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In polycrystals, faceted grains may become round and rough at high temperatures. Such a roughening
phenomenon remains poorly understood, partly because of the lack of experimental observations. Here, we
directly visualize the roughening dynamics of grain boundaries inside thin-film colloidal crystals at the
single-particle level using video microscopy. The thermal fluctuations of grain boundaries appear to exhibit
both static and dynamic critical-like behaviors, in contrast to the Kosterlitz-Thouless transition in typical
free surface roughening. The roughening point shifts towards the melting point as the grain boundary’s
mismatch angle 6 decreases and is preempted by melting when 6 < 18°. Counterintuitively, the amplitude
of grain-boundary fluctuations decreases above the roughening point. This could be attributed to the
observed widening of the grain boundary. The roughening strongly affects the mobility of the grain
boundary but not the stiffness. These results provide new guidance for the control of microstructures in
polycrystals and further development of roughening theory.
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I. INTRODUCTION

Grain boundaries are the longest known but least under-
stood crystal defects [1]. They have significant effects on
the properties of a broad class of polycrystalline materials,
including metals, alloys, ceramics, minerals, magnets, and
semiconductors [2]. The understanding and proper control
of grain boundaries are key to grain growth and stagnation
[3], superplasticity [4], recrystallization [5], corrosion,
fracture, and the transport properties of high 7. super-
conductors [6], and they continue to be major goals in
material science and engineering. The roughening transi-
tion, representing a dramatic change in the grain boundary,
is crucial to microstructure evolutions [3] but has rarely
been explored.

Polycrystalline grains are usually faceted because some
of the grain boundaries with certain angles have lower
interfacial energy U than others. As temperature T
increases, the entropy S becomes more important in the
free energy of the grain boundary, F = U — T'S. When the
free energy cost of creating a small step on the grain
boundary decreases to zero, it triggers the proliferation of
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steps to form a completely rough and disordered interface
with high entropy. This mechanism of thermal roughening
generally applies to various interfaces [2], but the roughening
transition mainly refers to the roughening of a crystal’s free
surface, i.e., solid-vapor interface [7]. Such surface rough-
ening has been theoretically predicted to follow a Kosterlitz-
Thouless (KT) transition [8,9] and has been experimentally
studied using electron or optical microscopy [10-12].
Grain boundaries can also exhibit thermal roughening,
but the phenomenon has only been measured for surface
grain boundaries, i.e., thermal grooves [2], which are one-
dimensional (1D) intersections between a free surface and a
bulk grain boundary in a three-dimensional (3D) crystal. A
polycrystal contains numerous buried grain boundaries but
only several faceted surfaces; therefore, grain-boundary
roughening should affect more material properties than
surface roughening and surface grain-boundary roughen-
ing. The roughening transition theory applies to free
surfaces without strain [8,13—15], but a grain boundary
is sandwiched between two anisotropic lattices with com-
plex structures and possible strain. The broad length scales
and timescales in grain-boundary roughening pose chal-
lenges to simulations and experiments. To speed up the
sluggish dynamics in solids, external driving forces were
usually employed in simulations [16—18] and experiments
[19,20]. The resulting kinetic roughening under a non-
equilibrium drive is generally considered as a crossover
rather than a genuine phase transition [21]. Moreover, bulk
grain boundaries are difficult to control and measure in situ.
Theoretical modeling grain-boundary roughening has been
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briefly discussed for low-angle grain boundaries [15,22]
but not yet for high-angle grain boundaries because of the
complicated elastic energy. A grain boundary depends
on the interference of two crystalline lattices, which is
more complex than a free surface [23]. Thus, it is possible
that grain-boundary roughening is not a KT transition.
Consequently, many open questions exist: How is the
grain-boundary roughening different from surface rough-
ening? How does the roughening affect the grain-boundary
properties such as stiffness, mobility, and the melting
behavior?

Motivated by these open questions, our experiments seek
to observe the roughening transitions of grain boundaries
buried in colloid crystals. This class of model systems,
composed of micrometer-sized colloidal particles whose
thermal motion can be directly visualized using video
microscopy, have already provided many general insights
about phase transitions in bulk, including crystallization,
melting, sublimation, and solid-solid, glass, and jamming
transitions [24]. Grain-boundary dynamics [25] and kinetic
roughening [19] at a fixed volume fraction have been
explored in colloidal crystals, but thermal roughening
phase transitions have not. Here, we employ tunable
colloids to study the thermal roughening phase transition
of buried grain boundaries with single-particle dynamics.

