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Nanoscale Disorder Generates Subdiffusive Heat Transport in Self-Assembled Nanocrystal Films

Investigating the impact of nanoscale heterogeneity on heat transport requires a spatiotemporal probe of temperature on the length and time scales intrinsic to heat navigating nanoscale defects. Here we use stroboscopic optical scattering microscopy to visualize nanoscale heat transport in disordered films of gold nanocrystals. We find that heat transport appears subdiffusive at the nanoscale. Finite element simulations show that tortuosity of the heat flow underlies the subdiffusive transport, owing to a distribution of nonconductive voids. Thus, while heat travels diffusively through contiguous regions of the film, the tortuosity causes heat to navigate circuitous pathways that make the observed mean-squared expansion of an initially localized temperature distribution appear subdiffusive on length scales comparable to the voids. Our approach should be broadly applicable to uncover the impact of both designed and unintended heterogeneities in a wide range of materials and devices that can affect more commonly used spatially-averaged thermal transport measurements.

At the nanoscale, heat flow must navigate length scales intrinsic to material heterogeneities. [1][2][3][4][5][6][7] This process contributes to the macroscopic thermal properties of a material but is typically aggregated into bulk parameters that can obfuscate microscopic origins. It is well known that, in the cases of electronic and mass transport, heterogeneity has impacts beyond a simple reduction in diffusivity, leading to fundamentally different transport regimes such as subdiffusive behavior. 8- 15 Subdiffusion refers to a mean-squared expansion of an initially localized heat distribution evolving as t α , where α < 1, [START_REF] Bouchaud | Anomalous Diffusion in Disordered Media: Statistical Mechanisms, Models and Physical Applications[END_REF][START_REF] Metzler | The Random Walk's Guide to Anomalous Diffusion: A Fractional Dynamics Approach[END_REF] such that the effective thermal conductivity falls off as a power law with the length scale traversed, tending to zero in the infinite limit. [START_REF] Li | Anomalous Heat Conduction and Anomalous Diffusion in One-Dimensional Systems[END_REF] The ability to observe such behavior on the appropriate microscopic scales should therefore lead to mechanistic insights about the impact of defects on thermal transport.

The challenge of measuring nanoscale heat transport in heterogeneous media is that it requires a direct indicator of heat flow on the length and time scales of the encounters with nanoscale defects. [1][2][3][4][5][6][7][START_REF] Sood | Direct Visualization of Thermal Conductivity Suppression Due to Enhanced Phonon Scattering Near Individual Grain Boundaries[END_REF][START_REF] Sood | An Electrochemical Thermal Transistor[END_REF][START_REF] Olson | Spatially Resolved Thermoreflectance Techniques for Thermal Conductivity Measurements from the Nanoscale to the Mesoscale[END_REF][START_REF] Wang | Spatial and Temporal Nanoscale Plasmonic Heating Quantified by Thermoreflectance[END_REF][START_REF] Hartland | Optical Studies of Dynamics in Noble Metal Nanostructures[END_REF][START_REF] Pavlidis | Monitoring the Joule Heating Profile of GaN/SiC High Electron Mobility Transistors via Cross-Sectional Thermal Imaging[END_REF] Typically, thermal conductivity is measured on length scales orders of magnitude greater than the size of individual defects, yielding an average quantity. Ultrafast optical pumpprobe measurements of thin films do not typically image heat spreading, [START_REF] Olson | Spatially Resolved Thermoreflectance Techniques for Thermal Conductivity Measurements from the Nanoscale to the Mesoscale[END_REF] and length-dependent steady-state thermal resistance measurements lack dynamical information and require constraining sample geometries and mechanical properties. [START_REF] Tang | Length-Dependent Thermal Transport in One-Dimensional Self-Assembly of Planar π-Conjugated Molecules[END_REF] Although adequate in the limit that the scale measured far exceed those of material heterogeneities, the nanoscale heat transport properties, e.g., subdiffusion, may differ substantially from those obtained with typical measurements. Furthermore, the ability to obtain the combined spatial and temporal information required to establish relationships between nanoscale heterogeneity and nanoscale heat transport behavior has been lagging behind that of optical spatiotemporal techniques that probe electronic excited states in optoelectronic materials [START_REF] Akselrod | Subdiffusive Exciton Transport in Quantum Dot Solids[END_REF][START_REF] Ginsberg | Spatially Resolved Photogenerated Exciton and Charge Transport in Emerging Semiconductors[END_REF][START_REF] Akselrod | Visualization of Exciton Transport in Ordered and Disordered Molecular Solids[END_REF][START_REF] Wan | Cooperative Singlet and Triplet Exciton Transport in Tetracene Crystals Visualized by Ultrafast Microscopy[END_REF][START_REF] Yuan | Exciton Dynamics, Transport, and Annihilation in Atomically Thin Two-Dimensional Semiconductors[END_REF][START_REF] Kennedy | Ultrafast Excited-State Transport and Decay Dynamics in Cesium Lead Mixed Halide Perovskites[END_REF][START_REF] Penwell | Resolving Ultrafast Exciton Migration in Organic Solids at the Nanoscale[END_REF][START_REF] Zhu | Ultrafast Dynamic Microscopy of Carrier and Exciton Transport[END_REF][START_REF] Delor | Imaging Material Functionality through Three-Dimensional Nanoscale Tracking of Energy Flow[END_REF] because their contrast mechanisms generally do not directly report on heat.

