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Evidence of quadratic time dependence of the kinetics in a continuous order-disorder transition
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Kinetics of order-disorder transitions including melting in low-dimensional systems is theoretically predicted
to be heterogeneous that start by nucleation in defect sites at lower than homogeneous bulk-melting temperature
requiring substantially lower energy barrier. We probed kinetics of such transition in thin multilayered films
using x-ray scattering and in situ atomic force microscopy (AFM) studies. X-ray results show linear increase
with time in in-plane separation of ordered domains while in situ AFM measurements show a linear increase in
height of disordered domains with time. The structure factor of the diffraction peak reduces linearly with square

of time as the material disorder.
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I. INTRODUCTION

The emergence of several novel two-dimensional (2D) ma-
terials since the discovery of graphene has rejuvenated the
interest in order-disorder phase-transitions including melting
and thermal properties of ultrathin films [1]. Implications of
the reduced dimensionality in order-disorder transitions were
always important to understand the fundamental physics [2]
and now, the applications of various 2D materials in sev-
eral technological areas from electronics, and photonics to
phononics, have made thermal management an essential topic.
In a first-order phase transition in 3D materials, the required
latent heat originates from a discontinuous entropy change.
Since entropy is an extensive quantity, the volume reduction
resulting from the dimensionality change can significantly
lower the latent heat. As a result, compared to 3D materials,
2D materials typically require much less energy to initiate a
readable phase change and even the topological defects can
mediate phase transitions in 2D materials [3]. The defects
of materials such as point defects, stacking faults, or grain
boundaries act as the nucleation point for such phase transi-
tions in 2D materials. In all these cases, the melting transitions
can be continuous in nature, making it difficult to define a
melting point. Additionally, the transition temperature can
depend on the heating rate as predicted in theory and also
observed experimentally [3,4].

Thermodynamic definition of the melting temperature 7,
suggests the coexistence of the ordered-solid and liquid
phases as Gibbs free energies of the two phases are equal,
and above T,, the solid is unstable and as a result, homo-
geneous melting occurs. However, heterogeneous melting is
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found at lower than 7, in materials with significant defects
originating from the defect sites [5,6]. It is also established
that other types of phase transitions in materials that de-
stroy long-range order such as an order-disorder transition
in multilayered structures, solid-state amorphization initiated
by external perturbations like heat, laser excitation, or by ion
irradiation, proceed by the same two distinct mechanisms as
homogeneous and heterogeneous melting [7]. Theoretical and
simulation studies have shown that the kinetics of such phase
transitions differ from conventional homogeneous transitions
requiring substantially lower temperature and latent heat.
Ultrafast electron diffraction studies on both the single crys-
talline and polycrystalline gold thin films show the presence
of three distinct melting regimes—homogeneous, heteroge-
neous, and incomplete, depending on the adsorbed energy
densities [7]. Time-resolved x-ray diffraction study on the
melting of a polycrystalline gold thin film using pulsed-laser
heating shows the formation of a melting band that originates
at the grain boundaries and propagates into the grains [8].
It was observed that the integrated intensity of Bragg peaks
decays exponentially with time and that depends on film thick-
nesses and laser fluence. The study of the kinetics of melting
transitions presents interesting physics and is also crucial for
identifying properties like critical temperature, thermal stabil-
ity, etc. Despite all these studies, kinematical visualization of
phase transitions in 2D materials and corresponding physical
properties has remained enigmatic requiring more attention.
Most of the studies performed in this direction are on either
monoatomic or diatomic systems and provide insight into
atomic scale but the polyatomic organometallic systems are
yet to be explored and that may lead to different scenarios
as the molecular migration is expected to be sluggish in the
transition.

Organic molecules with a -conjugated system like metal-
phthalocyanines (MPcs) crystallize in phases and display

©2025 American Physical Society


https://orcid.org/0009-0005-8977-2334
https://orcid.org/0000-0001-8050-8661
https://orcid.org/0000-0002-3847-8793
https://orcid.org/0000-0003-0552-3188
https://orcid.org/0000-0002-3770-6344
https://ror.org/0491yz035
https://ror.org/02bv3zr67
https://ror.org/01js2sh04
https://ror.org/00g30e956
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.111.024105&domain=pdf&date_stamp=2025-01-10
https://doi.org/10.1103/PhysRevB.111.024105

SABYASACHI KARMAKAR et al.

