system. The free 

energy per unit volume is directly determined from the pressure and the chemical potential 

as 

f = -p +       (4.3) 

In principle, using this method, all thermodynamic quantities are determined just using 

particle geometry in real space. This has been exploited in recent confocal microscopy 

measurements by Dullens et al [16]. They used confocal microscopy to obtain three-

dimensional snapshots of a colloidal hard-sphere suspension. From the experimental 

snapshots, particle positions are located using a particle tracking software and the 

excluded spheres are defined and mapped onto a fine lattice. Three types of lattice sites 

(pixels) are distinguished from which V0 and A0 are directly determined: A0 equals the 

number of lattice sites at the edges of the excluded volume spheres, and V0 equals the 

remaining lattice sites outside the excluded volume spheres. The resulting values of free 

energy determined with equations (4.1) to (4.3) is in good agreement with the results of 

Monte Carlo simulation and the free energy obtained from integration of the Carnahan-

Starling equation of state. 

We use this method to measure the free energy change across crystal fluid interfaces 

directly from the structure; this free energy change can then directly be related to the 

interfacial free energy using Gibb’s argument of the dividing surface between two 

thermodynamic phases.  

 

4.3 Measurement of anisotropy of the crystal-fluid interfacial tension.  

The anisotropy of the interfacial free energy of crystal-fluid interfaces is a crucial 

parameter that determines the morphology of the growing crystal and the morphological 

stability of the growth. However, the anisotropy is difficult to measure since it is small, 

typically of the order of a few percent of the interfacial free energy. Therefore, direct 
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measurements of the free energy such as the one discussed in the last section, cannot 

resolve this small anisotropy. Recently, Hoyt et al. presented a method to compute 

accurately the crystal-fluid interfacial tension γ and its weak anisotropy from the 

orientation-dependent fluctuations of the interfaces [17]. The method is based on 

monitoring interfacial fluctuations to extract the interfacial stiffness which is typically an 

order of magnitude more anisotropic than the interfacial tension itself.   

In thermal equilibrium, interface fluctuations are described by interface waves along the y-

direction as 

       (   )       (4.4) 

were Aq is the Fourier amplitude of the interface height fluctuation with wave vector q. 

These fluctuations increase the interfacial free energy by  

   
 

 
  (   

 )        (4.5) 

Here it is assumed that the thickness of the interface b is much smaller than the width l of 

the imaged section [2,17]. The term      corresponds to the interfacial stiffness, where 

   is the second derivative of γ as a function of the angle α of the local interface normal 

relative to its average orientation. Note that    originates from the energy cost of bending 

locally the interface away from its macroscopic orientation. That is the reason why the 

fluctuation spectrum measures directly the stiffness. Because of the equipartition, in 

thermal equilibrium energy mode is excited with thermal energy, kBT. Therfore, the 

interfacial stiffness is related to the mean square of the Fourier amplitude as 

〈|  |
 
〉   

   

  (    )  
              (4.6) 

By measuring the spectrum of interfacial fluctuations, we can directly measure the 

interfacial stiffness (    ). The crystals made up of colloidal pNipam particles consist 

of a random stacking of hexagonal close-packed layers (see chapter 3). Such random 

hexagonal close-packed (rhcp) crystals exhibit sixfold symmetry around the axis 

perpendicular to the hcp planes. The interfacial tension thus depends on the angle  

between a crystal lattice direction and the normal to the interface within the hcp plane as 

 ( )     (        ).     (4.7) 
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Figure 4.2: Crystal and fluid. (a) Confocal microscope image of crystal (left) and fluid (right) focussed at 

the interface (solid line). (b) Pair correlation function of a colloidal crystal (open circles) and a colloidal 

fluid (solid squares). 

 

Here γ0 and ε are the average interfacial tension and its anisotropy, respectively. The 

orientation-dependent interfacial stiffness follows as 

         (          )      (4.8) 

The last equation indicates that the anisotropy of the interfacial stiffness is 35 times larger 

than the anisotropy of interfacial tension itself. Therefore, measuring the anisotropy of 

interfacial stiffness can be measured with high accuracy.  