II. MATERIALS AND METHODS

This colloid was absorbed into a 10-um-thick parallel-
plate cell by the capillary force. The flow during this

process assembled N-isopropylacrylamide (NIPA) spheres
into a face-centred cubic (fcc) crystal with its (111) plane
parallel to the plates. The polycrystal can be melted,
recrystallized, and annealed to the desired average grain
size. We cycle the temperature near the melting point of the
crystal to anneal some of the defects away and to release
any stress. We use thin-film crystals with a thickness of
15-20 layers, and thus all grain boundaries were ribbonlike
with a uniform shape along the z direction and per-
pendicular to the parallel plates [Fig. 1(a)]. Because the
refractive index of the NIPA spheres is very close to that of
water, a layer in the middle was monitored using bright-
field microscopy. We observed the colloidal polycrystals at
the mesoscopic scale using Bragg diffraction microscopy
[19]. The colloidal sample was illuminated with a beam of
white light, and the objective was placed at the first Bragg
diffraction spot [19]. Different lattice orientations yield
different diffraction colors, and thus a polycrystal is
composed of iridescent patches as shown in Figs. 1(b)
and 1(c). Grain boundaries are disordered and thus are
shown in black in Figs. 1(b) and 1(c). Easily switching
between Bragg diffraction microscopy and bright-field
microscopy enables observation in broad length scales.

III. RESULTS

A. Power-spectrum analysis of grain-boundary shape

Our thin-film colloidal crystals are composed of
15 layers of poly NIPA spheres confined in glass cells
[Fig. 1(a)]. The effective diameter o of the NIPA sphere
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FIG. 1.

Evolution of the grain-boundary morphology. (a) Schematic illustration of a grain boundary in a thin-film colloidal crystal with

lateral length L, mismatch angle 6, and an inclination angle a;. The shape of the grain boundary 4(x, ¢) (blue curve) is defined as the
displacement relative to the average position of the grain boundary & (x) (red line). The parallel grey lines in the shaded area represent the
[110] direction of the lattices. (b,c) Raw images of the colloidal polycrystal under the Bragg-diffraction microscopy at (b) ¢ = 0.610 and
(¢) ¢ = 0.560. The true colors represent the local [110] lattice orientation # € [0°, 60°] shown in (b). Grains with 8 = 0° and disordered
grain boundaries are shown in black. (d)—(h) The grain boundary with & = 28° in the small rectangular area in panels (b) and (c) is
straight in panel (d), develops steps in panel (e), and is curved and completely rough without line segments in panel (f). Its fluctuation

amplitude decreases in panel (g), and finally, it melts in panel (h).
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changes from 0.87 um at 21.9°C to 0.70 um at 30.6 °C in
water (Fig. S1 in Ref. [26]). The spheres have short-range
repulsive interactions and exhibit almost the same phase
behavior as hard spheres [27,28]. The colloid flows into the
sample cell, which anneals the (111) plane of the fcc
polycrystal along the two parallel plates of the cell. The
inverse of the volume fraction ¢~' in colloids plays a
similar role to effective temperature in atomic systems, and
thus decreasing ¢ can drive the roughening of the grain
boundary and crystal melting. Bulk particles can be clearly
imaged using bright-field microscopy [Figs. 1(d)-1(h)]
[27]. The grain boundaries are ribbonlike with a uniform
shape along the z direction, as shown in Fig. 1(a). We did
not measure thick crystals with more than 30 layers because
their grain boundaries often become curved along the z
direction, which makes the dynamics of the whole grain
boundary difficult to monitor. Different lattice orientations
in the polycrystal exhibit different colors in Bragg dif-
fraction microscopy [19] [see Figs. 1(b) and 1(c) and
Supplemental Material (SM) in Ref. [26]]. The sample
temperature is increased in steps of 0.1 °C (i.e., ¢ decreased
in steps of 0.4%) until the grain boundary melts. After full
equilibration at each step, the thermal fluctuations of the
grain boundary are recorded for 1 h using a charge-coupled
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device camera at 2 frames/s. Particle positions are then
determined from the image analysis [29].

In quasi-2D crystals, a grain boundary is characterized
by three angles [30]: the mismatch angle 6 between the
orientations of two adjacent lattices, and the inclination
angles a;, a, between the normal direction of the grain
boundary and the orientation of each lattice [Fig. 1(a)]. For
a triangular lattice, @; + @, = 60° — @; hence, two of the
three angles are independent. When the grain boundary
fluctuates, @ is a constant while a changes. As T increases
(i.e., ¢ decreases), the flat grain boundary with 6 = 28°,
a; = 28° and a, = 4° in Fig. 1(d) first develops small steps
in a defaceting process [Fig. 1(e)], is completely rough
without line segments at the roughening point ¢pg = 0.585
[Fig. 1(f)], and eventually melts [Fig. 1(h)]. Counter-
intuitively, the amplitude of the grain-boundary oscillation
decreases after the roughening [Fig. 1(g)].

