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Observation of the Disorder-Induced Crystal-to-Glass Transition 
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The role of frustration and quenched disorder in driving the transformation of a crystal into a glass is 
investigated in quasi-two-dimensional binary colloidal suspensions. Frustration is induced by added 
smaller particles. The crystal-glass transition is measured to differ from the liquid-glass transition in 
quantitative and qualitative ways. The crystal-glass transition bears structural signatures similar to those of 
the crystal-fluid transition: at the transition point, the persistence of orientational order decreases sharply 
from quasilong range to short range, and the orientational order susceptibility exhibits a maximum. The 
crystal-glass transition also features a sharp variation in particle dynamics: at the transition point, dynamic 
heterogeneity grows rapidly, and a dynamic correlation length scale increases abruptly. 
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Disorder plays a critical role in traditional melting and 
freezing phenomena and in the formation of glasses. 
Melting from crystal to fluid, for example, is a sharp 
transition accompanied by loss of orientational and trans-
lational order and by a dramatic decrease in flow resistance 
and rearrangement time scale [1]. By contrast, orienta-
tional and translational order do not change significantly 
at the liquid-to-glass transition, even as viscosity and re-
arrangement time scale diverge [2]; nevertheless, frozen-in 
residual disorder is critical for glass formation. An inter-
esting, less-studied but closely related problem [3–6] con-
cerns the role played by frustration and disorder in driving 
the transformation of a crystal to a glass. Herein we de-
scribe experiments which explore this transition, from 
crystalline solid to glass as a function of quenched disor-
der. The resultant glassy phases acquire typical properties 
such as dynamic heterogeneity [6–9] and disorder, but the 
crystal-to-glass transition is quite sharp, exhibiting features 
often associated with melting. 

Investigations of glass transitions and structural arrest 
are of broad interest, in part because the new concepts thus 
generated affect understanding of a wide variety of mate-
rials across a wide swath of scientific communities [6,8– 
12], including molecular [13], colloidal [9], granular [14], 
and polymeric [15] glasses. The experiments reported in 
this contribution relate closely to studies exploring how 
polydispersity prevents crystallization [16]. Our investiga-
tion, however, differs from the above in important ways; 
single-particle spatial resolution, for example, permits 
quantitative exploration of orientational order and dynamic 
heterogeneity as a function of packing fraction and disor-
der across the crystal-glass transition. 

The experiments employ temperature-dependent nearly 
hard-sphere binary colloidal suspensions composed of two 
particle sizes with substantially different diameters 
[12,17]. The number fraction of the smaller diameter 
‘‘dopant’’ particles is varied from 0.0 to 0.5, and the area 

fraction of the two-dimensional (2D) suspension is varied 
from 0:75 to 0:90 at each dopant concentration. This 
approach enables us to trace sample evolution as function 
of increasing quenched disorder at fixed area fraction. 
Structural correlations associated with orientational order 
and dynamic correlations associated with particle re-
arrangements are measured. The path from crystal to glass 
is marked by a sharp drop in structural correlations and a 
sudden jump in dynamical correlations. The crystal-glass 
transition bears structural signatures similar to the crystal-
fluid transition [1,18]: the orientational order correlation 
function changes form abruptly from quasilong range to 
short range at the transition point, and the orientational 
order susceptibility exhibits a maximum at the transition 
point. A similarly sharp transition from homogeneous to 
heterogeneous dynamics accompanies these structural 
changes; in particular, domains of correlated particle re-
arrangements (i.e., dynamic heterogeneity) appear to turn 
on suddenly, and a dynamic correlation length scale in-
creases sharply from 2 to 6 particle diameters across 
the transition point. The crystal-to-glass transition is thus 
measured to differ from the liquid-to-glass transition in 
qualitative and quantitative ways. 
Binary mixtures of repulsive particles have been used as 