 

4.4 Colloidal crystal-fluid equilibrium and particle configurations 

In the following, we describe our direct observations of the equilibrium crystal-fluid 

interface. We use the crystals growth procedure outlined in the previous chapter to 

nucleate and grow crystal following a fixed temperature protocol (see Fig. 3.1a). After a 

few hours, a few crystals have grown to centimeter lengths. By holding the sample at 

T = 34°C and switching off the temperature gradient, we achieve equilibrium of 

macroscopic crystal and liquid phases separated by a stationary interface. We use confocal 

microscopy to image individual particles in a 65m by 65m by 20m volume at the 

interface, and determined their positions with an accuracy of ~0.02m in the horizontal 

and ~0.03m in the vertical direction. To obtain this high accuracy, we used full 1024 by 
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1024 pixel images with a pixel density of 250 m
-2

, a factor of 4 higher than usually 

achieved. A small section of a confocal image is shown in Fig.4.2a. A clear distinction 

between crystal (left) and fluid (right) is observed. We measure the pair correlation 

functions g(r) of particles on the left and on the right side of the image separately and 

show the results in Fig. 4.2b. Open circle symbols, corresponding to g(r) of particles on 

the left, show characteristic peaks of the hcp crystal plane while solid square symbols, 

corresponding to g(r) of particles on the right, show the characteristic short range-order of 

the fluid.  

To pinpoint the interface, we distinguish crystal and fluid particles from their nearest-

neighbor environment. For each particle, we find the nearest neighbors as those separated 

by less than the first minimum of the crystal pair correlation function. The nearest 

neighbor vectors, di, are then compared with those of the reference crystal lattice, Di. 

Deviations from the reference positions are determined using the order parameter 

    
 

  
∑ |     |

 
  ,     (4.9) 

the mean square difference between the actual and the average crystal nearest neighbor 

vectors [17] (see Fig.4.3a). We plot the average order parameter as a function of x in Fig. 

4.3b. In the crystal, the normalized order parameter (cryst/d)
2
~ 0.02 , reflecting the small 

lattice distortions due to thermal fluctuations, while in the fluid, (fl/d)
2
~ 0.12, 

demonstrating the loss of crystalline order. The order parameter appears constant on both 

 

Figure 4.3: Order parameter. (a) Illustration of the determination of the order parameter from the nearest-

neighbor vectors di, and the reference vectors Di. (b) Order parameter as a function of x across the interface. 

The dashed lines indicate the interface position. 



Chapter 4: Visualizing the structural solid-fluid transition and free energy…. 

 

 

 

42 

 

crystal and fluid sides and shows a sharp rise at x ~ 35.5m, indicating the crystal-fluid 

interface. We use this rise of δ
2
 to define the interface position and distinguish crystal and 

fluid particles (see dashed lines in Fig. 4.3b).  

We plot a 40m by 35m by 15m reconstruction of the crystal-melt equilibrium in Fig. 

4.4a. Large red spheres indicate particles with (/d)
2
< 0.07, while small blue spheres 

indicate particles with (/d)
2
> 0.07. Red spheres demarcate the regular crystal lattice for 

x < 33 µm, while blue spheres reveal the disordered structure of the liquid for x > 38m. 

We observe that, even on the fluid side, small patches of red particles appear indicating 

spontaneously ordered particle configurations that are not stable and disappear. Fig.4.4a 

shows the coexisting bulk crystal and fluid phases, and their interface. To show the 

interface more clearly, we reconstructed the two-dimensional interfacial surface as the 

 

Figure 4.4: Reconstruction of crystal and fluid and their interface. (a) 40 μm × 35 μm × 15 μm 

reconstruction of the crystal–fluid equilibrium. Large red spheres show particles with a crystalline 

environment and small blue spheres show particles with a fluid environment. Fluid particles are depicted 

with small spheres for clarity. (b) Reconstructed solid/fluid interfacial plane. The interface roughness is 

roughly five particle diameters. (c,d) Particle configurations in the colloidal fluid and crystal. (c) 

Icosahedrally coordinated particles (large spheres, left) and fragment of an icosahedron consisting of 10 

particles (large spheres, right) embedded in the colloidal fluid. (d) Tetraherdral (left) and octahedral 

configurations (right) in two unit cells of the face-centered cubic lattice. 
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surface along which (/d)
2

~ 0.07. In more detail, we divided the image volume into cubes 

of size a = 0.5d, and calculate the average order parameter for each cube from the order 

parameter values of all particles with centers within 2d of the center of the cube. We then 

connect the centers of all cubes with order parameter values  2
~ 0.07d

2
.  A reconstruction 

of the interface is shown in figure 4.4b. The interface is rough, due to thermally excited 

interface fluctuations. Its width is about five particle diameters. 

