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Complexion dictated thermal resistance with interface density in reactive metal multilayers
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Multilayers composed of aluminum (Al) and platinum (Pt) exhibit a nonmonotonic trend in thermal resistance
with bilayer thickness as measured by time domain thermoreflectance. The thermal resistance initially increases
with reduced bilayer thickness only to reach a maximum and then decrease with further shrinking of the
multilayer period. These observations are attributed to the evolving impact of an intermixed amorphous
complexion approximately 10 nm in thickness, which forms at each boundary between Al- and Pt-rich layers.
Scanning transmission electron microscopy combined with energy dispersive x-ray spectroscopy find that the
elemental composition of the complexion varies based on bilayer periodicity as does the fraction of the multilayer
composed of this interlayer. These variations in complexion mitigate boundary scattering within the multilayers
as shown by electronic transport calculations employing density-functional theory and nonequilibrium Green’s
functions on amorphous structures obtained via finite temperature molecular dynamics. The lessening of
boundary scattering reduces the total resistance to thermal transport leading to the observed nonmonotonic trend
thereby highlighting the central role of complexion on thermal transport within reactive metal multilayers.
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I. INTRODUCTION

Multilayers are ubiquitous across the materials landscape
being used to tune all manners of properties. Functionally,
the properties of multilayers emerge from the spacing and
materials composing the many interfaces implicit in layered
solids. These boundaries can affect the wave nature of the
energy carriers themselves while also impacting their scatter-
ing. Changes in the energy carriers (e.g., photons, phonons,
electrons)—and their scattering—necessarily dictate proper-
ties. For example, in optical coatings, the spacing and re-
fractive indices of material layers are chosen to create con-
structive or destructive interference of photons over a selected
wavelength range. A similar goal is aspired to when using
multilayers in thermoelectrics. In this case, the objective is
to minimize phonon transport through scattering across the
entire phonon spectrum. To this end, multilayers exhibiting
extremely low thermal conductivity have been achieved by
leveraging Van der Waals bonds [1], nanolamination [2], and
nanostructuring [3].

Regardless of approach, the reported reductions in thermal
conductivity evolve from scattering at interfaces consistent
with the view that heat transport obeys a series resistor
model where the total thermal resistance is proportional to
the number of material boundaries. This view is not strictly
valid, however. The paradigm presumes that every interface
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between two materials offers the same amount of thermal
resistance. Reality is not so simple. Variations in disorder
[4–7], composition [8,9], and changes in bonding [10,11]
between interfaces can all affect transport. Each of these char-
acteristics, in turn, is subject to processing, environment, and
even the spacing between boundaries. Taken together, thermal
transport through a multilayer will therefore be intimately tied
to interfacial structure and its evolution.

Despite numerous studies for phonon dominated systems
where interfacial disorder has been shown to both [12] in-
crease [6,13] and decrease [4,5,14] boundary conductance, the
impact of interfacial structure on thermal transport in electron
dominated systems has not been addressed in nearly as much
detail. Within several metal multilayers, a thin (∼10 nm)
compositionally mixed volume exists at each boundary [15].
This intermixed interlayer—termed a complexion [16]—
profoundly impacts a wide breadth of properties ranging from
grain growth and fracture strength to ionic conductivity and
electron mobility [17]. The impact of complexion on thermal
transport, especially within electron-dominated systems, re-
mains largely unexplored, however. To address this gap, we
investigate here the influence of periodicity and interfacial
structure on the thermal resistance of metal multilayers to
highlight the predominant role of complexion, and more gen-
erally disorder, on heat transport within electron-dominated
multilayers.

Practically, the thermal conductivity of Al/Pt metal mul-
tilayers with varying bilayer period thickness was measured
using time-domain thermoreflectance (TDTR) and simulated
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under a nonequilibrium Green’s functions (NEGF) framework
in which the multilayers are described through a combination
of molecular dynamics (MD) and density-functional theory
(DFT). Due to the preference of Al and Pt to be fully alloyed,
a 10-nm region of amorphous intermixing (i.e., a complex-
ion) exists at each material transition. This intermixing has
a significant effect on the thermal transport, most notably
inducing a nonmonotonic trend in thermal resistance with the
bilayer period thickness. While this observation cannot be
explained using traditional approaches such as the electron
diffuse mismatch model (eDMM), it evolves due to the chang-
ing complexion of the multilayer as its periodicity is altered.