model glasses in experiment [12,17,19] and simulation 
[10,20,21]. The present experiment employs aqueous sus-
pensions of micron-size polyðN-isopropyl acrylamideÞ mi-
crogel colloidal spheres (i.e., NIPA particles), whose 
diameters increase as temperature is reduced [22]. The 
particles are very similar to those used in recent phase 
transformation experiments and are described therein 
[12,17,18,23]. A binary mixture of NIPA particles is sand-
wiched between two glass cover slips, creating a quasi-2D 
system. The sample consists of a mixture of NIPA spheres 
with small and large diameters, DS ¼ 1:09 m and DL ¼ 
1:55 m, respectively, at temperature T ¼ 28:0 C. The 
polydispersity of each particle type is 3%, and the par-
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ticle interaction potentials are short-range repulsive with a 
soft tail [18]. 

We synthesized many bidisperse suspensions with vary-
ing small particle number fractions, nS (i.e., nS ¼ 0:00; 
0:01; 0:02; 0:04; 0:05; 0:07; 0:10; 0:15; 0:20; 0:28; 0:50). By 
adjusting the sample temperature using a microscope ob-
jective heater (BiOptechs), the area fraction A was read-
ily increased from 0:75 to 0:90 with a stepA A 
size of 0:01 in A. Figure 1 summarizes nS and A in 
every sample. Trajectories with varying nS and fixed A 
can be constructed by following a horizontal line across the 
diagram. Data were collected at each A=nS combination 
for 3000 s at a video rate of 3 frames per second. The field 
of view was 60 m by 80 m and contained 2000 
particles. 

Orientational order is characterized by the bond orienta-
P1 PNtot CN i6tional order parameter: c 6 ¼ je jk j,j¼1 k¼1 

where jk is the angle between the x axis and the j k 
bond between particles j and k, CN is the coordination 
number of particle j, and Ntot is the total number of 
particles. The value of c 6 at A ¼ 0:85 is plotted as a 
function of nS in Fig. 2(b). As  nS increases from 0, c 6 
decays as a power law. Additionally, the areal density of 
free disclinations ND was measured to increase sharply and 
then stabilize for larger nS [Fig. 2(c)]. Breakup of disloca-
tions (free and bound) into free disclinations is typically 
associated with formation of the liquid phase [1,18]. 

To characterize the spatial persistence of orienta-
tional order, the correlation function g6ðr ¼ jri -rjjÞ ¼ 
hc 6iðriÞc 6jðrjÞi, where ri and rj are the positions of par-
ticles i and j, is derived from the data [Fig. 2(d)]. Two 

NtotCN 

FIG. 1 (color online). Diagram summarizing all collected data. 
The crystalline phase is plotted with triangles, the glass phase is 
plotted with crosses, and the liquid phase is plotted with squares. 
Data presented in the remainder of the Letter come from points 
touching the dashed line. Experimental microscope images of 
sample subregions are displayed from suspensions with nS ¼ 
0:01, A ¼ 0:89 (crystal), nS ¼ 0:28, A ¼ 0:90 (glass), and 
nS ¼ 0:28, A ¼ 0:79 (liquid). 

distinct regimes corresponding to crystal and glass are 
quantitatively identified: g6 r (quasilong range) for 

r=�the crystalline state (nS < 0:02) and g6 e (short 
range) for the glass state (nS 0:02). By contrast, g6 
changes very little across the liquid-to-glass transition [2]. 
Temporal fluctuations in c 6 are characterized by the 

susceptibility: 6 ¼ Ntotðhðc 6Þ2i� hc 6i2Þ, where c 6 is 
the average of c 6 within one image frame (c 6 ¼ 
PNtot jc 6j=Ntot), and angle brackets indicate average over i¼1 
time [see Fig. 2(a)]. To ameliorate finite-size effects, 6 is 
calculated in multiple sub-boxes containing different num-
bers of particles and is then extrapolated to the infinite size 
limit [18] (see supplemental material [24]). Interestingly, 
this susceptibility reaches its maximum at nS ¼ 0:02, the 
same value of nS that marks the change from quasilong-
range orientational order to short-range orientational order 
[i.e., the dashed line in Figs. 2(a)–2(c)]. Thus the variation 
of both the correlation length and the orientational order 
susceptibility, 6, suggests a sharp transition between 
crystal (ordered) and glass (disordered) states as a function 
of quenched disorder. 
The sharp decrease in orientational order correlation 