PHYSICAL REVIEW B 111, 024105 (2025)

semiconducting character. MPcs have been widely explored
for fabricating electronic devices such as organic light-
emitting diodes (OLED), field effect transistors, solar cells,
sensors, and spintronic devices like spin valves, magnetic
sensors, and spin OLEDs [9-11]. The performance of these
devices is greatly affected due to high working temperature
or heating related to high current flow [12,13]. Although it
is clear that higher temperature has a deleterious effect on
device performance, temperature-dependent physical proper-
ties of the organometallic materials remains partially unclear.
Copper-phthalocyanine (CuPc) is one of the very impor-
tant members of the MPc family and is well known for its
structural simplicity, chemical, and thermal stability. CuPc
thin-film forms well defined columnlike structures over the
substrate [14]. A very thin homogeneous film of CuPc can
be considered equivalent to a quasi-two-dimensional system
and a potential model system for studying the phase transi-
tion in organic small molecular semiconductors. However, the
molecules involved in these cases are very large compared to
the inorganic systems. So, the molecular migration will take a
much longer time than monoatomic molecules. On the other
hand, the application of very high temperatures can cause
direct evaporation of the film or may result in dissociation
of the organic molecules. So, to study the kinetics of phase
transition using conventional x-ray scattering techniques in
these systems, we carried out the measurements at a relatively
lower temperature and for a longer time scale.

We have prepared copper-phthalocyanine (CuPc) thin films
and studied the kinetics of this transition at an elevated tem-
perature (~250°C, much below the melting temperature of
the bulk CuPc, 350°C) as a function of time using x-ray
scattering and AFM studies. We found that the order-disorder
transition is continuous in nature and it initiates from the
defect sites of ordered domain grain boundaries. Both the
in-plane and out-of-plane electron densities were found to
be linearly decaying with time leading to a quadratic-time
dependence of structure factor decay of the multilayer Bragg
peak in the process of evolution of the disordered structures
within the material and the rate of the decay scales with the
thickness of the film through an exponent.

II. EXPERIMENTAL DETAILS

CuPc films have been deposited following the procedure
explained in our previous work [14]. The ex situ x-ray re-
flectivity (XRR) measurements were performed at 1.54 A
wavelength using a Rigaku Smart Lab instrument while the
in situ XRR and GISAXS were performed in the Indian
Beamline at Photon Factory (BL-18B), KEK, Japan, with
an incident beam of energy 12 keV. A Pilatus 1M detector
was used for the GISAXS measurement in the beamline. All
the in situ x-ray scattering studies were performed under an
inert atmosphere using the DHS 1100 sample stage and the
time-dependent order-disorder transition data on CuPc thin
films were collected by maintaining a constant temperature of
250 °C in the sample stage. The in situ AFM topographic and
phase images were collected at 250 °C temperature in constant
dry nitrogen flow with a Bruker Nano Dimension Icon AFM
instrument in tapping mode [15].
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FIG. 1. (a) Experimental and calculated XRR profiles of CuPc
film at 250 °C temperature as a function of time. Kiessig oscillations
and the Bragg peak part of the XRR at three different times are shown
on the upper and lower inset, respectively, to indicate the goodness
of fit. Experimental data are open circles and blue lines are the fitted
curves in the insets. (b) Corresponding EDP profiles extracted from
the fitting of XRR at different times are shown. The inset shows a
schematic diagram of the molecular arrangement on the substrate and
the associated electron density profile with this arrangement.

III. RESULTS AND DISCUSSION

XRR is a well-known nondestructive technique that gives
the electron density profile (EDP) along the film thickness
(out-of-plane direction), and the roughness in different layers
of the materials in the film [14,16]. Figure 1(a) represents the
time evolution of the XRR profile and corresponding fitted
curves of one such film having thickness 221 A. Here, ¢;
corresponds to the start time of an XRR measurement and
the difference between two consecutive reflectivity profiles,
i.e., (ti+1 —1;) is 10 min. The presence of a central Bragg
peak and corresponding Laue oscillations are signatures of
a homogeneous film, with coherent out-of-plane ordering
and smooth interfaces [14,17,18]. We have used Parratt
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formalism to fit the XRR profiles [16,19]. The extracted EDPs
are shown in Fig. 1(b). We have modeled the film with mul-
tiple stacks of bilayers and each of the bilayers consists of
a high-density and low-density regions of molecular arrange-
ment on the substrate as shown in the schematic of the inset
of Fig. 1(b). The red dashed line and the blue line correspond
to EDP without roughness and with roughness convolution,
respectively. In the insets of Fig. 1(a), three XRR profiles
(to, 10, and tp0) for two different regions in the g, space, the
Kiessig oscillations region (lower inset) and the Bragg peak-
Laue oscillation region (upper inset), are shown superimposed
over the corresponding fitted curves. This gives a clear view
of the agreement between data and fit and confirms that the
presented EDP model correctly represents the film structure
along the out-of-plane direction. The Bragg peak and Laue os-
cillations can also be analyzed using different x-ray thin film
refinement methods based on the Laue interference function
[20-22]. But we can see that our EDP model based on Parratt
formalism is capable of generating a sufficiently good fit for
the whole ¢, range of the data. The R/Ry plot, where Ry is
the reflectivity from the substrate, the lower inset of Fig. 1(a)
shows a decay of the Kiessig oscillation amplitudes with
respect to time but the position of each oscillation remains un-
changed as marked by the dotted line. The EDP profiles show
a constant decrease in average electron density with increasing
time. This indicates the formation of more and more defects
within the film as the time of measurement increases at a high
temperature. The specular reflection contribution in the total
scattering from the well-ordered structure decreases resulting
in a decrease in average electron density contribution to the
reflectivity. As a result of this density inhomogeneity, the film
became rough and the Kiessig oscillations also got smeared
out. In the case of Bragg peak and Laue oscillations, we ob-
serve the same scenario, i.e., the peak intensity is decreasing
continuously but the positions remain the same throughout
the process. This result indicates that the number of out-of-
plane ordered columns is decreasing with time due to the
transformation to a disordered phase. This transition process
is slow, and in an instant, the ordered columns that have not yet
transformed to the disordered phase of the transition process
keep their out-of-plane structure intact.