II. MATERIAL AND METHODS

A. Multilayer synthesis

Multilayers were grown by sputtering Al and Pt with
a period thicknesses ranging from 6 to 800 nm [128 to
1 bilayer period(s)] atop a silicon substrate. All films had
a total thickness of ≈ 800 nm. Details of the growth and
structural characterization via x-ray diffraction (XRD) and
transmission electron microscopy are described in the Supple-
mental Material [18]. Specifically, the Supplemental Material
provides details regarding growth and characterization of mul-
tilayer films [19–21], thermal measurements [22], and first-
principles-based modeling [23–26]. Due to the lower potential
energy of the fully mixed phase compared to the segregated
multilayer, the Al and Pt layers spontaneously intermix to
form a compositionally graded region approximately 10 nm
thick at each boundary between them. This intermixed region
is a complexion, which describes a finite layer forming at the
boundary between two bulk phases [15]. To further specify,
the Al/Pt system forms a nanolayer complexion under the
Dillon-Harmer taxonomy due to its near constant 10-nm
thickness irrespective of the bilayer period [27]. The com-
plexion thickness is comparable to other bimetallic systems
[15]. Hereafter, the terms complexion and interlayer will be
used synonymously. Regardless of nomenclature, this inter-
layer, or complexion, is amorphous as is observed through
electron diffraction and emerges when the minority elemental
species exceeds ≈10% as shown in the Supplemental Material
[28]. Having a constant interlayer thickness, multilayers with
periods below 20 nm are therefore effectively composed of
only the complexion.

Energy dispersive x-ray spectroscopy (EDS) composition
traces, meanwhile, indicate that not only is the crystallinity
of the multilayer impacted by the periodicity but so too the
composition of the films. With decreasing bilayer thickness,
the composition no longer possesses regions of the pure metal
layers but is instead an alloy of AlxPt1−x that varies in its
composition as is seen in Fig. 2. Due to this observation,
monolithic AlxPt1−x alloys were also synthesized via sputter-
ing codeposition to thicknesses of ≈ 800 nm. These mono-
lithic films were pursued to both validate the computational
approaches described in the proceeding sections and assess
the intrinsic thermal resistance of the interlayer apart from the
boundaries. All films, both those monolithic and multilayer,
were capped with a ≈ 80-nm Al layer—denoted subsequently
as the cap—to facilitate thermal characterization as is shown
in Fig. 1.

FIG. 1. (a) Bright-field scanning transmission electron mi-
croscopy images of cross-sectioned Al/Pt metal multilayer obtained
at (a) a low magnification sufficient to view through the entire
thickness and (b) high magnification that distinguishes a ≈ 10-nm-
thick complexion that exists at each boundary. This interlayer region
is amorphous as indicated by electron diffraction (see Supplemental
Material Fig. S2). The rectangle in (a) represents a nominal location
for (b) and is not exact.

B. Thermal measurements

Thermal resistance measurements were performed using
TDTR. A detailed description of the experimental setup can
be found elsewhere [29,30] and in the Supplemental Material.
The ratio of the in-phase to out-of-phase response was fit to
a three-layer model where the multilayer was assumed to be
an effective medium [31]. The Al-cap/multilayer boundary
conductance and thermal conductivity of the effective medium
representing the multilayer were left as free parameters and
fit to the acquired data. The total resistance of the multilayer
film was then taken to be the sum of the Al to multilayer
boundary resistance and that of the effective medium. Results
are tabulated in Table I, where it is seen that thermal resistance
does not monotonically increase with the number of periods.
The causes for this nonmonotonic trend will be discussed in
detail via modeling of the system as is described subsequently.