Here we take advantage of the unique ability of the recently developed [START_REF] Delor | Imaging Material Functionality through Three-Dimensional Nanoscale Tracking of Energy Flow[END_REF] stroboscopic optical scattering microscopy (stroboSCAT) to spatiotemporally resolve nanoscale heat transport in films of colloidal Au nanocrystals (NCs). By virtue of its sensitivity to heat-induced local index of refraction changes, we resolve the expansion of a diffraction-limited heat pulse at room temperature with tens of nm and ~100 ps sensitivity. We find that heat transport in these NC films appears subdiffusive on the length and time scales of the measurement (100 ps -100 ns and 30-300 nm). By simulating heat transport in geometries constructed to approximate transmission electron micrograph (TEM) images of similar NC films, we find that subdiffusion emerges mechanistically when voids are present in the films on scales within our sensitivity range. We learn that heat transport is locally diffusive on the small length scales between voids but that the voids lead to subdiffusive nanoscale heat transport by constraining heat flow along more protracted, circuitous paths. In fact, recasting the mean-squared expansion from direct space to a geodesic metric recovers diffusive behavior. At scales longer than the scale of voids, heat transport again appears diffusive but with a lower conductivity than is observed in the microscopic contiguous regions of the film. We anticipate that this recent ability to detect heat transport on the scale of heterogeneities will find use with a broad range of systems for which heat is expected to flow through both deliberately and unintentionally-introduced nanoscale heterogeneities, including both imperfect materials and phononic devices. [START_REF] Chavez | Thermoreflectance Imaging of Percolation Effects and Dynamic Resistance in Indium Tin Oxide Nanoparticle Layers[END_REF][START_REF] Yazdani | Nanocrystal Superlattices as Phonon-Engineered Solids and Acoustic Metamaterials[END_REF] It also illustrates the extent to which bulk transport can be improved by demonstrating the true nanoscale intrinsic limit of the diffusivity.

To experimentally monitor nanoscale heat transport in Au NC films, we use stroboSCAT microscopy. stroboSCAT is a recently developed time-resolved interferometric optical scattering microscopy that can track both electronic and thermal energy flow at the nanoscale. [START_REF] Ginsberg | Spatially Resolved Photogenerated Exciton and Charge Transport in Emerging Semiconductors[END_REF][START_REF] Delor | Imaging Material Functionality through Three-Dimensional Nanoscale Tracking of Energy Flow[END_REF][START_REF] Delor | Carrier Diffusion Lengths Exceeding 1 Μm Despite Trap-Limited Transport in Halide Double Perovskites[END_REF][START_REF] Guzelturk | Nonequilibrium Thermodynamics of Colloidal Gold Nanocrystals Monitored by Ultrafast Electron Diffraction and Optical Scattering Microscopy[END_REF][START_REF] Folie | Effect of Anisotropic Confinement on Electronic Structure and Dynamics of Band Edge Excitons in Inorganic Perovskite Nanowires[END_REF] stroboSCAT measures transient changes to a material's local optical polarizability induced by a focused ultrafast pump laser pulse (Figure 1). [START_REF] Delor | Imaging Material Functionality through Three-Dimensional Nanoscale Tracking of Energy Flow[END_REF] These changes are measured by interferometrically detecting scattered probe light from the sample on a camera in wide-field and comparing it to a reference image taken in the absence of a pump pulse (Figure 1a). [START_REF] Delor | Imaging Material Functionality through Three-Dimensional Nanoscale Tracking of Energy Flow[END_REF] In the Au NC films, the resulting differential image contrast maps the spatial distribution of heat in the sample, as reflected by the transient change of the scattering cross-section of the films. 3,[START_REF] Guzelturk | Nonequilibrium Thermodynamics of Colloidal Gold Nanocrystals Monitored by Ultrafast Electron Diffraction and Optical Scattering Microscopy[END_REF][START_REF] Green | Measurement and Multilayer Model of Cooling of Gold Nanoparticles: Transient Thermoreflectance Experiments and Multilayer Analytical Modeling[END_REF][START_REF] Wilson | Thermoreflectance of Metal Transducers for Optical Pump-Probe Studies of Thermal Properties[END_REF][START_REF] Christensen | Relativistic Band Calculation and the Optical Properties of Gold[END_REF] Its time evolution is determined by repeating the measurement with progressively longer pump-probe delays (Figure 1b). We report the signal as ΔR(r,t)/R since the experiment is performed in a reflection geometry, where the scattered light is detected at the field level via interference with light reflected from the substrate-sample interface. [START_REF] Delor | Imaging Material Functionality through Three-Dimensional Nanoscale Tracking of Energy Flow[END_REF]42,43 Specifically, films of 4.4 nm diameter Au NCs capped with dodecanethiol (DDT) ligands were dropcast onto glass slides from a colloidal solution (Figure S1, Methods). We illuminate the Au NC film at room temperature with a 405 nm pump light pulse (∼100 ps), focused to a spot size with a full-width at half maximum (FWHM) of 590 nm (Figure 1a). The electrons excited at the d-s interband transition rapidly equilibrate with the lattice via electron-phonon coupling within the NCs within the duration of the pulse, [START_REF] Guzelturk | Nonequilibrium Thermodynamics of Colloidal Gold Nanocrystals Monitored by Ultrafast Electron Diffraction and Optical Scattering Microscopy[END_REF] and we visualize the time-dependent optical scattering profile of the resulting heat distribution with a wide-field 635 nm wavelength probe light pulse, detuned from the plasmon resonance peak at 514 nm, over a 0.1-100 ns time window (Figure 1a). With a 2σ-integrated excitation fluence of ~9 µJ/cm 2 , we estimate an average initial change in temperature on the order of a few Kelvin. [START_REF] Guzelturk | Nonequilibrium Thermodynamics of Colloidal Gold Nanocrystals Monitored by Ultrafast Electron Diffraction and Optical Scattering Microscopy[END_REF] The region of elevated temperature appears as negative (dark) contrast (Figure 1b). 3,[START_REF] Wilson | Thermoreflectance of Metal Transducers for Optical Pump-Probe Studies of Thermal Properties[END_REF][START_REF] Christensen | Relativistic Band Calculation and the Optical Properties of Gold[END_REF] By taking an azimuthal average of the spatial distribution of the transient scattering profile and fitting to a Gaussian function, we monitor in-plane heat diffusion, quantified by the mean-squared expansion, σ 2 (t) -σ 2 (0), with a few tens of nm spatial sensitivity that is determined by the signal-to-noise ratio rather than the diffraction limit (Figure 1c). We observe an associated root-mean-squared expansion of the heat profile from ~30 out to ~300 nm depending on the region interrogated in the film, corresponding to a range of 4 to 40 NC-NC center-to-center distances (Figure 1c,S2).