The direct three-dimensional imaging of the interface provides a unique opportunity to 

investigate how the long-range order of the crystal goes over into the short-range order of 

the fluid. To elucidate the structural solid-fluid transition, we investigated local packing 

configurations at the interface. We connected the centers of nearest neighbor particles into 

polyhedra, and identified tetrahedral and octahedral particle configurations, which have 

been suggested to be local building blocks of liquid and crystal [7]. Reconstructions of 

local configurations in the fluid and crystal are shown in Fig. 4.4c and Fig.4.4d, 

respectively. The figures show particles with tetrahedral coordination in the fluid (large 

blue spheres in Fig. 4.4c) and with tetrahedral and octahedral coordination in the crystal 

(large red spheres on the left and right of Fig.4.4d, respectively). In the fluid, tetrahedral 

configurations join into units of 13 particles (Fig. 4.4c, left) or less (Fig. 4.4c, right). We 

 

Figure 4.5: Relative frequency of particle configurations: icosahedral fragments, octahedra, and 

tetrahedra. (a) Relative volume occupied by icosahedral fragments as function of fragment size in the 

colloidal fluid (open bars) and in a close-packed suspension of millimeter-sized particles (solid bars). (b) 

Relative frequency of particle configurations as a function of x across the interface: tetrahedral 

configurations (triangles), octahedral configurations (squares), and other polyhedral configurations 

(pentagons). Also shown is the volume fraction of icosahedral fragments with size larger than 10 particles 

(solid squares and scale on the right). 
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identified these units as complete and fragmented icosahedra, respectively. Because of 

particle diffusion, however, the neighborhood of a particle changes rapidly giving rise to a 

relative change of the fragment size in the colloidal fluid. We focused on a single three-

dimensional image stack to determine the relative volume occupied by icosahedral 

fragments of a particular size. We plot the volume fraction as a function of fragment size 

in Fig. 4.5a (open bars). Remarkably, full icosahedra occur only rarely, and icosahedral 

fragments containing ~10 particles are most frequent. We also investigated a random close 

packed suspension of millimeter-size, athermal particles of similar polydispersity [18], and 

find that in this athermal suspension, complete icosahedra occur most often, in contrast to 

the colloidal fluid (Fig. 4.5a solid bars). This difference suggests that in the colloidal fluid, 

icosahedral configurations are constantly broken by thermal fluctuations. Moreover, in 

contrast to the crystal, no single octahedral configuration is observed in the fluid 

indicating the strong preference of the fluid for maximum short-range density. 

To elucidate the structural transition from solid to liquid, we determine the number of 

tetrahedral, octahedral, and icosahedral configurations as a function of x. We pinpoint the 

center of mass of each polyhedron, bin the centers of all polyhedra in 2m intervals along 

the x-direction, and determine the relative number of polyhedra for each interval. Their 

relative frequency as a function of x is shown in Fig. 4.5b. A sharp rise in the number of 

tetrahedra and icosahedra demarcates the transition from the solid to the fluid at 

x 35.5m, in good agreement with the interface position determined from the order 

parameter. Towards the crystal, the relative frequency of tetrahedra and octahedra 

approaches that of ~70% and 30%, in good agreement with the relative frequency of 2/3 

and 1/3, expected for face-centered cubic crystals [10]. The change from the characteristic 

packing of the liquid to that of the crystal occurs within ~3.5m corresponding to ~5 

particle diameters, in good agreement with estimates from particle density profiles [19].  

 

4.5 Measurement of free energy at colloidal crystal-fluid interfaces 

The three-dimensional imaging of liquid configurations allows us to directly measure the 

free energy change at the interface. To achieve this, we measure the free volume V0 and 

the free surface area A0 available for insertion of additional particles (chapter 4.2). We 
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determine the effective radius of the particles from their average nearest neighbor distance 

dnn in the crystal using 

reff = (dnn/2) (m/cp)
1/3

     (4.10) 

where we used m=0.54 and cp=0.74, the volume fractions of hard-sphere crystals at 

melting and close packing, respectively. The resulting value reff = 0.35m agrees well with 

static light scattering measurements in dilute suspensions, and is roughly 30% smaller than 

the hydrodynamic radius r ~ 0.5m determined with dynamic light scattering, indicating 

that these particles are still slightly compliant [20, 21] . We show the resulting particle 

volume fraction,  as a function of x, determined from particle counting in Fig. 4.7a. 

