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ABSTRACT: Precise spatial control of light-induced heating is critical across ‘-
photothermal applications ranging from laser therapies to materials processing yet
remains difficult in the presence of complex refractive interfaces. For example, laser
warming of cryopreserved specimens requires uniform, rapid heating, but refractive
distortions produce damaging thermal gradients that compromise viability. We present op
MetaHeat, a metasurface-based wavefront engineering framework for programmable Vi
photothermal heating in complex media. MetaHeat addresses the coupled challenge of L)1
light propagation and subsequent heat transport by combining angular-spectrum wave
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propagation with transient diffusion in a unified, differentiable framework. Applied to

laser warming, MetaHeat navigates a high-dimensional metasurface design space—with thousands of meta-atoms—constructing
wavefronts that suppress hot and cold spots, reducing spatial temperature variance by over an order of magnitude (~31X) in a
representative target. We observe similar improvements in additional geometries, suggesting the approach is general and provides a
route to programmable photothermal heating in complex refractive media.
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C ontrolling where light deposits energy is a central
challenge in photothermal systems, because the spatial
distribution of optical intensity directly determines the
resulting temperature field. This need arises across a wide
range of applications: in some, focused laser beams are used to
drive highly localized thermal processes such as melting,
cutting, welding,l’2 and laser-based additive manufacturing,-3 in
others, shaped light fields are required for targeted energy
delivery in photothermal applications, such as cancer
therapy,4_6 laser treatment,7_9 microsurgery,10 and cryopre-
servation.'" Related challenges also arise in applications such as
optogenetics and neural stimulation, where light needs to be
focused through highly scattering brain tissue to activate
targeted neurons with high spatial specificity.'”'” Across this
diverse range of examples, the common requirement is not just
the delivery of optical intensity, but the ability to prescribe and
maintain a desired spatial pattern of energy deposition within
the target (Figure la).

However, in many important applications, it is difficult to
obtain the desired spatial intensity profile due to the presence
of multiple refracting interfaces. A particularly compelling
example is laser warming of cryopreserved biological samples,
which requires highly uniform and rapid heating. Uniform
heating is crucial because the critical warming rate (CWR)
must be exceeded everywhere in the sample to prevent
intracellular ice formation that causes cell death. Ice nucleated
at any sub-CWR site grows rapidly, compromising specimen
viability.'* In this setting, light propagates through a
geometrically and optically complex target with multiple
interfaces (droplet to air boundary, specimen boundaries,
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intracellular boundaries, etc.). These interfaces strongly distort
the incident wavefront, generating hot and cold regions
(Figure 1b) that translate into nonuniform heating.ls’16
Because these thermal gradients are difficult to suppress
directly, one strategy has been to inject scatterin§ nanoparticles
into the droplet and biological specimen.ls’1 1% However,
such approaches can suffer from poor redistribution of
particles, loss of directionality due to randomized orientation,
and concerns related to cytotoxicity and long-term stabil-
ity. 1821

Beyond such specimen-modification strategies, a range of
optical platforms can also be used to shape spatial wavefronts,
including microlens arrays,”**"** freeform optics,”*° and
programmable devices such as liquid-crystal spatial light
modulators,®' ™33 digital micromirror devices,**** and deform-
able mirrors.>*~>® However, although such methods have been
used to shape beams in free space or at designated target
planes, the challenge in many photothermal applications is
more demanding because the target itself reshapes the
wavefront. Addressing this challenge requires an inverse-design
framework that directly links the incident optical wavefront to
the resulting thermal field. For programmable heating, the
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Figure 1. Photothermal heating challenge and the MetaHeat framework. (a) Schematic of the photothermal design challenge: irradiation
propagates through a system with complex refractive interfaces to produce a spatiotemporal heat deposition pattern, but achieving prescribed
thermal patterns is difficult due to refractive distortion at multiple interfaces. (b) A representative example: in laser thawing of cryopreserved
biospecimens, successful warming requires rapid and highly uniform internal heating; however, under unstructured irradiation, refractive interfaces

distort the incident wavefronts (the self-lensing effect’>'9),

forming hot and cold regions that damage the specimen and compromise viability. In

contrast, a metasurface-structured wavefront is designed to account for both refraction and subsequent heat diffusion, yielding a substantially more
uniform temperature field. (c) The MetaHeat photonic-thermal modeling chain maps metasurface parameters to the time-evolved temperature
field. Meta-atoms locally control the phase of the wavefront that evolves across the domain to produce the intensity distribution lu(x)I%, which acts
as a source term Q(x) in the heat diffusion equation. The chain is end-to-end differentiable, enabling direct gradient computation (e.g., T/dp; for

each meta-atom i) for efficient inverse design.