In order to get an idea about the nature of this transi-
tion and its dependency on temperature, we performed the
same experiments at two different temperatures (240 °C and
260 °C) with two samples deposited in identical conditions.
Here, the square root of the normalized intensity, defined as
A, is calculated as a function of ¢, and the value of A at the
Bragg peak (A,) which is proportional to the structure factor
of the multilayer structure, has been plotted as a function of
the square of the measurement time ¢ in Fig. 2(a). In the inset,
we have shown the calculated A from the measured intensity
at four different times of measurements at 250 °C. The four
circles in the middle curve represent the corresponding peak
value of the four curves in the inset. From the line fits (red
dashed line) on all three curves we can see that each of them
follows a similar trend and A, shows a linear dependence of
1. In Fig. 2(b) we have plotted A, vs ¢? for four samples with
different thickness but kept at the same temperature (250 °C).
All the curves can be fitted with a straight line having different
slopes. To find the dependency with the thickness of the film,
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FIG. 2. (a) A, vs t* plot for different temperature, where A is
square root of the normalized intensity (+~/7) and A, is the value of A
at the Bragg peak position. Inset shows A vs g, plot at four different
times as marked by the circles in the A, vs #* plot. (b) A, vs £* plot for
different thicknesses is shown, symbols represent the data and lines
represent linear fit. Inset shows a log-log plot of different slopes of
the line A, vs ¢ fit as a function of thickness, line is the fit.

we have plotted each slope (m) from the linear fits of Fig. 2(b)
with the corresponding thicknesses (d) in log-log scale, and
the result is presented in the inset of Fig. 2(b). This linear
dependence with a slope of v = —2.83 suggests the exponent
nature of the slope with the film thickness d, as m o d".

We have also performed in situ GISAXS measurements
to get an idea about the change in the in-plane ordering.
The images taken at four different times of this order-
disorder transition process are presented in Fig. 3(a). The
first image shows a strong peak at g, = 0 and a pair of
in-plane correlation peaks on each side of the main peak [14].
These satellite peaks signify the presence of a 2D correlated
in-plane structure. The line profiles, extracted from all the
images are shown in Fig. 3(b) [the change in color from blue
to red represents increasing time]. The in-plane correlation
peaks change their shapes and become indistinguishable as
the time of this transition process increases and ultimately end
up in a disordered structure that corresponds to a small hump
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FIG. 3. (a) GISAXS image collected in a 2D detector at four
different times during this order-disorder transition process. (b) Line
profiles of all the images collected during time evolution. The curves
are shifted vertically for better clarity. Amplitude ratios of the central
peak at g, = 0 and the corresponding side peak with respect to time
are plotted in (c), and the line is the guide to the eye. Inset shows the
variations in Ag, with respect to time.
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FIG. 4. (a)-(f) AFM topographic images acquired in situ at
250 °C during time evolution of the nucleated structure. The times(t)
for the images from (a)-(f) are 10, 30, 40, 50, 60, and 76 min,
respectively. (g) Hp.x — t plot, where Hy,y is the maximum height
of the nucleated region.

at either side of the main peak. We have fitted all the profiles
with three Lorentzian profiles and then extracted the ratio of
amplitudes (A,) between a side peak and the central peak. In
Fig. 3(c) we have plotted the time dependence of A, and it
shows that this ratio is decreasing over time. The difference
between the positions of the two side peaks (Agy) is plotted
with time in Fig. 3(c) [inset] and it is found to be also decreas-
ing with time. These observations indicate that the in-plane
diffusion of molecular stacks causes the stack separation to
increase linearly with time during this transition process. As a
result of this diffusion of molecular stacks with time, the dis-
ordered phase increases, and the in-plane ordering decreases
significantly.