C. Modeling and simulation

To provide insight into the physical mechanisms behind
the experimental observations, multilayer thermal resistance
was predicted under two different computational paradigms.
First, the traditional eDMM was employed within a series
resistance paradigm, where boundaries are presumed abrupt
and interfaces perfect with energy transmission determined
based on density of states overlap between the two materials
making up the boundary [14]. As will be described below, this
simple model fails to capture the experimental observations,
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TABLE I. Characteristics of examined Al/Pt multilayers accom-
panied by measured and NEGF+DFT predicted thermal resistances.

Number of Period Exp. NEGF
periods thickness (ca.) resistance resistance

(nm) (m2K/MW) (m2K/MW)

1 800 0.024
2 400 0.024
4 200 0.038 0.019
8 100 0.050 0.030
16 50 0.11 0.06
32 25 0.15 0.11
48 16.7 0.16
64 12.5 0.12 0.10
96 8.3 0.14 0.103
128 6.25 0.10 0.102

even for long-period superlattices. This is not surprising given
the complexity of the structures involved. To account for this
complexity, a first-principles-based multiscale approach was
developed to describe thermal transport that was capable of
explicitly describing the complexion and the contact resis-
tance between the regions. Molecular dynamics simulations
were employed to predict atomistic structures of the AlxPt1−x

alloys observed in the complexion and capture the effect of
thermal ionic fluctuations on transport [32]. Thermal transport
in these structures was then modeled using NEGF within
the Landauer approximation leveraging electronic structure
obtained from DFT calculations [33].

In both the eDMM and first-principles calculations, the
complexion resistance was quantified and then the total ther-
mal resistance of the multilayer film (RTot) determined using
a series resistance model given by [34]

RTot = R0 + nRBD, (1)

where R0 is the resistance of the constituent material layers
(Ro = RPt + RAl) and n is the number of material transitions
given by n = 2P + 1 where P is the number of periods. RBD

is the total thermal resistance of the complexion. Practically,
the resistance of Al and Pt was determined using separate
NEGF + DFT simulations of pure crystalline layers using
methods previously employed [35]. The methodology to de-
termine the complexion resistance, meanwhile, differed based
on the technique employed as is described below.

1. eDMM

The eDMM is based on free electron theory and can be
written as [14]:

1

RBD,eDMM
= 1

4
ζAl→PtCe,AlvF,Al, (2)

where Ce is the electronic heat capacity and vF is the Fermi
velocity. The specific heat is given by:

Ce = π2

3
D(εF )k2

BT, (3)

where kB is Boltzmann’s constant, T is temperature, and
D(εF ) is the density of states at the Fermi energy. The

FIG. 2. EDS-derived compositional maps of Al/Pt multilayers
possessing varying number of periods. The composition range de-
creases as the period thickness decreases.

transmission coefficient is

ζAl→Pt = D(εF,Pt )vF,Pt

D(εF,Pt )vF,Pt + D(εF,Al)vF,Al
, (4)

where Al → Pt denotes transport from Al to Pt. Since the
interface is, in reality, an alloyed metal complexion, thermal
transport was assumed to be dominated by electron transport
as is implied by this approach. The resulting Kapitza resis-
tance derived by the eDMM was calculated to be RBD,eDMM =
0.18 m2K/GW. The material parameters used for this calcu-
lation are presented in the Supplemental Material.

2. First-principles-based atomistic simulations

The eDMM assumes pristine, atomistically sharp, inter-
faces. However, there is significant intermixing in the mul-
tilayers considered here as a finite complexion forms. As
shown in Fig. 1 and 2, this region has both finite thick-
ness and variable composition. Therefore, a more detailed
description of the electronic transport through the complexion
and the associated contacts must be considered. Given the
smooth variation in composition observed experimentally,
our approach involves computing the thermal resistivities of
AlxPt1−x alloys of various compositions from first principles
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FIG. 3. Top: Representative atomic structure of simulation do-
main realized through molecular dynamics. Bottom: Comparison of
computationally derived thermal resistance of amorphous AlxPt1−x

alloys compared to experimental results of monolithic films mea-
sured using TDTR.

and combining them in series to predict thermal transport
of the complexion as a whole. Importantly, the simulations
also quantify the contact resistance involved in transitioning
between the crystalline Al or Pt and the amorphous interlayer
region (i.e., Kapitza resistance).