The shape of the grain boundary at time 7 is described by
the height function h(x,7), i.e., the displacement from
the average position 4(x) of the grain boundary over the
observation period of about 1 h [see Fig. 1(a)]. The
morphology and dynamics of the grain boundary are
quantified by the power spectra [Fig. 2(a)] and the spatial
and time correlations of A(x, ¢) [Figs. 2(b) and 2(c)]. We fit
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FIG. 2. Critical behaviors and properties of a high-angle (0 = 28°) grain boundary (HAGB). (a) Power spectra of the height function
(symbols) fitted with Eq. (1) (dashed curves) at different volume fractions. (b) Normalized spatial correlation functions g;,(x)/g,(0)
(symbols) fitted with exp (—x/&) (dashed curves). (c) The normalized time correlation g, (1)/g,(0) (symbols) fitted with erfc(+/2/7)
(dashed curves). (d) Correlation lengths fitted with & = £ys™ (red dashed curves), where s = (¢~' — ¢z')/dg' is the renormalized
temperature. The fitted ¢r; = 0.584, & = 0.65 + 0.36 um, and vy = 0.74 £ 0.11 for the preroughening branch and ¢z, = 0.584,
£ =0.87+033 ym, and v, =0.59 £0.07 for the postroughening branch. The data deviate from the KT prediction &~
exp[B/+/(1/¢r —1/¢)] (orange dashed curve) and ¢ = 0.584, and can be clearly confirmed by the nonlinear behavior of
E\/|1/dr — 1/¢| in Fig. S2 (Ref. [26]). (e) The correlation time fitted with 7 = 7,57 (red dashed curves), where 7; = 10.4 +4.5 s,
71 = 1.58 £0.25, and ¢r; = 0.584 for the preroughening branch and 7, = 16.1 £5.7 s, 20 = 1.55 £ 0.19, and ¢, = 0.586 for the
postroughening branch. (f) The stiffness I" extracted from Eq. (1) with & fitted from panel (d). (g) The fluctuation amplitude A of the
grain boundary. Filled symbols in panels (d)—(g) represent the properties of the two solid-liquid interfaces of the melted grain boundary.
The error bars in panels (d)—(g) and in Fig. 4 were estimated using ten slightly different baselines, which have less than 5° angle
deviations from the averaged baseline.
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the power spectra with the following equation from
capillary wave theory [19,25]:

(0P = Zre

(1)
where kg is the Boltzmann constant, L is the lateral length
shown in Fig. 1(a), and I is the stiffness of the grain
boundary. At large wave vector k, the power spectrum is
proportional to k=2 as capillary waves between two liquid
interfaces. The deviation from k=2 at a small %, i.e., in the
long wavelength regime, can be attributed to a cutoff length
£1[19,25]. Equation (1) is used to describe colloidal crystal-
liquid interfaces [31,32], liquid-gas interfaces [33], and
grain boundaries [19,25]. From Eq. (1), the normalized
spatial correlation function can be derived as g,(x) =
(h(xo + x,10)h(x0, 1)) 4, 1, = 9n(0) exp(=x/&) (see SM
[26]) [19,25], where (), , is the average over all positions
Xo and all times 7,. Note that & reflects the correlation
length. The decay of gy(x) is slowest at ¢z [Fig. 2(b)],
hence the fitted £ peaks at ¢pp [Fig. 2(d)].

B. Correlation functions of grain boundaries

The grain-boundary dynamics can be characterized by
the time autocorrelation function in real space g,(t) =
(h(xg, to)h(xg, tg + 1)), ,, OF in Fourier space S(k,t) =
(h(k,0)h(k,t)). We assume that S(k,r) is related to
the power spectrum in the usual way as S(k,7) =
(h(k,0)h(k, 1)) = (|h(k)|?) exp(=MTk?*t), where M is
the renormalized mobility of the grain boundary [34],
which we extract from experimental data. The Fourier

transform of S(k, ) yields g,(¢)/g,(0) = erfc(\/t/7),
where erfc is the complementary error function and the
correlation time 7 = & /(I'M). In Fig. 2(c), g,(t)/g,(0)
decreases the most slowly at ¢, and thus the fitted 7 in
Fig. 2(e) peaks at ¢p. For a mode of wavelength 50 ym, the
relaxation time 7, = 1/(MTk?) = 7 min, which is much
less than the approximately 1-h equilibration time and
the subsequent measurement time of about 1 h at each
temperature step. In fact, the sample needs a much
shorter equilibration because it had already been close to
the equilibrium after a temperature change of merely
0.1°C/step (i.e., volume fraction 0.4%/step).

The correlation lengths in Fig. 2(d) can be reasonably
fitted with & = &y[(¢r — ¢)/ ] on both sides of ¢y, i.e.,
corresponding to the critical behavior of a continuous phase
transition [35]. Both branches around the peak yield the
fitted ¢ = 0.584, which is in good agreement with the
directly observed ¢p = 0.585 from Fig. 1(f). The expo-
nents for the two branches are vy =0.74 +£0.11 and
v, = 0.59 £0.07. Figure 2(c) shows z~¢& with z; =
1.58 £0.25 and z, = 1.55 £ 0.19 in Fig. 2(e), indicating
a dynamic critical slowing down. The lag plots of displace-
ments in Fig. 8 also confirm the strongest correlation at ¢p.