length, the peak in 6 (c 6 susceptibility), and the increase 
in defects (free disclinations) associated with the liquid 
state are all reminiscent of the crystal-liquid transition 
[1,18], suggesting a distinct transition from crystal to glass 
via increasing quenched disorder [5]. This result stands in 
contrast to the transition from liquid to glass, where 

FIG. 2 (color online). (a) The bond orientational order parame-
ter (c 6) susceptibility, 6, versus nS, at area fraction A ¼ 0:85. 
The dashed line marks nS ¼ 0:02, the point where 6 reaches its 
maximum value. The solid line guides the eye. (b) c 6 versus nS, 
at area fraction A ¼ 0:85. The solid line is a power law fit. 
(c) Free disclination density ND, the number disclinations per 

2m , versus nS at A ¼ 0:85. The solid line guides the eye. 
(d) Envelope of the local maxima of the orientational order 
spatial correlation functions g6ðrÞ for nS ¼ 0:00; 0:01; 0:02; 
0:05; 0:11; 0:20; 0:28; 0:50, and packing fraction A ¼ 0:85. 
The complete (oscillating) g6 is shown for nS ¼ 0:01 (dashed 
line). 
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changes in structural correlations are not observed [2]. 
Thus the present system appears to be an excellent new 
model for study of the relationship between structural 
order and glass dynamics (e.g., dynamic heterogeneity). 

To explore dynamical variations with nS, we first com-

pute the two-point self-correlation function: Q2ðdL; tÞ ¼  
1 PNtot 2 

Ntot i¼1 expð� ri =2d
2 Þ [25]. Here dL is a preselectedL 

length scale to be probed and ri is the distance particle 
i moves in time t. If a particle moves a distance smaller 
than dL, Q2 will be close to 1; if a particle moves a distance 
greater than dL, Q2 will be close to 0. Plots of Q2 for dL ¼ 
0:05 m are given in Fig. 3(a). For the crystalline states 
(nS < 0:02), Q2 plateaus and does not decay within the 
experimental window. Conversely, for glass states, Q2 
decays within the observed time frame, due to the re-
arrangement of particle cages as the particles seek new 
configurations. This effect was first noted in [4]. 

The emergence of domains of correlated rearrange-
ments is central to many different properties of glasses 
[6–9]. This so-called dynamic heterogeneity is charac-
terized by temporal fluctuations in Q2, and these fluctua-
tions are commonly quantified by the dynamic suscep-
tibility [8,25,26], 4ðdL; tÞ¼  NtotðhQ2ðdL; tÞ2i� 
hQ2ðdL; tÞi2Þ, as a function of length scale dL and time 
scale t. The variation of 4 with nS, at the value of dL 
that maximizes the peak in 4, is plotted in Fig. 3(b) for 

A ¼ 0:85 and nS ¼ 0:0, 0.01, 0.025, 0.07, and 0.16. For 
nS > 0:02, 4 exhibits a peak similar to that found in 
previous works [8,25–28]. Conversely, is small and4 
flat for samples with nS < 0:02, as expected for crystalline 
systems. 

FIG. 3 (color online). (a) The two-point-correlation function 
Q2 , is plotted versus t, for dL ¼ 0:05 m and for nS ¼ 0:00 
(solid squares), 0.01 (solid circles), 0.02 (open triangles), 0.07 
(open squares), 0.16 (open circles). (b) The four-point dynamic 
susceptibility 4 is plotted versus t for the same values of nS as 
in (a); the value of dL is chosen to maximize peak height. 