To capture the compositional and structural variability of
the complexion, MD simulations were employed to melt
and quench an Al/Pt alloy of a given composition to ob-
tain relaxed, but heavily disordered, structures like those
observed experimentally. The resulting disordered alloy is
situated between crystalline Al and Pt contacts as shown in
Fig. 3. Subsequently, the MD-derived atomic arrangements
were utilized within the NEGF/Landauer transport formalism
using electronic structures obtained from DFT calculations.
Thermal resistance of the Al/complexion/Pt system was then
obtained from these NEGF transport simulations. Details
surrounding each of these computational steps—MD-derived
structural generation, DFT deduced electronic structure, and
NEGF transport calculations—are provided subsequently.

The compositional domain was made up of Al and Pt
leads separated by a AlxPt1−x channel representing a given
composition across the range observed in Fig. 2. The leads
consist of perfect face-centered cubic crystals oriented along
[100], replicated in a 2 × 2 × 2 arrangement, and having an
averaged lattice parameter between that of Al and Pt (3.98 Å).
The averaged lattice parameter was used to ensure minimal
strain on the contacts between the leads and channel. The

leads are separated by a channel having the desired alloy
composition. In practice, seven different AlxPt1−x alloy com-
positions were characterized using channel lengths varying
from 1.4 to 3.0 nm. The amorphous layer was generated by
melting the channel at T = 3000 K via isochoric isothermal
MD simulations and then quenched to room temperature in
10 ps while keeping the leads fixed. Subsequently, MD simu-
lations of this quenched structure were performed at 300 K to
capture elastic phonon-electron coupling (i.e., thermal ionic
fluctuations) [32]. All MD simulations were carried out with
LAMMPS [36,37] using an effective medium theory potential
developed by Jacobsen et al. [38].

The electronic structure required for the NEGF calcula-
tions was obtained using the MD-derived atomic arrangement
via DFT carried out using the TranSIESTA code [33] imple-
mented in the SIESTA package [39,40]. With this approach,
core electrons are replaced by pseudopotentials, and the va-
lence electrons are represented using a numerical, atomic-
like, basis set. The exchange-correlation potential is calcu-
lated within the generalized gradient approximation func-
tional [41]. Double zeta plus polarization numerical orbital
basis sets were used for all atomic species.

The resulting DFT-derived electronic structure was em-
ployed to deduce transport properties by utilizing NEGF
within the Landauer approximation. Functionally, NEGF sim-
ulates electrons’ movement from a crystalline aluminum con-
tact through the interlayer and to a crystalline Pt contact. By
simulating a series of films possessing identical compositions
but of varying length, the thermal resistance was quantified
through the slope of resistance versus film thickness [32]. The
intercept of this linear fit, meanwhile, provides an estimate
of the combined Al/complexion and complexion/Pt Kapitza
resistance, which is also dependent on composition. Full
details for all steps of the simulation are described in the
Supplemental Material.

Figure 3 shows the calculated resistivities of AlxPt1−x

alloys having variable composition. End points correspond to
transport through fully crystalline Al and Pt channels. These
“pure” systems were used as validation and calculated to be
185 and 76 W m−1 K−1 for Al and Pt, respectively. The
values compare favorably to accepted values [42] and those
measured for “pure” Al or Pt films deposited in an analogous
manner to that of the multilayers. Thermal resistance of
AlxPt1−x alloys calculated via the NEGF + DFT approach
compares well to experimental measurements of monolithic
films as seen in Fig. 3 lending further credence to the method-
ology employed. The correlation to within a factor of three
is notable considering the differences in that simulated versus
that measured. The model, for instance, does not account for
nanovoiding existing within the actual films. The codeposited
films, meanwhile, begin to crystallize at higher Pt composi-
tions as was confirmed using XRD whereas the simulation cell
maintains an overwhelmingly amorphous structure similar to
that observed within the complexion of the multilayers. Taken
together, the computational approach therefore provides a
reasonable description of transport through the complexion.
Specifically, it accounts for its compositional dependence as
is seen by the “inverted-bathtub” shape of Fig. 3.