Simulation [36] and theory [37] have suggested that free
surface roughening may exhibit critical behavior, but
experimental evidence is not available. Here, we observe
possible critical behavior in grain-boundary roughening,
but we cannot rule out other possibilities such as a
noncritical behavior or a crossover peak rather than a sharp
transition. This is because our fittings are based on several
data points around the peak without spanning several orders
of magnitude because of the limited resolution.

The fitted stiffness I" from Eq. (1) decreases closer to the
melting point ¢,, as expected [Fig. 2(f)]. The roughening
does not affect I much, indicating that I" is not responsible
for the strongest fluctuation of the grain boundary at ¢y.
Figures 2(d)-2(g) show that the grain boundary and the
solid-liquid interface of the melted grain boundary behave
differently. The fluctuation amplitude characterized by

A = ([h(x. 1) = (h(x, 1)) ]2)¥}? [36,38] in Fig. 2(g) peaks
near ¢p.

C. Grain-boundary widening

The KT transition of the surface roughening predicts
E~exp[B/+/(Tg —T)] [35] below the roughening tem-
perature 7 and divergent £ and A above Ty [9,38], which
is distinct from our observation in Figs. 2(d) and 2(g).
Figures 2(d) and 2(g) show that they decrease after the
roughening, indicating that the fluctuation becomes weaker,
as can be directly observed in Figs. 1(f) and 1(g) and Movie 1
in Ref. [26]. This could be attributed to the observed grain-
boundary widening at ¢p < ¢y [Fig. 3(a)]. The widening of
grain boundaries to a few particles thick has been observed
in simulations [39] and atomic systems [40] near the melting
temperature 7,,, but its impact on roughening is not
clear. We measure the sixfold orientational order parameter
Wej = (Zivil %) /N,,, where 6 is the angle of the bond
between particle j and its neighbor k, and N, is the number
of nearest neighbors identified through Delaunay triangu-
lation. We smooth the positions of grain-boundary particles
whose || is less than 0.8 and obtain the center of the grain
boundary, as indicated by the white curve in Fig. 3(b). The
grain-boundary particles exhibit a Gaussian probability
distribution along the normal direction of the grain boundary
(Fig. S3 in Ref. [26]) whose full width at half maximum, W,
is defined as the width of the grain boundary. Alternatively,
grain-boundary particles can be defined as those particles
without six neighbors (Fig. S2c¢ in Ref. [26]). This definition
yields similar W. We find that W starts to increase after ¢
and grows rapidly as soon as the grain boundary begins
melting at ¢,,, as shown in Fig. 3(a). The melted grain
boundary turns into a liquid stripe in which the particles
possess highly disordered structures and actively swap
positions with each other (Movie 1).

We find that the two crystal-liquid interfaces of a melted
grain boundary move cooperatively and are positively
correlated (Fig. 9). As an important type of heterogeneous
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FIG. 3. Grain-boundary widening and melting. (a) Widths of three grain boundaries with 6 = 28°, 22°, and 15°. The vertical dashed
lines mark the roughening points. (b) The grain boundary with @ = 28° colored according to the dynamic Lindemann parameters L (see
SM for definition) at (i) preroughening, (ii) postroughening, and (iii) melting labeled in (a) (Movie 1 in Ref. [26]). Liquidlike particles
are identified by large dynamic Lindemann parameters L > 0.2 and low bond-orientational orders |y¢| < 0.6 [41]. The particles keep
swapping positions with neighbors (Movie 1) and thus are indeed liquidlike. The white dashed curve represents the center of the grain
boundary. (c) The grain boundary with 8 = 8° is composed of dislocations labeled with L (Movie 2 in Ref. [26]). (d) The roughening

points and melting points of grain boundaries with different mismatch angles.

melting, grain-boundary melting is difficult to observe
inside atomic bulk crystals. It has been observed in
colloidal crystals but only for buried high-angle grain
boundaries (HAGBs) [27]. HAGBs (6 > 15°) have com-
plex structures, while low-angle grain boundaries (LAGBs)
(0 < 15°) can be modeled as an array of separate dis-
locations. Here, we observe the melting of LAGBs for
the first time, which is distinct from the melting of HAGBs.
A HAGB directly transforms into a thin liquid layer
[Figs. 1(h) and 3(b)] whose thickness increases rapidly
as ¢ decreases [Fig. 3(a)], signifying a premelting rather
than a melting via a nucleation. Premelting is a wetting
phenomenon when the interfacial energies satisfy y,;, <
2Y crystat-tiquia Delow the bulk melting temperature. It is not a
phase transition but a precursor of the melting transition.
By contrast, we find that LAGBs first melt into discon-
nected liquid nuclei from some of their disconnected
dislocations before growing and coalescing into a liquid
stripe at higher temperatures, as shown in Fig. 3(d). The
liquid nucleation at dislocations, rather than forming a
wetting layer, is consistent with the small y; ogg because of
the good lattice matching [39]. This melting behavior of
buried LAGBs was predicted in simulations [42] but has
not been experimentally observed. One- or two-layer
liquidlike particles near a dislocation or a planar partial
dislocation have been observed in 3D colloidal crystals, but
these defects are not strong enough to produce large liquid
pockets as ¢ decreases [27]. Generally, a higher-angle grain
boundary has a higher y [39], and thus its premelting and
roughening should occur at a higher ¢. This is confirmed in
Fig. 3(c). The measured ¢,,(0) and ¢(0) in Fig. 3(d) are
roughly linear, with different slopes, and intersect at
0 ~ 18°, suggesting that the roughening is preempted by