relevant design objective is not simply optical focusing or
homogenization in free space, but the generation of a
prescribed temperature response inside the matter after
accounting for both refraction at all interfaces and time-
dependent heat diffusion throughout the target. This is
inherently a coupled photonic-thermal challenge, and its
practical solution depends on a framework that accurately
captures the underlying physics while remaining computation-
ally efficient to optimize wavefronts with many degrees of
freedom.

Here, we present a metasurface-based wavefront engineering
framework for programmable photothermal heating in complex
media (“MetaHeat”). Our approach combines an angular-
spectrum wave propagation model with a Fourier-domain
transient heat diffusion model to establish a direct, end-to-end
differentiable mapping from metasurface phase parametrization
to the time-evolved temperature field. MetaHeat enables
efficient inverse design of large metasurfaces (with thousands
of independently tunable meta-atoms) by directly linking each
meta-atom’s phase to the resulting thermal response. Applying
this strategy to the problem of uniform warming of

cryopreserved samples, we demonstrate that wavefronts can
be structured to suppress the internal hot and cold spots that
arise under under conventional irradiation (Figure 1b and
Table S1) Although laser warming provides a motivating
example here, MetaHeat is general and offers a route to
programmable heat delivery in optically complex media.
Figure 1c illustrates the MetaHeat framework and the overall

metasurface design process. Let p = [pl, J pN] eRY

denote the vector of unconstrained design variables, where
each p; corresponds to a single meta-atom in the metasurface.
We map p to a bounded phase profile ¢ in a manner that
avoids discontinuities due to 27 wrapping, namely, ¢, = 7
tanh(p,), where ¢; € (=7, x). This smooth bounding operation
preserves differentiability while enforcing a physically reason-
able phase range for each design meta-atom. Our assumption is
that each meta-atom in the metasurface has a spatial size of g,
which is also the period of the meta-atom. This leads to the
total number of design variables equal to N = L/a, where L is
the size of the metasurface.

Next, the set of independent meta-atom design variables p;
(or, equivalently, meta-atom phases ¢;) is mapped to the
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metasurface aperture and a wave propagation solver is used to
calculate the complex field throughout the propagation
domain. First, the discrete phase set ¢; is upsampled to a
finer pixel grid commensurate with the resolution of the wave
propagation solver. If ¢(x) denotes the interpolated/
upsampled phase profile, the aperture field at the metasurface
plane z = 0 can be expressed as uy(x) = A(x) ¢?™_ Given the
aperture field uy(x)l,-o, the wave propagation method solves
the Helmholtz equation by decomposing the field into plane
waves.”” In the angular spectrum formulation, the field is
evolved along the propagation direction as

u(x, z + Az) = Plu(x, z), n]
= F {Flulx, 2)}-H(n, Az)} (1)

where P is the propagation operator expressed in terms of the
spatial Fourier transform &, and

H(n, Az) = exp(i/(nk,)* — k> Az), which is the propaga-
tion transfer function over transverse spatial frequencies k,.
Here, ky = 27/A is the free-space wavenumber and # is the
refractive index. In our case, the presence of a target object
leads to a nonhomogeneous refractive index profile n(x, z). To
account for refractive index nonhomogeneity, each transverse
slice can be decomposed into regions of unique refractive
indices. If there are K unique refractive index values (n,, n,, ...,
ng) in a slice of the propagation domain, the field propagator is
augmented as

K
u(x, z + Az) = 2 Mj(x)‘P[u(x, z), n]
j=1 ()

where M](x) is a binary mask; i.e., M](x) =lifn(x z) = n; and
0 otherwise. This propagator neglects lateral coupling across
index boundaries and is most appropriate when forward
propagation dominates, index variations are resolved with
sufficiently small Az, and strong resonant recirculation is
absent. Its suitability for the present geometries is supported by
direct comparison with full-wave FDTD simulations in Figure
S2. The end result is the mapping of the meta-atom phase
distribution ¢b to the evolved field u(x, z) over the irradiated
target object.