The maximum value of (i.e., 4) is plotted in4 
Fig. 4(a) for each nS at A ¼ 0:85. In crystalline suspen-
sions, 4 is small ( 1). Once nS is increased beyond 0.02, 
however, 4 jumps discontinuously to 35. As  nS is in-
creased still further, 4 remains fairly constant. This sharp 
change is absent in the liquid-glass transition [8,28]. For 
comparison we plot 4 across the liquid-glass transition in 
this same experimental system as a function of particle area 
fraction at fixed dopant concentration nS ¼ 0:25 (i.e., 
along the vertical line with nS ¼ 0:25 in Fig. 1); in-
creases continuously as packing fraction is increased 
[Fig. 4(b)], similar to [8,28]. 

4 can be related to the number of particles participating 
in a dynamically heterogeneous event [26]. The sudden 
variation of is thus indicative of a sudden increase in the 4 
size of domains of correlated rearranging particles as the 
system evolves from crystal to glass. When too much 
quenched disorder exists in the sample for crystallization 
to occur, the suspension is pushed out of equilibrium as it 
searches for a configuration to minimize its free energy. 
These search pathways are constrained by the suspension’s 
large packing fraction, and rearrangements must occur in a 
collective manner. Interestingly, once in the glass phase, 
further increasing nS moves 4 to larger values of dL 
[Fig. 4(c)], implying relaxation events are more effective. 
However, 4 itself does not increase significantly, thus 
implying the degree of quenched order has little effect on 
the domain size of collective rearrangements (see supple-
mental material [24]). 
To further characterize the domain size of the correlated 

rearrangements, we derived spatial correlations of 1 Q2, 

FIG. 4 (color online). (a) The maximum value of 4;� 4, 
plotted versus the fraction of small particles nS. The solid line 
is a linear fit, to guide the eye. The dashed line marks nS ¼ 0:02. 
Inset: Rearrangement correlation length versus nS. The solid Q2 

line is a linear fit to guide the eye. The dashed line marks nS ¼ 
0:02. (b) plotted versus A for nS ¼ 0:25. The solid line is a4 
power law fit to guide the eye. (c) The maximum value of 4 is 
plotted as a function of dL for four values of nS. 
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yielding the rearrangement spatial correlation function: 
gQ2 

ðr ¼ jri -rjjÞ ¼ hð1 Q2iðriÞÞð1 Q2jðrjÞÞi. Here Q2 

is calculated for values of dL and t that maximize 4, 
and thus dynamic heterogeneity. Note that correlations 
of 1 Q2 relate to rearranging particles, i.e., particles 
moving farther than dL. These correlation functions are 
readily fit by decaying exponentials (gQ2 

/ expð� r=� Þ),Q2 

and a correlation length is thus readily extracted Q2 

[Fig. 4(a) inset). For crystalline samples (nS < 0:02), 
2DL, implying that when particles move large Q2 

distances, only their nearest neighbors move large dis-
tances. For glass samples (nS > 0:02), 6DL, imply-Q2 

ing that when particles move large distances, they do so in 
a correlated manner involving many particles. The size of 

jumps sharply at nS ¼ 0:02, along with the discon-Q2 

tinuous increase in 4 (during the liquid-to-glass transi-
tion, follows the same continuous trend as ). ThusQ2 4 
the onset of dynamic heterogeneity appears nearly 
discontinuously. 

The dynamical transition from crystal to glass is thus 
characterized by a discontinuous jump in 4, the maximum 
value of the dynamic susceptibility, and a discontinuous 
increase in spatial correlation decay length from 2DL to 
6DL. These results stand in contrast to the liquid-glass 

transition, during which dynamics change relatively more 
slowly and continuously. The rapid onset of glass dynamics 
occurs at the same value of nS as the structural transition 
from crystal to glass. In other words, dynamic heterogene-
ity appears simultaneously with the disappearance of 
quasilong-range orientational order. To conclude, while 
the liquid-to-glass transition is somewhat ambiguous and 
often difficult to define, the crystal-to-glass transition with 
increasing quenched disorder appears sharp and unambig-
uously defined. 
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