melting when 0 < 18°. This confirms the theoretical pre-
diction that grain boundaries with a sufficiently small 8 will
melt before they have a chance to become rough [22].

D. Mobility

The mobility of a grain boundary is important for
microstructure evolution and has been a key focus in the
study of polycrystalline materials [1]. However, the mobil-
ity of a buried grain boundary is sensitive to the segregated
impurities; hence, clean grain boundaries have mainly been
studied in simulation [1]. Mobility M = v/F is usually
measured from the drift speed » under an external driving
force F [19,43]. Alternatively, it can be measured from the
equilibrium thermal diffusion of the center of mass of
the grain boundary, () = (1/L) £ h(x, t)dx, which sat-
isfies (h)? =2Dt (Fig. S4 in Ref. [26]) and gives
M = DL/(kgT), where D is the diffusion constant [44].
We confirm the 1D random walk of 7 (Fig. S4) as observed
in the simulation of 3D metallic polycrystals [44,45]. The
measured M (¢) decreases monotonically for the LAGB
with @ = 15° but nonmonotonically with four distinct
regimes for the HAGB with 6 = 28°, as shown in
Fig. 4. Before the grain-boundary melting, the mobility
M exhibits three regimes: M(¢) decreases slowly in
regime 1 (¢ > 0.603) and rapidly in regime 2
(0.603 < ¢ < 0.589). In regime 3 (0.589 < ¢ < 0.569),
near the melting point, M(¢) increases. The nonmonoto-
nicity and the peaks of &, 7, and M at the roughening point
have been confirmed in another experiment involving a 22-
layer crystal. Such nonmonotonic M in thin-film colloidal
crystals is different from the typical simulation behaviors of
the grain boundaries in many 3D atomic crystals in which
M increases monotonically with 7 [16]. Nevertheless,
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FIG. 4. Mobility M of three grain boundaries with § = 28°, 22°,
and 15°. Solid symbols represent solid-liquid interfaces after
melting. Here, ¢g is marked by vertical dashed lines.

similar nonmonotonic M has been observed in the X7 grain
boundary of AL near the melting point [18,45]; this unusual
phenomenon was attributed to the possible structural
change of the grain boundary [18,45]. Here, we further
suggest that the structure change could be the widening of
the grain boundary, but this conjecture needs to be tested.
The maximum M corresponds to the roughening point ¢g
in our system, but a roughening point was not reported in
the AL system [45]. Nevertheless, the colloidal thin films
and 3D atomic crystals could exhibit different behaviors,
which is worth further exploration. For the grain boundary
with @ =22° the abnormal regime vanishes because

¢R = ¢m (Flg 5)

IV. DIMENSIONALITY EFFECT

Dimensionality strongly affects crystal properties and
melting behaviors, but its effect on roughening is not clear.
We observe that grain boundaries cannot be as easily
roughened in 3D colloidal crystals as in thin films, while
HAGBSs in monolayer colloidal crystals are always rough
[46] because lower-dimensional crystals are much softer,
with stronger long-wavelength fluctuations [24]. Note that
2D is the critical dimension [47]; hence, even bilayers have
different behaviors from monolayers, e.g., in premelting
and melting [48,49]. The top and bottom walls help us to
form ribbonlike grain boundaries with uniform shape in the
z direction, but the fluctuations in the xy plane are much
weaker in a 20-layer crystal than in a monolayer crystal.
This can be understood from a simple lattice-spring model
[50]: A 2D square lattice has half of its springs connected in
series and half connected in parallel; a two-layer square
lattice has 2/5 of its springs in series and 3/5 in parallel;
and a 3D cubic lattice has 1/3 of its springs in series and
2/3 in parallel. A higher fraction of springs in series
corresponds to a softer structure. More springs connected in
series results in softer structures. The rigidity of a 20-layer
crystal is close to that of a 3D crystal; hence, its grain
boundary can remain flat when the thermal fluctuation is
weak at low effective temperatures, i.e., high packing
fractions. Moreover, there are inevitably some small
fluctuations with an amplitude of a few particles in the z
direction, which makes our system not perfectly 2D, i.e.,
slightly above the critical dimension. Hence, grain boun-
daries in the 20-layer crystals can exhibit roughening.
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FIG.5.