These compositionally dependent thermal resistances were
then used to calculate the total complexion resistance
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(RBD,NEGF+DFT) in a manner that included both the variation in
composition and the finite width of the complexion. This was
realized by first discretizing the compositional maps shown in
Fig. 2 in 0.1-nm steps. Using the average composition within
a given step, the resistance was calculated for this discretized
region using values supplied from the simulations of Fig. 3.
The total complexion resistance was then realized via a series
sum of the discrete elements while also including the Kapitza
resistance existing between the metallic end members and the
complexion. Mathematically, this is described as shown in
Eq. (5),

RBD,NEGF+DFT =
n∑

i

di

κ (xi )
+ RKapitza, (5)

where d and κ (xi ) are the thickness- and composition-
dependent thermal conductivity of the ith element, respec-
tively, and RKapitza is the total Kapitza resistance accounting
for boundaries between the complexion and both Al and Pt.
Quantitatively, a compositional average of 0.28 m2K/GW
derived from the NEGF + DFT was employed for RKapitza.
The Kapitza resistance was considered only for films where
regions of pristine Al and Pt exist on either side of the
complexion and was thus excluded when the period thickness
was sufficiently small (< 20 nm) that the film was composed
entirely of the compositionally varying interlayer.

The choice to simulate individual compositions and lever-
age the series model of Eq. (5) is advantageous for several
reasons. First, it eliminates the need to generate realistic atom-
istic structures under rigid constraints describing the observed
complexion thickness and compositional gradient. Second,
discretization dramatically reduces the compositional cost by
capturing the bulk behavior apart from having to simulate the
entirety of the 800-nm multilayer. While domains of this size
can be simulated using traditional NEGF calculations, the ab
initio approach employed here makes simulating the entire
multilayer far less practical. It is noteworthy that the 0.1-nm
steps used to discretize the complexion are far less than the
electron mean free path. The composition specific thermal
resistances applied to each discretized region were, however,
obtained from simulations of variable domain length to en-
sure a “bulk” response. The discretized approach therefore
provides a means to accurately account for the compositional
gradient in a computationally efficient manner apart from
artificially imparting size effects into the simulation.

III. RESULTS

Figure 4 plots the experimental and computationally de-
rived total thermal resistance of the multilayers as a function
of the number of bilayer periods. Experimentally, the resis-
tance initially increases linearly with the number of periods
where it rolls over after reaching a maximum resistance at
about 48 periods, corresponding to a bilayer thickness of 17
nm (i.e., ∼2× the complexion thickness). Subsequently, the
resistance decreases to a value that is on par with the simulated
Al50Pt50 alloyed film whose resistance was shown in Fig. 3.
While the rollover in thermal resistance is qualitatively similar
to that seen previously in phonon dominated systems [43], its
causation is of wholly different character. Here the rollover

FIG. 4. Thermal resistance of Al/Pt metal multilayers as mea-
sured by TDTR and simulated using both eDMM and NEGF + DFT
approaches. Measured resistance reaches a peak with 48 periods
and then decreases. Unlike the eDMM which assumes a perfect
interface, the NEGF + DFT approach captures this behavior by
accounting for both the finite width and variable composition of the
complexion. With increasing number of periods, the multilayer film
approaches exhibits a thermal resistance on par with that modeled for
an amorphous alloy of approximately 50/50 composition.

in thermal resistance originates due to alterations in the com-
plexion that emerge with changes in the multilayer period. The
following provides evidence supporting this assertion.

Predictions of thermal interface resistance of electron dom-
inated systems have overwhelmingly used the eDMM, which
presumes a perfect interface resulting in a monotonically
increasing trend in total resistance stemming from Eq. (1). As
seen from Fig. 4, this approach is contrary to observation both
qualitatively and quantitatively despite estimating a Kapitza
resistance that is within a factor of 2 of that derived using
the NEGF + DFT approach. The NEGF + DFT approach, in
contrast to the eDMM, does predict the observed nonlinear
trend in thermal resistance while also comparing quite well
to experiment. Since the Kapitza resistances are quite similar
between the techniques, the discrepancy points to the the
centrality of the complexion on thermal transport for which
only the NEGF + DFT approach “sees.”