Within an interfacial region of width ~5 d, the volume fraction changes between the values 

m~ 0.54 and f ~ 0.49, the melting and freezing volume fractions of hard spheres [22].  

 

Figure 4.6: Free energy change at the interface. (a) Particle volume fraction as a function of x. The 

interface (vertical dashed line) is determined by balancing the number of excess and deficit particles in the 

liquid and solid, respectively (dot and dash shaded areas in a). (b) Free energy density as a function of x. The 

black solid curve shows the measured free energy, and the solid lines show the hypothetical values in Gibbs’ 

model. 
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To determine the free energy as a function of distance to the interface, we focus on thin 

sections parallel to the interface and measure the total V0 and A0 in these sections. We then 

use equations (4.1) – (4.3) to determine the free energy for each section. The resulting free 

energy density, f, as a function of x is shown in Fig. 4.6b. The free energy density drops 

from 4.9 (kBT/v) to 3.6 (kBT/v), in agreement with the expected free energy density 

difference f  1.5 (kBT/v) of hard-sphere crystal-fluid equilibrium [23]. Here, v =d
3
/6 is 

the particle volume. This decrease of the free energy density reflects the increasing 

entropy associated with the increasing number of packing configurations towards the 

liquid. We can now determine the interfacial free energy: It is defined as the difference in 

free energy between the system containing the interface, and a hypothetical reference 

system, in which the bulk free energy of crystal and liquid are extended up to the dividing 

surface [24] (dot and dash lines in Fig. 4.6b). We pinpoint the position of this hypothetical 

surface by balancing the number of excess particles in the fluid (dot shaded area in 

Fig.4.6a) with the number of deficit particles in the crystal (dash shaded area). We obtain 

the interface position xI = 35.4m (dash vertical line in Fig. 4.6), in very good agreement 

with the position determined from the order parameter. Unlike the number of particles, the 

excess and deficit free energies in fluid and crystal (dash and dot shaded areas in Fig. 

4.6b) do not balance, and exhibit a net excess on the fluid side. This excess free energy per 

unit area is the interface tension, . We obtain a value of = 0.65 kBT / d
2
 by numerical 

integration, in good agreement with values found in simulations of hard and slightly soft-

spheres [25], which are between 0.50 and 0.8kBT / d
2
. 

 

4.6 Direct measurement of the anisotropy of the crystal-fluid interfacial 

free energy 

Because of its structural origin, the interface tension depends on the direction of the 

interfacial plane with respect to the crystal lattice, and is anisotropic. This anisotropy plays 

an important role in crystal nucleation and the morphological stability of crystal growth; 

however, its direct experimental measurement is prohibitively difficult, and this anisotropy 

has mostly been inferred from macroscopic measurements [26]. We used thermally 

excited interface fluctuations to measure the small anisotropy of the interface tension 

directly [17, 27]. We acquired 200 images, and followed the fluctuations of the one-
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dimensional trace of the interface. A reconstructed image focusing on the interface is 

shown in Fig. 4.7a. Gray dots show particles with order parameter values 2
<0.07d

2
, while 

open circles indicate particles with 2
>0.07d

2
. The black line is obtained by connecting all 

points with order parameter 2
~ 0.07d

2
, and indicates the trace of the crystal-fluid 

interface in the plotted section. A few traces of reconstructed interfaces are shown in fig. 

4.7b. The solid black line indicates the time-averaged interface while the gray lines 

indicate instantaneous interface profiles. These results show that the interface strongly 

fluctuates around its average position. We determine the average spectrum Aq of interfacial 

fluctuations by Fourier transformation of the individual interface profiles. This analysis is 

then repeated for several different interface orientations to determine the orientation-

dependent interface stiffness. Average interface spectra <|Aq|
2
>  as a function of q

2
 for 

 

Figure 4.7: Equilibrium interface and interface fluctuations. (a) Reconstruction of the crystal-fluid 

equilibrium and interface. Gray dots represent particles with a crystalline environment, while circles 

represent particles with a fluid-like environment. The black solid line indicates the interface. (b) Snapshots 

of the interface (gray) demonstrating fluctuations around the average position (black). (c) Log-log plot of the 

fluctuation spectra for the crystal orientations α = 2◦ (squares), 10.5◦ (circles), and 14.9◦ (stars). The solid 

lines indicate a slope of –1. (d) 1/bl<|A(q)|2> vs q2 for the three crystal orientations. The solid lines indicate 

best linear fits to the data. 
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three selected interface orientations are shown in Fig. 4.7c. The data confirms the decay 

22  qAq  for all orientations. We notice a systematic shift of the data in the double-

logarithmic representation; this shift indicates the change of the interface stiffness with 

orientation. To determine the corresponding stiffness values, we plot (<|Aq|
2
> lb)

-1
 as a 

function of q
2
 in a linear representation in Fig. 4.7d. A clear distinction of three slopes 

indicates the clear difference of interfacial stiffness for the three orientations. Values of 

the interface stiffness are obtained from the best linear fit to the data (solid lines in Fig. 