Correlations and stiffness of the grain boundary with a mismatch angle @ = 22° at different volume fractions. (a) Power spectra

fitted with Eq. (A3) (dashed curves). (b) The normalized spatial correlation g, (x)/g;(0) fitted with exp (—x/&). (c) The normalized time
correlation g,(t)/g,(0) fitted with erfc(\/t/_r). (d) The correlation length fitted with & = &y|[(¢pr — ¢)/P]|™*, where v = 0.74 £ 0.04,
¢r = 0.561, and & = 0.52 £ 0.08 um. (e) The relaxation time fitted with = = 7¢|[(dr — ¢)/@]|™%, where z = 1.4 £ 0.2, ¢ = 0.561,
and 7y = 5.9 4+ 2.3 s. (f) The stiffness obtained from the fitting in panel (a). Filled symbols in panels (d)—(f) represent the properties of
two solid-liquid interfaces of the melted grain boundary.
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V. CONCLUSION

In summary, we observed the roughening of buried grain
boundaries for the first time using tunable colloidal
crystals. The morphologies and dynamics of grain boun-
daries and melted crystal-liquid interfaces were measured at
the single-particle level, revealing different properties in
different regimes of ¢ and 6. In contrast to the conventional
KT transition for surface roughening, HAGBs exhibit both
static and dynamic critical-like behaviors. Similar critical
behaviors have been observed in the shape fluctuations of
biological membranes [51]. The unusual decreases in
fluctuation amplitude and grain-boundary mobility after
the roughening could be attributed to the widening of the
grain boundary, which has not been considered in rough-
ening theories. This conjecture needs to be further tested:
For example, different quenching rates of premelted grain
boundaries could result in different grain-boundary thick-
nesses, so their fluctuations can be compared. In addition,
we perform phase field simulation (see SM for details) and
confirm the experimental observations, including the non-
monotonic correlation length and time and ¢, approaching
¢,, as O decreases.

The mechanical, chemical, and electrical properties of
crystals near the melting point are often different from
those at low temperatures, which is commonly attributed to
thermally excited defects [52]. In fact, grain-boundary
roughening could play an important role since it removes
flat facets and singularities associated with kinks, thus
making the polycrystal more isotropic and uniform. Our
results, especially the suppressed fluctuations after the
roughening point, cast new light on the high-temperature
behavior of crystals such as the abnormal decrease of the
grain-boundary mobility [45] and the deviation of the free
energy [53] near the melting point.
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APPENDIX A: CORRELATION
FUNCTION AND STIFFNESS

The length of a small section of the interface
VxR +dy? o \/T+ 1 (x)2dx~ 1+ K (x)?/2, where h' =
{[dh(x)]/(dx)} = tana ~ a for a small-amplitude fluc-
tuation. Consequently, the energy of an interface is

E= b/y(a)\/dx2+dy2

L 7 H(x)2
zb/ <y+y’a+%a2> <1 +(Tx)>dx, (A1)
0

where y' = [(dy)/(da)], L is the length of the measured
grain boundary, « is the inclination angle, and b is the width
in the thin dimension, i.e., the z direction as shown in
Fig. 1. The integral of the first-order term about A’ =
tana =~ a is 0 because the positive and negative a cancel
each other out. Thus, the energy change relative to a flat
interface is

1 L
AE=E~bLy=1b /0 (r +7")(K)2dx.  (A2)

Here, I' =y + " is the stiffness [34].

Substituting the Fourier series h(x) =) % [h.(k)x
cos(kx) + hg(k)sin(kx)] into Eq. (A2) yields AE =
1b(y +7")LK*|h(k)|*, where k =2nz/L and |h(k)]* =
h.(k)* + hy(k)? is the power spectrum. According to the
equipartition theorem, each normal mode contributes to
kT /2 of energy, and thus [25,34]

kT 1

(|n(k)?) = bLly + ) (A3)

The Fourier transformation of Eq. (A3) yields

an(x) = (h(xo)h(xo + X)), = / ™ 12 (k) cos(kx) dk

0
kT [ 1 kT
=or |, T cos(kx)dk = AT Eexp (—x/&).

(A4)

The correlation length £ is introduced in Eq. (A4) to avoid
divergence as k — 0 [19,25,54]. Consequently, the
normalized spatial correlation function is g, (x)/g,(0) =

exp (=x/¢).

The Langevin equation of interface motion is [34,44]

2
dh(x, 1) _ MFd h(x, 1)
dt dx?