Our measurements point to subdiffusive heat transport in the colloidal NC films over a substantial portion of the three orders of magnitude of time delays considered. Figure 1c shows representative mean-squared expansion curves collected in thin and thick regions of two identically-prepared films (see Figure S2 for all curves). Fitting each data set to σ 2 (t) -σ 2 (0) ∝ t α yields different values of the exponent α in different regions of the film (Figure 1d, S2). In many regions, we find α < 1, suggesting subdiffusion. The exponent α increases with film thickness, as determined by atomic force microscopy correlated to the same region of a film probed with stroboSCAT (Figure S3), starting from 0.53 at a thickness of 9 nm up to ~1 for a 120-nm-thick film (Figure 1d). α also varies over the time window measured in some locations in the film. For example, in the 120-nm-thick region of the 4.4 nm NC film in Figure 1c the slope of the meansquared expansion on the log-log plot appears to increase with time, becoming approximately diffusive after ~10 ns, and was therefore fit piecewise. Around this time delay, we observe rootmean-squared expansions of ~40-140 nm, depending on the film thickness. The expansion during the diffusive time window of the 120-nm-thick film corresponds to a heat diffusion coefficient of (3.0 ± 0.2) ´ 10 -3 cm 2 s -1 , or thermal conductivity of approximately 0.3 W m -1 K -1 , similar to a previous study of analogous NC films (see Supporting Information). 50 Subdiffusive transport behavior is consistently observed in multiple films and over multiple regions within each one (Figures 1c,d andS2) and does not strongly depend on NC size-a film of 5.7 nm NCs exhibit analogous behavior to the 4.4 nm NC film (Figure S2)-which is consistent with macroscopic thermal conductivity measurements. [START_REF] Delor | Imaging Material Functionality through Three-Dimensional Nanoscale Tracking of Energy Flow[END_REF] Finally, in contrast to the subdiffusive behavior observed in the colloidal NC films, identical stroboSCAT measurements on a ~6 nm thick continuous polycrystalline Au film show normal diffusion with α = 1.0 ± 0.1, a diffusion coefficient of (1.1 ± 0.1) ´ 10 -1 cm 2 s -1 and thermal conductivity of 27 ± 2 W m -1 K -1 (Figure S4).

We hypothesize that the subdiffusive behavior in these NC films originates from spatial disorder in the NC packing that forces heat to navigate a geometrically-restricted environment induced by voids. While the nanoscale heterogeneities themselves are not directly resolved by the optical scattering technique, we support this correlation between subdiffusive behavior and the presence of voids below with the combination of the film thickness dependence of α (Figure 1d), heat transport simulations based on TEM images of a NC film (Figure 2a), and the normal diffusive behavior observed in polycrystalline Au (Figure S4). Specifically, the TEM image of an incomplete monolayer of 5.7 nm Au-DDT NCs (Figure 2a) shows voids on length scales ranging from single NC vacancies to a few hundreds of nm. 4.4 nm NCs exhibit packing behavior that is qualitatively similar to that of the 5.7 nm NCs in Figure 2a. While NCs may self-assemble on the surfaces of the glass slides used for stroboSCAT experiments differently than they do on carbon TEM grids, it is reasonable to expect that the NC films in the stroboSCAT experiments have similar structure to that in Figure 2a. [44][45][46] Even in multilayer regions of a film on TEM grids, similar voids are apparent (Figure S5), suggesting a likeness especially to thinner regions of the film. The below analysis suggests that normal diffusion occurs in the moderately well-packed regions and that the subdiffusion stems from heat having to circumnavigate the voids. 2a with voids and σd/⟨d⟩ = 13% (red circles), the same geometry but with the voids filled in with ligand material (orange triangles), and an ordered NC array without voids and σd/⟨d⟩ = 0 (grey squares). Corresponding temperature map time series appear in Figure S7. The heat diffusion coefficients, D, for the ligand-filled void (orange triangles) and perfectly ordered (grey squares) geometries, determined by fitting to σ 2 (t) -σ 2 (0) = 2Dt, are 1.7 and 1.9 ´ 10 -3 cm 2 s -1 , respectively. (e) Meansquared expansion curves comparing simulations of the geometry with voids based on TEM image of Figure 2a for σd/⟨d⟩ = 0%, 13% and 20%.

To test the hypothesis that voids can give rise to the experimentally observed subdiffusive behavior, we carry out finite element heat transport simulations in a disordered Au-DDT NC composite film (Figure 2b, S5) that approximates the experimental condition in the TEM image of Figure 2a. Simulations are initialized using a Gaussian profile (FWHM = 76 nm) of elevated temperature with a peak deviation from the background of ∆T = 1 K in the Au NC cores (Figure S7), reflecting the stroboSCAT experiments within the constraints of simulation tractability (see below). Fourier's equation is solved as a function of space and time to map the heat expansion subject to the boundary conditions dictated by the nonconductive voids and the NC-ligand interfacial resistance (Figure 2b, Methods). Figure 2c shows how the simulated temperature profile expands over time from 0 to 100 ns in the TEM-inspired film configuration with local spatial disorder and voids. Consistent with ultrafast electron diffraction observations, [START_REF] Guzelturk | Nonequilibrium Thermodynamics of Colloidal Gold Nanocrystals Monitored by Ultrafast Electron Diffraction and Optical Scattering Microscopy[END_REF] on the shortest timescales beneath our experimental time resolution (~100 ps), heat transport is virtually instantaneous within the NC cores and transfers across the NC-ligand interface such that the subsequent evolution is limited by the relatively slow conduction in the ligand material (Figure S8). As heat flows around the voids over 100 ps -100 ns, the profile develops anisotropy. Mimicking the stroboSCAT analysis, the temperature profiles are azimuthally averaged and then fit to a Gaussian function to obtain the mean-squared expansion (Figure 2d), revealing a subdiffusive exponent of α = 0.80 (Figure 2d, red).