4.7d). We analyzed interfacial spectra of many more interface orientations and show the 

corresponding stiffness values and error margins, obtained from a linear regression 

analysis of the data in table 1. These values vary systematically with crystal orientation. 

Our measured values are in excellent agreement the expected dependence (4.7) and (4.8) 

of the hexagonal symmetry as shown by plotting the interface stiffness as a function of  

in Fig. 4.8a.  

From the best fit with Eq.4.8 (solid line), we obtain values of 0 = ( 0.70 0.05) kBT / d
2
 and 

= (0.016 0.004). The value of 0  is in good agreement with the value obtained from the 

direct free energy measurement and with values determined in simulations of soft sphere 

colloidal crystal-fluid interfaces, which are between 0.55 and 0.8 kBT/d
2
 depending on the 

particle softness [28]. The magnitude of the anisotropy, however, is much larger than 

simulation values of anisotropies within the hexagonal close-packed plane. By using the 

directions ][ 101  and ][ 112  for the face centered cubic (fcc) lattice, we determine that  

 

Table 1: Orientation-dependent interface stiffness. Measured interface stiffness (γ+γq”) for several crystal 

orientations α. α enotes the angle between the normal of the crystal-fluid interface, and a nearest-neighbor 

vector in the hcp plane. 
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Figure 4.8: Anisotropy of interfacial stiffness and interfacial tension. Interfacial stiffness (a) and 

interface tension (b) as a function of crystal orientation. Inset: Schematic illustrating the angle α between the 

interface normal, nI , and a crystal lattice direction, D. 

 

simulations predict an anisotropy of ~0.4% within the hcp plane for hard sphere fcc 

crystals [29] and by using the planes (1120) and (1010) of the hexagonal lattice, we 

determine that simulations predict an anisotropy of ~0.2% for the hexagonal metal 

magnesium [30]. Our measured value is significantly larger than these predictions. Finally, 

we plot the resulting interfacial free energy according to equation (4.7) in Fig. 4.8b. 

 

4.7 Discussion 

It has been discussed that at high volume fraction, the method of particle insertion faces 

limitations because the available volume for insertion of a particle becomes very small 

[16, 31]. Other methods based on the free volume between particles (rather than the 

available volume) might then be better suited at such high density. For the crystal-fluid 

interface investigated here, however, we find that the method of particle insertion still 

provides a good approach to determine the free energy: the free energy density difference 

between crystal and fluid f = 1.3 kBT is only about 13 % smaller than the expected value 
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for hard-sphere crystal-liquid equilibrium. Moreover, the surface tension  = 0.65 kBT / d
2
 

is in good agreement with the value  = 0.70 kBT / d
2
 found using interface fluctuation 

method and with values found in simulations of hard- and slightly soft-spheres, which 

were between 0.50 and 0.8 kBT / d
2
. Further confirmation of the reliability of the free 

energy measurement can be obtained by comparing with the free volume methods 

suggested in the literature. These methods have been recently successfully applied to 

glasses at high density [32], being able to reproduce the correct equation of state, thereby 

lending credence to the method. A comparison of the different methods will be the subject 

of further investigation.  

 

4.8 Conclusions 

Our results establish a direct connection between the liquid short-range order and the 

interfacial free energy of crystal-liquid interfaces. Direct real-space imaging of particle 

configurations at the interface enabled us to follow changes in the short range order, and 

measure the corresponding interfacial free energy barrier directly. The measured interface 

tension agrees well with simulation values of hard and slightly soft spheres, while the 

anisotropy is surprisingly larger than that found in simulations. We consider this 

difference significant since it greatly exceeds the error margin of our measurements. 

Finally, while our measurements provide an immediate link between structure and free 

energy for the solid-liquid transition, similar relations applied to supercooled liquids and 

glasses should provide the important missing link between structure, free energy 

landscape, and structural relaxation of glasses. 
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