In order to find a real-space picture of the transition and
molecular propagation process, we have performed an in situ
AFM experiment by heating the sample at 250 °C at an N, gas
environment. The AFM images taken at six different times of
this process are presented in Figs. 4(a)—4(f). First, we started
with an overview scan of a large area (20 um x 20 um) and
detected a nucleation site. Then, we focused on the nucleation
site and started scanning over a small area (5 um x 5 um) to
get a detailed image of the nucleating site. It is clear from
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these topography images that the size of the nucleation site is
increasing with time and also the void spots are appearing over
a significant portion of the film. These images confirm that the
molecular movement toward the defect sites is in accordance
with the out-of-plane and in-plane movement of the molecular
stack observed in x-ray scattering studies. The molecules mi-
grate toward the nucleation sites and form a larger disordered
structure as observed in the AFM image sequence. We have
calculated the height of this nucleating structure and plotted it
with time (¢) in Fig. 4(g). The plot shows that the height of the
nucleating object is linearly increasing with time. The amount
of excess materials created due to increasing molecular-stack
separation as observed in GISAXS measurement forms these
molds at the nucleation sites.

The XRR studies of the time evolution of the order-
disorder transition process in CuPc thin films reveal very little
change in thickness of the film but the average electron density
of the film decreases significantly with time. It also shows
that the high-low alternate electron density structure almost
remains intact [as shown in Fig. 1(b)] over the whole period
of the transition process and only a few multilayer structures
near the surface is getting modified with time. The decrease
in average electron density was attributed to the decrease in
contribution in the specular direction from the ordered multi-
layer stack due to the time evolution of disordered structures
in the film. To parametrize the time evolution process of this
transition, we have considered the EDP of the region from
100 A to 155 A of the film thickness [as shown in Fig. 5(a)]
and calculated the average electron density difference (Ap)
between the peak and the trough of the EDP. This Ap has
been plotted with the square of the evolution time ¢ which
can be fitted with a straight line as shown in Fig. 5(b). The
change in Ap is the result of migration of molecules from the
melted molecular stack which has been shown in the model
in Fig. 6. The GISAXS results show the linear dependence of
the change in the in-plane separation of the ordered molecular
stack with time and the in situ AFM images show linear
increase in the height of the disordered structure with time.
So the change in Ap, a signature of volumetric change in the
structure, will change as ¢ as found in Fig. 5(b).

IV. CONCLUSION

We have probed the kinetics of the order-disorder transition
of multilayered thin films using x-ray scattering and AFM
studies. The thermally activated diffusion of molecules in both
the in-plane and out-of-plane directions causes the breakdown
of the ordered multilayer structure to the disordered structures.
We have observed a t> decay of the structure factor of the
multilayer Bragg peak as the ordered-to-disorder phase tran-
sition evolves and the rate of decay increases with an increase
in temperature. The decay constant of the structure factor
was also found to scale with the film thickness. The linear
dependence of in-plane separation of the multilayer stack and
the increase in height of the defect sites with time justifies the
observation of the #> dependence of Ap extracted from the
EDP of the XRR profiles. This type of time dependence of
the intensity decay during phase transition is different from
the Arrhenius-type exponential decay which is observed dur-
ing the melting transition of gold films [7,8]. The highly
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FIG. 5. (a) Magnified view of a portion of the EDP. (b) Ap vs t2
plot.

packed columnar nature of the film due to its intermolecular
interaction and also the substrate-molecule interaction may
impose constraints over the random motion of the molecular
stacks. The experiment was performed in a relatively low and
constant temperature which helped us to get precise control
over the amount of supplied thermal energy and it decreased
the chance of catastrophic collapse of the thin-film structure.
This kind of imposed confinement makes the molecular stacks
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FIG. 6. Schematic representation of the order-disorder transition.
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that are nearer to a defect region more vulnerable than the oth-
ers and leads to a systematic collapse of the ordered structure.
However, further detailed theoretical and experimental studies
are needed to fully understand the origin and nature of this
kind of time dependence. The exponent type dependence of
the decay rate with the film thickness is also very crucial and
may be useful to device applications and also to determine the
working temperatures of the devices. We believe the exper-
imental observation of such kinetic evolution shall promote
further theoretical investigation of the heterogeneous phase
transitions in technologically important low-dimensional
materials.
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