Interestingly, filling the voids with ligand material (Figure S6 and S7), recovers the diffusive behavior with near-unity α, despite the disorder in the NC positions (Figure 2d, orange). Both this result and a simulation on a perfectly ordered hexagonal lattice without voids (Figure 2d, grey) yield α = 0.98, differing only slightly in their diffusion coefficients, likely due to the reduced volume fraction of the highly conductive Au. Note that the deviation between these results and α = 1 is likely noise due to a combination of factors, such as simulation tolerance, resolution, and fitting, and provides an estimate of the magnitude of the uncertainty in the approach. Small increases or decreases to the inter-NC separation disorder (Figure S6 and S7), characterized by σd/⟨d⟩, the separation's standard deviation normalized to its mean, introduce small changes to the resulting α, increasing from 0.80 for 13% disorder to 0.87 for 0% disorder (Figure 2e, blue) and decreasing to 0.76 for 20% disorder (Figure 2e, purple). This tuning of the extent of subdiffusivity can be rationalized in terms of the relative number and size of voids that disrupt the local connectivity in the film (Figure S6). Our findings suggest that even though dense regions of a NC solid can display essentially crystalline local order even in submonolayer regions of a film (Figure S5b), subdiffusive transport can still occur on scales comparable to any voids.

The resemblance between the simulated subdiffusive heat transport and the experimental stroboSCAT data suggests that the simulations capture the essential underlying physics. The value of α in the TEM image-based simulation geometry lies roughly in the middle of the range of experimental values found in different regions of the dropcast NC films. The precise value of α depends on the local NC packing order (Figure 2e), and likely also on the size distribution and arrangement of voids, which can feasibly change in different films and different regions of the same film. Additionally, the size of the simulation geometry and consequently the initial temperature distribution size were limited by computational power. Separately, the magnitude of the mean-squared expansion found in the simulations underestimates those of the experiments by a factor of 1-20, with the largest deviations occurring at early times. This quantitative discrepancy could be due to the impact of the inherently 3D geometry of the films measured in experiments, the interaction with the glass substrate altering the experimentally observed mean-squared expansion, or overestimates of the ligand thermal or density parameters employed in the simulations (Methods), due, for example, to ligand coverage. 47 In addition, our simple model does not account for the possibility of ballistic phonon/electron transport within NC cores or between NC cores that are in direct contact, which could enhance the transport over small distances at early times in particular. 48 To further validate our void-induced subdiffusivity hypothesis, we compare the simulated temperature map to a map of geodesic distances in the simulated film and show that diffusive transport is recovered in geodesic space. The geodesic distance (ℓmin) between two points is the length of the shortest path between them through contiguous material (i.e., in the solid phase, avoiding voids). 49 Figure 3 compares a contour map of the geodesic distance from the central NC (Figure 3a) to a contour map of the temperature after 100 ns of evolution (Figure 3b), using the geometry of Figure 2b (Figure S9). The initial condition used in this simulation elevates the temperature of the central NC alone (Figure S7e). Moving out from the center, voids disrupt the path connectivity, making the shortest, geodesic distance one that curves to circumnavigate voids. The boxed regions in Figure 3a show representative locations where contours curve radially inward on the more radially distant sides of voids, resulting in notable increases in ℓmin relative to the radial distance r from the central NC. The temperature map at 100 ns (Figure 3b) bears a strong resemblance to the geodesic map (Figure 3a) in that temperature contours curve radially inwards on the more radially distant sides of voids (boxed regions of Figure 3b). In fact, plotting the meansquared expansion along the geodesic coordinate as a function of time, ⟨ℓmin 2 (t)⟩, 49 recovers the diffusive behavior, with α = 0.99 (Figure 3c, Figure S9). Additional correlations between local void area fraction, local geodesic distance and the "instantaneous" exponent α(t) appear in Figure S9 and S10 and associated text. Altogether, the observation that we recover diffusive behavior in geodesic space suggests that the voids are responsible for the nanoscale subdiffusive heat expansion measured in Euclidean space. Conceptually, radial heat expansion slows down as it wraps around the voids, actually moving over a distance of ℓmin rather than r. Thus, while locally heat flows diffusively according to the heat diffusion equation through contiguous regions of the film, the boundary conditions imparted by the voids cause heat to navigate circuitous pathways that make the observed meansquared expansion subdiffusive on the scale of the voids. On scales distinctly smaller (Figure 3c) or larger (Figure 1c) than voids, diffusive behavior is still observed. While subdiffusive transport is observed routinely in spatiotemporal nanoscale electronic transport measurements, [11][START_REF] Gu | Non-Gaussian Transport Measurements and the Einstein Relation in Amorphous Silicon[END_REF][START_REF] Akselrod | Subdiffusive Exciton Transport in Quantum Dot Solids[END_REF][START_REF] Lee | Can Disorder Enhance Incoherent Exciton Diffusion?[END_REF] stroboSCAT's contrast mechanism and spatiotemporal nature have allowed us to observe heat subdiffusion, with sensitivity on the length and time scales on which the temperature gradient encounters defects. We explore the implications of having this new information below, both by placing the nanoscale observations into the broader context of a larger dynamic range of scales and dimensionality and by describing how the nanoscale observations impact our interpretation of bulk properties. We furthermore speculate on how this information could be used to control energy flow in materials at all scales.