Examining alterations in the complexion with bilayer pe-
riod therefore provides a means to understand the causation
of the nonmonotonic thermal resistance trend. Structurally,
the relative amount of complexion making up the multilayer
is dependent on period due to the rather constant (∼10 nm)
thickness of the interlayer. This is in contrast to the extent of
the Al and Pt layers themselves, which continually decrease
in thickness with increasing period number. Quantitatively,
the finite thickness of the complexion means that the volume
percentage of the complexion within the multilayer increases
with the number of periods as is highlighted in the upper axis
of Fig. 4. In addition, changes in the multilayer periodicity
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alter the composition of the complexion as is apparent by
examining Fig. 2.

These period-dependent changes of composition and struc-
ture within the complexion each impact thermal transport.
For example, the complexion has a thermal resistance that
is heavily dependent on composition as exhibited in Fig. 3.
Changes in composition of the complexion as seen in Fig. 2
will thus necessarily impact the total thermal resistance of the
multilayer. Increasing the relative amount of the interlayer,
meanwhile, impacts thermal transport for two reasons. First,
the complexion necessarily has a higher thermal resistance
than does the pure crystalline metallic components. Second,
increasing amounts of the complexion act to “soften” the
material contrast at the boundaries and then remove the
boundaries altogether as the “multilayer” becomes effectively
a film composed entirely of the complexion. In the language
of thermal transport, the increasing amount of complexion in
the multilayer acts to reduce and then eventually remove the
Kapitza resistance [6].

To highlight this fact, NEGF + DFT-derived thermal re-
sistances were calculated apart from the contribution of
the Kapitza resistance stemming from the boundaries be-
tween amorphous alloy and the crystalline Al and Pt [i.e.,
RBD,NEGF+DFT in Eq. (5)]. These resistances are represented
by the open circles of Fig. 4 where the values smoothly
approach the resistance of the modeled monolithic 50/50
alloy. The simulations accounting for the Kapitza resistance
(closed circles of Fig. 4), meanwhile, exhibit a steeper trend
with the number of periods while also correlating well to
the measured results for the region where boundaries persist
between the pure metals and the interlayer. The differences
between the two curves, in turn, are indicative of the reduced
role that boundary scattering plays with increasing period
number. We therefore stipulate that the observed rollover in
thermal resistance occurs because scattering transforms from
being mediated through boundary scattering at larger bilayer
thickness to one in which point-defect scattering implicit to
the complexion dictates transport. The disorder mediated by
the complexion has acted to not just change the structure of
the film but so too the dominant transport mechanism.

At a higher level, this observation emphasizes not only the
central role that complexion may have on electron-dominated
thermal systems but also underscores the sometimes counter-
intuitive role that boundaries play on thermal transport. More
is not necessarily bigger. Increasing the number of bound-
aries is not inextricably linked to reduced thermal transport

even in electron dominated systems. Rather, as the number
of boundaries increase, the physical processes belying the
movement of energy can change as well. This change can
actually increase the efficiency by which heat is moved. Here,
disorder stemming from finitely sized complexions existing
between Al and Pt layers acted to enhance heat transport even
as the number of material boundaries increased.

IV. CONCLUSIONS

A complexion—i.e., an amorphous interlayer—existing
between adjacent regions of a material dictates thermal trans-
port in Al/Pt multilayers. This was deduced by observing
a nonmonotonic trend in thermal resistance as the number
of periods increased in these multilayers. To understand this
reduction in thermal resistance with increasing period num-
ber, structural characterization of the films was combined
with simulations leveraging density-functional theory in con-
cert with nonequilibrium Green’s functions to describe the
transport. Taken together, these efforts show that intermixing
occurs at the Al/Pt boundary leading to the creation of a
∼10 nm amorphous nanolayer complexion at every boundary.
The complexion dominates transport within the multilayers
facilitating a transformation from boundary- to point-defect
scattering that acts to ultimately reduce thermal resistance.
Engineering complexion is therefore a viable route to control-
ling thermal transport even in electron-dominated systems.
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