+ My, (AS)

where the white noise 7 satisfies (n(x,)n*(x',7))
5(x—x")5(t— '), and M denotes mobility. The solution
to Eq. (A5) is

h(k, 1) = h(k,0) exp (—MTK>1)
t
+ Mexp (=MTk*t) | g(k,7)exp (MTk*t)dr,

0
(A6)

where ¢ is the Fourier transformation of #. Thus,
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FIG. 6. Correlations and stiffness of the grain boundary with a mismatch angle 8 = 15° at different volume fractions. (a) Powers
spectra fitted with Eq. (A3). (b) The normalized spatial correlation g;,(x)/g,(x = 0) fitted with exp(—x/&). (c) The normalized time
correlation g, (t)/g;,(t = 0) fitted with erfc(\/ﬁ;). (d) The correlation length ¢& fitted from panel (b). (¢) The correlation time 7 fitted
from panel (c). (f) The stiffness I of the grain boundary. Filled symbols in panels (d)—(f) represent the properties of two solid-liquid
interfaces of the melted grain boundary.

(h(k. )" (k1)) = (|h(K)[?) exp [~MTK2(t + )] + M exp [-MTK (¢ + )] A t A gk, 7)g(k, 7)) exp [MTR (¢ + )| drd?’

+-C (exp [=MTRE (1 — )] — exp [=MTRE(1 + 1)),

= (|h(K)P) exp [-MTR (1 + )] + 5

(A7)

When ¢ =0, where erfc is the complementary error function. Thus,
the normalized time correlation function g,(¢)/g,(0) =
erfc[(t/7)'/?], where the correlation time is defined as
= &/(TM).

HAGBSs exhibit similar power spectra and correlations
as shown in Fig. 2 of the main text (6 = 28°) and Fig. 5
(0 = 22°). The fitted correlation length ¢ and time 7 for
HAGBs with 6 = 28° [Figs. 2(d) and 2(e)], 0 = 22° and
LAGB with 6 = 15° [Figs. 6(d) and 6(e)] show that the
roughening point shifts toward the melting point as 6
decreases and is preempted by melting at 6 = 15°.

(h(k,t)h*(k,0)) = {|h(k)|*) exp (~MTk*t). (A8)

The temporal correlation function is
gn(t) = (h(to)h(ty + 1))y, 1o- (A9)

Substituting Eq. (A8) into Eq. (A9) and integrating
over k, we obtain

an(t) = —8L_ / T ! —exp(—MTK>1)dk APPENDIX B: HEIGHT-DIFFERENCE
22(r +v") Jo K +¢ CORRELATION FUNCTION
kyT

—F¢€

4D

MI't
rf ’
C( ¢ )

(A10)
|

be derived as

((h(x + Ax, 14 Af) — h(x,1))?)

i/(h(x, 1) — h(x + Ax, t + At))?dx

I'm
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Setting At = 0 or Ax = 0, we obtain

C(Ax) = ((h(x + Ax, 1) — h(x,1))?)

kgTé&
=r [1 —exp(—Ax/&)], (B2)
C(At) = ((h(x,t + At) = h(x,1))?)
= kggéerf((MFAt)l/z/f), (B3)

where erf(x) denotes the error function. The correlation
time 7 = &2 /(MT). The height difference correlation func-
tions and the fitted £ and 7 in Fig. 7 agree well with the
results in Figs. 2(d) and 2(e) of the main text.

Besides g,,(#) in Fig. 2(c) of the main text, the temporal
correlation can also be reflected by the lag plot of
h(t; + At) versus h(t;) [55,56], where h is the center of
mass of the grain boundary. If (z; + At) and h(t;) are not
correlated, then the lag plot is isotropic. Stronger correla-
tions yield more anisotropic distributions. The lag plot in

Fig. 8 shows that the strongest correlation occurs near the
roughening point ¢ = 0.583, featuring a high anisotropy.

APPENDIX C: CORRELATION BETWEEN
SOLID-LIQUID INTERFACES

The correlation of the two solid-liquid interfaces of a
melted grain boundary has rarely been studied in atomic or
colloidal systems. It can be quantified by the cross-
correlation of their displacements,

(1) = (Ui 1) = I (O]l (x. 1) = a(D)]) 1
NO']UQ

where h; (i =1, 2) is the position of one solid-liquid
interface with an average position #;(f) and standard
deviation o;, and N is the number of discrete x values.
Each frame gives a value of r within [—1,1]. Note that
r = 1 means that the two interfaces move in phase, while
r = —1 means that they move in the opposite phase. The
distribution in Fig. 9 shows that most » > 0; hence, the two
solid-liquid interfaces move with a positive correlation.
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FIG. 9. Distribution of the correlation coefficient r for the solid-
liquid interfaces of the melted 6 = 28° grain boundary
at ¢p = 0.559.