Our experiments indicate that in the NC films studied here, the apparent thermal conductivity is scale-dependent over the few-to hundreds-of-nm-sized voids, which motivates a discussion relating the observed properties across scales. The highest thermal conductivity is observed at the shortest length and time scales, [START_REF] Guzelturk | Nonequilibrium Thermodynamics of Colloidal Gold Nanocrystals Monitored by Ultrafast Electron Diffraction and Optical Scattering Microscopy[END_REF] reflecting transport in the most completely/densely packed regions of the film. As the initially localized heat distributions continue to expand and the scale of the mean squared expansion becomes comparable to those of voids, the expansion rate progressively decreases. [START_REF] Guzelturk | Nonequilibrium Thermodynamics of Colloidal Gold Nanocrystals Monitored by Ultrafast Electron Diffraction and Optical Scattering Microscopy[END_REF] On length scales significantly larger than those of the heterogeneities, transport returns to a diffusive regime, as observed in the thicker regions of our films (Figure 1c). Such length-dependent thermal conductivity has been predicted theoretically for subdiffusive systems. [START_REF] Bouchaud | Anomalous Diffusion in Disordered Media: Statistical Mechanisms, Models and Physical Applications[END_REF][START_REF] Li | Anomalous Heat Conduction and Anomalous Diffusion in One-Dimensional Systems[END_REF] Interestingly, previous measurements of thermal conductivity in similar Au-DDT NC films fashioned into superlattices found no thickness dependence for films as thin as ~30 nm, 50 implying normal diffusion; we find a length scale of a few tens of nm to be the transition threshold between subdiffusive and normal transport regimes in our films (Figure 1). Our results suggest that the importance of subdiffusive transport and associated heterogeneity is greatest for lowerdimensional materials since material connectivity increases with dimension. [44][45][46] In other words, voids present a greater obstacle to transport when the heat flow cannot detour by traveling around a void in an orthogonal dimension.

We suspect that subdiffusive heat transport at the nanoscale may be a common phenomenon in systems with nanoscale heterogeneity. A macroscopic measurement of such a system would average over the impact of the heterogeneities and yield a conductivity smaller than that which could be achieved in the absence of the heterogeneity. 7,[START_REF] Li | Anomalous Heat Conduction and Anomalous Diffusion in One-Dimensional Systems[END_REF][START_REF] Guzelturk | Nonequilibrium Thermodynamics of Colloidal Gold Nanocrystals Monitored by Ultrafast Electron Diffraction and Optical Scattering Microscopy[END_REF] By virtue of revealing the relationship between variations in structure to variations in transport, nanoscale thermal conductivity measurements should be valuable to rationalize and improve the bulk thermal properties of materials: the extent to which nanoscale measurements reveal anomalous diffusion and the scales on which it occurs can provide important microscopic information on the origins of suboptimal conduction at larger scales. For example, the distribution of sizes, shapes, and locations of voids could potentially lead to different transport behaviors associated with their characteristic scales that impact macroscopic flow in various ways. [START_REF] Chen | Two-Dimensional Diffusion in the Presence of Topological Disorder[END_REF]49 The nanoscale structure-function relationships that we have shown can pave the way to conceptualizing and designing subdiffusive heat transport in a range of systems beyond NC arrays, such as low-dimensional nanostructures and amorphous polymers. [START_REF] Tang | Length-Dependent Thermal Transport in One-Dimensional Self-Assembly of Planar π-Conjugated Molecules[END_REF]51 Because the mechanism of nanoscale subdiffusive heat transport found here is geometric in nature, it could apply wherever heat must navigate indirect pathways. For example, this picture could explain the subdiffusive transport inferred in planar π-conjugated molecular nanoribbons, provided that defects in the single crystalline structure were imposing transport barriers to circumnavigate. [START_REF] Tang | Length-Dependent Thermal Transport in One-Dimensional Self-Assembly of Planar π-Conjugated Molecules[END_REF] Furthermore, in bulk amorphous polymers, where thermal conductivity is strongly suppressed compared to that in individual molecular chains due to the tortuous path taken by thermal vibrations, it would be interesting to explore whether heat transmits subdiffusively. 51 Tortuosity-based design principles for heat management could be intentionally leveraged, [START_REF] Chavez | Thermoreflectance Imaging of Percolation Effects and Dynamic Resistance in Indium Tin Oxide Nanoparticle Layers[END_REF] for example, to control the path of heat flow, or to tailor heat flow over specific length scales.

We have presented an observation of, and a mechanistic model for, nanoscale subdiffusive heat transport in composite Au NC-ligand films. Together, the experiments and simulations demonstrate that subdiffusive heat transport can occur at the scale of realistic voids in disordered nanoparticle solids, and we suggest that it is likely to occur in other materials with similar heterogeneities. Locally, heat travels diffusively in contiguous regions of the film, but tortuosity makes the transport subdiffusive on length scales of the voids. Beyond heat transport, the nature of the heterogeneity studied here would lead to subdiffusive electronic or mass transport as well, which could also be captured using stroboSCAT, either separately or in combination. Furthermore, stroboSCAT could be used to map nanoscale heat flow in a wide range of systems, potentially revealing the role of defects and heterogeneities, and also enabling realistic comparison of transport in deliberately nanostructured or microstructured devices with performance anticipated by their ideal design. Moreover, combined with temperature calibration, this approach could be adapted to construct absolute temperature maps of high interest for far-from-equilibrium thermodynamics studies at the nanoscale.
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Methods

Sample Preparation. Spherical Au NCs with average diameters of 4.4 and 5.7 nm were prepared based on a previously described protocol with oleylamine as the native ligand. 1 The particles were gently precipitated using ethanol and then redispersed in toluene at a concentration of 20 mg/mL. Ligand exchange to DDT was performed by adding an excess of DDT to this solution followed by stirring for 15 min at room temperature. The Au NCs were then precipitated with ethanol and redispersed in toluene. Films used for stroboSCAT measurements were deposited in a N2 atmosphere by placing a 10 μL drop of 10 mg/mL solution of Au NCs in toluene on a 24 × 50 mm VWR #1.5 glass coverslip and allowing it to dry at 1 atm. Glass substrates were cleaned by 10 min sonication in acetone, followed by 10 min sonication in isopropyl alcohol, then immediately dried under a flow of filtered nitrogen, and finally cleaned with an O2 plasma for 3 min in a reactive ion etch chamber.

The sputtered Au film was fabricated at the Biomolecular Nanotechnology Center at UC Berkeley. The Au film was achieved on a DC magnetron sputter gun with argon gas with a rotating substrate holder. The deposition rate was 61 Å/s for a duration of 1 s. The deposition power was 406 Watts at a sputter current of 0.4 amps. The chamber partial pressure with argon was 20 millitorr achieved at 0.04-0.05 sccm.

Transmission Electron Microscopy. TEM micrographs were recorded on an FEI Technai F30 microscope operating at 300 kV on a graphitic carbon substrate from Ted Pella. Atomic Force Microscopy. AFM of the films used for stroboSCAT was performed using an MFP-3D-BIO (Asylum Research) equipped with a BudgetSensors aluminum reflex coated silicon AFM probe Tap150AL-G-50 (Ted Pella, Inc.), and images were collected with 512 × 512 pixels at a scan rate of 0.5 lines per second in tapping mode. Film thickness was determined by comparing relative heights of the position of interest, correlated to the pump-off optical scattering image of the corresponding region, to a fiducial mark, made with a razor blade, within the same image. Reported film thickness correspond to the average and standard deviation over an area that was approximately twice the pump spot size of 590 nm FWHM.

stroboSCAT Measurements. The experimental setup for stroboSCAT measurements has been previously described in detail. 2 Briefly, two laser diodes were used for the pump (LDH-D-C-405, PicoQuant) and the probe (LDH-D-C-640, PicoQuant) with center wavelengths of 405 and 635 nm, respectively, which were controlled by a laser driver (PDL 828-S "SEPIA II" equipped with two SLM 828 driver modules and a SOM 828-D oscillator, PicoQuant). We used a laser repetition rate of 2 MHz, with the pump modulated at 660 Hz, while the pump-probe delay times were controlled electronically using the driver with 20 ps resolution. Both pump and probe were spatially filtered through 25 μm pinholes. The pump beam was telescoped to a ∼6 mm diameter, while the probe beam was telescoped to 1 mm and focused into the back focal plane of the objective of a home-built microscope using an f = 300 mm wide-field lens. The two beams were combined using a long-pass filter (DMLP505, Thorlabs), and a 50/50 beamsplitter reflected both beams into a high numerical aperture (1.4 NA) oil-immersion objective (Leica HC PL APO 63×/1.40 NA) and onto the sample, resulting in an overlapped confocal pump and wide-field probe illumination, respectively. Probe light reflected from the sample-substrate interface as well as scattered from the sample are collected through the same objective; the probe light is isolated with a long-pass filter (FEL550, Thorlabs) and focused onto a charged metal oxide semiconductor (CMOS) detector S3 with 5.86 μm square pixels triggered at 660 Hz (PixeLINK PL-D752, equipped with a Sony IMX 174 global shutter sensor) using an f = 500 mm lens placed one tube length (200 mm) away from the back focal plane of the objective. The total magnification is 63 × 500/200 = 157.5, giving 37.2 nm/pixel. stroboSCAT images are generated by taking the difference between pump-on and pumpoff raw pixel intensities, normalized to the raw pump-off intensities, yielding ΔR/R contrast images. Averaged pump-off images are simultaneously recorded at each time delay. Setup automation and data acquisition are implemented in LabVIEW 2014 64-bit. Data analysis and plotting is performed using a combination of ImageJ (Fiji), 3 MATLAB, and Igor Pro. Experiments were conducted at 295 K. The 4.4 and 5.7 nm Au NC films were excited with 2σ-integrated fluences of 9 and 6 µJ/cm 2 , respectively. The pump powers were chosen to be in a regime where the spatially integrated signal decay was independent of pump power.

COMSOL Simulations. COMSOL Multiphysics® 5.5 (COMSOL Inc., Los Angeles, CA) finite element software was used to simulate heat transport in our NC films. The simulations were conducted using the built-in Heat Transfer in Solids module. We model Au-DDT NCs as 5.7 nm diameter Au circles with 1.8 nm thick ligand shells, with a ligand density based on calculated NC surface coverage. 4 Custom material properties were specified. Au NC cores were given the properties of bulk Au: a density of 19,300 kg m -3 , thermal conductivity of 310 W m -1 K -1 , and heat capacity of 129 J kg -1 K -1 . DDT was given a density of 281 kg m -3 , thermal conductivity of 0.13 W m -1 K -1 , and heat capacity of 2043 J kg -1 K -1 . [4][5][6][7] The ligand density employed was determined by assuming faceted NCs, by taking an average over the full volume occupied by a given NC's ligand shell, and by assuming incomplete space filling between NC cores to reflect a disordered film. It is also consistent with the lower end of densities reported in the literature. [4][5][6][7] Simulation geometries constructed starting with a 2D hexagonal lattice with center-to-center distances of ⟨d⟩ = 7.5 nm, then voids were made by deleting NCs and their ligand shells based on the TEM image of Figure 2a, then local site disorder in NC center positions was achieved by making random displacements in the x-and y-directions were drawn from a Gaussian distribution characterized by σd. The Gaussian-distributed NC-NC distances within the non-void regions of Figure 2b reflect the characteristics of the local disorder in Figure 2a with inter-NC separations of ⟨d⟩ ± σd = 7.5 ± 1.0 nm (σd/⟨d⟩ = 13%) for each dimension of the simulation. Overlapping ligand regions (invisible in TEM) were then merged into one effective ligand component such that densities are not additive. The Au-DDT interface is treated as an equivalent thin resistive layer with a layer conductance of 600 MW m -2 K -1 . 4,8 Heat transport through the voids, experimentally composed of air, is neglected. The boundaries of the simulation geometry are insulated from the environment. 300 K was used as the ambient reference temperature, and simulations are initialized using a Gaussian profile (FWHM = 76 nm) of elevated temperature with a peak of 301 K (∆Tmax = 1 K) in the Au NC cores in Figure 2, or with only the central NC elevated to 301 K in Figure 3. The mesh was constructed using triangular elements. The finite element simulation solves the heat equation using a quadratic Lagrange discretization to calculate the time dependence of the temperature profile with a relative tolerance of 0.0001.