APPENDIX D: ORIENTATION OF 5-7 PAIR

We characterize the orientation of the grain boundary at
the microscopic scale using the orientation of the disloca-
tion, i.e., the pair of 5-neighbor and 7-neighbor particles.
For LAGBESs, the dislocations are disconnected, and thus
their orientations can be clearly identified as along the grain
boundary [see Fig. 10(a)]. By contrast, a HAGB is a
connected long chain of 5-7-5-7---- particles without
spaced-apart dislocations; hence, all particles are used
twice for identifying dislocations except for the beginning

(a)

and ending particles [Fig. 10(b)]. The orientations of 5-7
pairs are mainly along one of the [10] directions of a
grain at ¢ > ¢p for HAGBs [Fig. 10(f)]. When the
system approaches the roughening point, the orientation
distribution exhibits six sharp peaks [Fig. 10(g)], corre-
sponding to the six [10] directions of the two grains. After
the roughening at ¢ < ¢br, the peaks become broader
because of the widening of the grain boundary. Con-
sequently, the six sharp peaks of the orientation distribution
could serve as a signature of the roughening.

APPENDIX E: PHASE FIELD SIMULATION

The phase field simulation is very effective for determin-
ing the evolution of the microstructure because it can
resolve the density-wave structure of a polycrystalline
material at the atomic scale while averaging out fluctua-
tions [39,57]. We perform the phase field simulation of a
monolayer polycrystal because the grain boundaries in our
experiment are quasi-1D with a uniform shape in the z
direction. We describe the system by the free energy
functional [57]

F= /dzr[u//Z(u + (1+ V22w +y*/4)], (El)

where the order parameter y is the density. Here, y is
relevant to the interaction between particles, but the relation

(b)

6000

4000 4

2000 -

1 2
A(rad)

1 2
A(rad)

O(rad)

FIG. 10. (a,b) The Voronoi polygons with colored particles without exactly six nearest neighbors. A dislocation is a pair of 5- and
7-neighbor polygons; its orientation, defined as the direction from 5 to 7, is labeled with a yellow arrow. (a, c—e) The 6 = 8° grain
boundary. (b, f-h) The 6 = 28° grain boundary. (c)—(h) Histograms of the orientations of 5—7 pairs in the grain boundaries. The statistics
are calculated from 200 frames at each ¢.
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FIG. 11. (a)~(c) The grain boundary with 6 = 28° in the
experiment. These are subareas of Figs. 1(d), 1(f), and 1(h).
(d)—(f) The grain boundary with 6 = 25.8° at different effective
temperatures u in the phase field simulation.
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between ¢ and particle interaction is not available in the
phase field simulation. Note that u is the effective temper-
ature or the chemical potential x 7' — T,; u < 0 for the
solid phase, and u > O for the liquid phase. The initial state
contains two crystalline grains with a straight grain
boundary at a given mismatch angle. It then evolves and
equilibrates following the Cahn-Hilliard equation:

ow="7"T oF + 1,
oy

by assuming the white noise n to be 0. Here, T is a
phenomenological constant. The final equilibrium state
gives the stable grain-boundary structure at a given temper-
ature u. To further measure the grain-boundary fluctua-
tions, we evolve the above equilibrium grain boundaries
under Gaussian white noise 7, which satisfies

(E2)

m(F, (7, 1)) = TkgTV*S(F = 7)s(t = 1'). (E3)
At a low temperature (1« = —0.13), the grain boundary is
almost flat [Fig. 11(d)]. As the temperature increases to the
roughening point (u = —0.115), the grain boundary
becomes rough and curved [Fig. 11(e)]. Further heating
the system (¥ = —0.1) causes the grain boundary to premelt
[Fig. 11(f)]. These simulation results agree well with the
corresponding experimental images in Figs. 11(a)-11(c).
The simulation shows that both the spatial and temporal
correlations are the strongest near the roughening temper-
ature up and become weaker after the roughening (Fig. 12),
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FIG. 12. Simulation results of the grain boundary with mismatch angle 6 = 25.8°, and initial inclination angles a; = 30° and
a, = 4.2° aty = 0.2. (a) Spatial correlation functions and (b) time correlation functions at different effective temperatures u. Note that &
represents particle diameter and z represents time step [57]. (c) The phase diagram with the roughening, premelting, and freezing curves.

(d) The roughening point uy versus the mismatch angle.
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consistent with our experimental observation. Note that
up is identified from the slowest decay of g,(x) and
g, (1) [Figs. 12(a) and 12(b)]. We also observe the onset
of grain-boundary melting at yremey, and the solid phase
melts completely at u,,.;;, as shown in Fig. 12(c). In addition,
we perform simulations for different € s and find that up
decreases almost linearly with 6, consistent with our
experimental observation. Note that the particles’ inter-
actions in the experiments cannot be accurately modeled in
the phase field simulations; hence, the simulation results
cannot be compared directly with the experimental data. On
the other hand, similar behaviors observed in the simulations
and the experiments indicate that these properties are general
and not sensitive to the exact form of particle interaction.
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