The simulated temperature profiles as a function of time were treated analogously to the stoboSCAT data, taking a 360° azimuthal profile average in ImageJ, fitting to a Gaussian function over time, and calculating σ 2 (t) -σ 2 (0) to produce mean-squared expansion curves (Figure 2d). The geodesic map was calculated from the center of the central NC of the simulation geometry, using ImageJ using the MorphoLibJ plugin package. 
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Thermal diffusivity and conductivity

To find a representative heat diffusion coefficient of the Au NC films studied here, the meansquared expansion curve of the 120-nm-thick region in Figure 1c was fit to the function σ 2 (t)σ 2 (0) = 2Dt over the 3-100 ns time window where α ~ 1, giving a heat diffusion coefficient of D = (3.0 ± 0.2) ´ 10 -3 cm 2 s -1 . We estimated the corresponding thermal conductivity, k, by calculating k = DρCp, where ρ is the volume fraction-weighted density of the composite medium and Cp is the mass-weighted specific heat capacity. 9 The volume fraction of the 4.4 nm Au-DDT film was estimated from Figure S1a to be 0.23, and the density and heat capacity values used for the simulations (Methods) were used to give an approximate value of k of 0.3 W m -1 K -1 , consistent with previous literature values. 9 Treating the mean-squared expansion curve of the ~6 nm thick sputtered Au film (Figure S4) in the same manner as above gives D = (1.1 ± 0.1) ´ 10 -1 cm 2 s -1 and k = 27 ± 2 W m -1 K -1 , consistent with being an ultra-thin polycrystalline film. 10,11 
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Heat Transport Simulation Results

Figure S7 shows the simulated temperature maps over time for additional simulation geometries not presented in the main text. Within 100 ps of the initial temperature elevation in the Au NC cores-the experimental pulse duration-heat has transferred through the Au-DDT interface and the temperature profile within each individual NC is uniform due to fast heat conduction (Figure S8); the only gradients in the film are found in the more weakly conducting interstitial ligand material between nearest, connected NC neighbors. Beyond 100 ps, the granularity of the composite materials is apparent yet small compared to the length scale of the profile. 

Determination of <ℓmin 2 >

We determined the mean-squared expansion in geodesic space, <ℓmin 2 >, found in Figure 3c for the simulation geometry with voids and σd/⟨d⟩ = 13% in the following manner. We compared the geodesic distance map (Figure 3a) and simulated time-dependent temperature maps (Figure S7e) to map the temperature onto the associated geodesic distance as a function of time, placing a point on the ℓmin-∆T/Tmax space scatter plot in Figure S9a for each simulation grid point at each of the simulation times indicated in the legend. In order to directly compare geodesic distance and simulated temperature maps, it was necessary to use the initial conditions of raising the temperature of only the single central NC rather than the broader initial profile in Figure 2c that is more representative of the finite-sized pump laser excitation because the geodesic distance is measured from a single point. We then found the half width at half max (HWHM) of the resulting temperature profiles, and calculated HWHM 2 (t) -HWHM 2 (0) to produce the mean-squared expansion curve in Figure 3c. We chose to use a HWHM analysis here because the initial temperature profile is not Gaussian, though the profiles become consistent with Gaussian functions as time progresses.

To provide more intuition for the comparison of the expansion of the temperature profile over time and the geodesic distance, Figure S9b andc In order to further relate the correspondence of the geodesic and temperature maps of Figure 3 to subdiffusivity, we show that decreases in α are correlated with encountering voids and increases in ℓmin. Figure S10a,b shows the geodesic distance map and the temperature map at 100 ns for an initial condition in which only the central NC is elevated to ∆T = 1 K (Figure S7e). Regions I and II highlight representative regions where the contours curve radially inwards on the far sides of voids. These maps were plotted from the same data as in Figure 3a,b of the main text, only showing a region of interest that highlights the correlations discussed herein. Within the radial wedge highlighted in Figure S10a, we calculated the area fraction of the voids (Figure S10c) as well as the ratio ℓmin/r (Figure S10d) as function of r. Consistent with the geodesic distance contour map, increases in ℓmin relative to r occur on the far side of voids because the geodesic distance has to circumnavigate the voids to get there. Finally, we developed another metric whose radial dependence also strongly correlates to those of the void fraction and geodesic distance: we found the instantaneous subdiffusive exponent as a function of time, α(t), by taking the derivative of the S11 azimuthally averaged mean-squared expansion of heat within the radial wedge indicated in Figure S10b. Because α(t) cannot be plotted against r directly, we calculated the root-mean-squared expansion as a function of time, RMSE(t) = sqrt[σ 2 (t) -σ 2 (0)], since it provides a length scale that can also be related to time delay t. We then made a parametric plot of α(t) against RMSE(t) (Figure S10e) that could be directly compared to the respective plots of the void fraction and of ℓmin/r against r (Figure S10c,d). Together, Figures S10c-e show that the positions of the voids show some degree of correlation to decreases in α(t), and some degree of anticorrelation to spikes in the geodesic distance; likewise, increases in α(t) are somewhat correlated to spikes in the geodesic distance. The shaded regions I and II in the radial plots are representative examples that highlight transitions from within a void to the far side of voids (Figure S10c) over which ℓmin increases (Figure S10d) and where α returns towards ~1 after being <1 (Figure S10e). We note that the average value of α for this wedge and initial condition over the 0.1-100 ns time window is 0.70, differing from the value of 0.80 found with a larger initial temperature profile and complete azimuthal averaging (Figure 2d), which shows that the degree of subdiffusivity varies within regions of the film.

Figure 1 .

 1 Figure 1. (a) Schematic of the stroboSCAT experiment, in which the sample is excited with a focused pump light pulse and then the subsequent heat diffusion is imaged using a wide-field probe pulse after a controlled time delay. (b) Representative ground-state scattering image (pump off) and stroboSCAT time series on a 120 nm thick region of a film of 4.4 nm Au NCs with DDT ligands. (c) Representative mean-squared expansion curves of thin and thick regions of two different 4.4 nm Au-DDT films. The mean-squared expansion curve of a 10 nm thick region is fit to give a single value of α of 0.7 ± 0.1. A 120 nm thick region of an identically-prepared film is fit over 0.1-10 ns to give α = 0.6 ± 0.1 and separately over the 3-100 ns to give α = 1.0 ± 0.1. (d) Thickness dependence of α for different regions of a single 4.4 nm Au-DDT film, where α was fit over the 1-100 ns in each case. The subdiffusive regime (α < 1) is shaded grey, and the diffusive regime (α = 1) is indicated with a dashed line. See raw data in Figure S2a.

Figure 2 .

 2 Figure 2. (a) Representative TEM image of 5.7 nm Au-DDT film on which simulation geometries are based. (b) Simulation geometry with voids present and 13% inter-NC separation disorder (σd/⟨d⟩). (c) Simulated temperature map time series for NC array from (b). (d) Mean-squared expansion curves comparing simulations of the geometry based on TEM image of Figure2awith voids and σd/⟨d⟩ = 13% (red circles), the same geometry but with the voids filled in with ligand material (orange triangles), and an ordered NC array without voids and σd/⟨d⟩ = 0 (grey squares). Corresponding temperature map time series appear in FigureS7. The heat diffusion coefficients, D, for the ligand-filled void (orange triangles) and perfectly ordered (grey squares) geometries, determined by fitting to σ 2 (t) -σ 2 (0) = 2Dt, are 1.7 and 1.9 ´ 10 -3 cm 2 s -1 , respectively. (e) Meansquared expansion curves comparing simulations of the geometry with voids based on TEM image of Figure2afor σd/⟨d⟩ = 0%, 13% and 20%.

Figure 3 .

 3 Figure 3. (a) Contour maps of the geodesic distance from the central NC in nm and (b) the temperature 100 ns after raising the temperature of the central NC by ∆T = 1 K for the same simulation landscape as Figure 2. The central NC core is indicated with a red dot. (c) Log-log plot of the mean-squared expansion along the geodesic distance as a function of time, ⟨ℓmin 2 (t)⟩, for the same simulation.
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S4Figure S1 .

 S1 Figure S1. TEM images of (a) 4.4 and (b) 5.7 nm diameter Au NCs used in this manuscript.

Figure S2 .

 S2 Figure S2. (a) Mean-squared expansion curves for 4.4 nm Au-DDT NC films as a function of film thickness. Fitted values of α appear in Figure 1d. (b) Representative mean-squared expansion curves for several regions within the 5.7 nm Au-DDT NC film, where α ranges from 0.42 to ~1 in different regions of the film. Spot 1 has α = 0.45 ± 0.08 when fit over 0.1-20 ns, and α = 0.97 ± 0.09 for 10-100 ns. Spot 2 has α = 0.78 ± 0.16 over 0.1-100 ns. Spot 3 has α = 0.42 ± 0.11 over 0.1-100 ns.

Figure S3 .

 S3 Figure S3. Representative (a) pump-off optical scattering and (b) AFM images of a 4.4 nm gold NC film with DDT ligands from correlated stroboSCAT and AFM. Regions probed using stroboSCAT corresponding to data in Figure 1d and S2 are highlighted with circles to scale for a 590 nm pump spot size.

Figure S4 .

 S4 Figure S4. Control experiment showing normal heat diffusion in a ~6 nm thick polycrystalline Au film compared to 4.4 nm Au-DDT NC film.

Figure S5 .

 S5 Figure S5. TEM image of (a) multilayer compared to (b) submonolayer film of Au NCs with DDT ligands.

Figure S6 .

 S6 Figure S6. Simulation geometries. TEM-based voids with local displacements of (a) σd/⟨d⟩ = 0, (b) σd/⟨d⟩ = 13% and (c) σd/⟨d⟩ = 20%. (d) No voids and local order σd/⟨d⟩ = 0. (e) Same geometry as in (b) but voids filled with ligand. Scale bar (black) is 100 nm in all panels.

Figure S7 .

 S7 Figure S7. Simulated temperature maps over time for additional geometries that may be directly compared with Figure 2c. (a) Ordered NC array with no voids and σd/⟨d⟩ = 0. (b) Voids filled in the ligand material and σd/⟨d⟩ = 13%. (c) Film with voids and σd/⟨d⟩ = 0. (d) Film with voids and σd/⟨d⟩ = 20%. Figure panels (a)-(d) used a Gaussian profile (FWHM = 76 nm) of elevated temperature with a peak of ∆T = 1 K in the Au NC cores. The corresponding radial mean-squared expansion curves (Figure 2d,e) were constructed by azimuthal averaging fitting the temperature profiles to a Gaussian function over time. (e) Geometry of Figure 2b with voids present and σd/⟨d⟩ = 13%, but with initial temperature of only the central NC core raised to ∆T = 1 K.

Figure S8 .

 S8 Figure S8. NC-to-ligand heat transfer. (a) Close-ups of simulated temperature maps of the ordered NC array from Figure S7a at 0 and 0.1 ns. (b) Temperature profiles of the corresponding line cuts in (a).

  Figure S9. (a) Scatter plots yield the one-dimensional temperature profile versus geodesic distance over time after raising the temperature of the central NC by ∆T = 1 K, obtained by mapping the simulated temperature profile from Figure S7e onto the geodesic distance from Figure 3a at each grid point. (b) Contour map of the average geodesic distance corresponding to ∆T/Tmax = 1/2 as a function of time. (c) Expansion of the ∆T/Tmax = 1/2 contour of the temperature profile as a function of time after raising the temperature of the central NC by ∆T = 1 K. All panels feature the TEMinspired geometry with voids and σd/⟨d⟩ = 13% from Figure 2a.
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