Once the irradiated field is known, the intensity of that field
becomes a source in the heat diffusion equation (Figure 1c).
Specifically, the time-dependent heat diffusion inside the target
object can be expressed as

W =aV'T(x, z, t) + Q(x, z, t) 3)
where T is the temperature field, @ is the material thermal
diffusivity, and Q is the source term. In standard models of
electromagnetic-induced heating, the local heat generation rate
is assumed to be proportional to the electromagnetic power
absorbed by the material, which, in turn, is proportional (for
linear media) to the electromagnetic field intensity. Therefore,
we express the spatial heating source term as Q(x, z, t) = ylu(x,
z, t)I>, where the constant of proportionality ¥ is a material-
dependent coefficient determined by the absorption properties
(e.g., the imaginary part of the permittivity or an effective
absorption coefficient). Next, from the standpoint of computa-
tional efficiency and automatic differentiability, we reformulate
the time-dependent heat diffusion equation (3) in Fourier
space as

N —ak*AE
T(k, k,, t + At) = e 2. T(k,, k,, t)
1— e—aszt

+ T‘Q(kx; k., t) @)

where T and Q are the Fourier transforms of the spatial
temperature field T(x, z) and spatial heating field Q(x, z), and
k* = k> + k.* the corresponding Fourier wavenumbers. In the
Supporting Information, we provide the derivation of eq 4,
along with the details of implementing the heat diffusion
equation boundary conditions at the target object interface.
Because laser warming occurs over a millisecond time scale
while the sample remains predominantly vitrified, heat
transport is dominated by conduction, whereas internal
convection and external convective and radiative heat losses
are negligible relative to the volumetric laser energy deposited
within the specimen. Once the temperature is time-stepped in
Fourier space according to eq 4, the real-space temperature

field can be recovered as T(x,z,t) =F {T(t)}. In
particular, T(x, z, t) represents the temperature rise relative
to the initial uniform temperature T, For clarity, we
henceforth refer to temperature rise as T(x,zt).

A key aspect of our approach is to make the entire modeling
chain outlined in Figure lc—namely, p — ¢ — uy(x)l,og —
u(x, z) - Q(x, z) = T(x, z, t)—differentiable and compatible
with modern autodifferentiation implementations. Autodiffer-
entiable modeling refers to the ability to compute exact
derivatives of model outputs with respect to all input
parameters throu%h algorithmic differentiation, rather than
finite differences.””*' Developed to train neural networks by
efficiently propagating gradients through complex computa-
tional chains, these techniques now underlie major machine
learning libraries and pro§ramming languages, such as Python/
Jax, Julia, and others.”*~** This approach is aligned with recent
inverse-design efforts in thermal photonics, including struc-
tures optimized to achieve prescribed spectral absorption,
reflection, and emission properties.”*® In our case, because all
operations (FFT, pointwise multiplication, inverse FFT, etc.)
are differentiable, the gradient chain of the full map
Z—Z = %-i—%-;—;~%’~% directly relates the spatial temperature
field to meta-atom design variables p. Correspondingly, for any
figure of merit that is a scalar function of temperature L(T)
(e.g., temperature uniformity), the gradient with respect to

each meta-atom design variable (i.e., each meta-atom phase) is

computed via backpropagation ‘2—1. Reverse-mode autodiffer-
p

entiation is closely related to the adjoint method and can be
interpreted as automatically constructing the discrete adjoint.
The advantage in the present framework is the ability to obtain
gradients through a multistage photonic-thermal computation
chain without the need to manually derive separate adjoint
formulations for each stage. Unlike conventional one-sided
finite-difference approaches, which require N + 1 simulations
for a system with N parameters (and 2N for central
differences), autodifferentiability provides all gradients using
a single forward pass followed by a backward pass, at a total
computational cost on the order of two simulations,
independent of the number of parameters N. This distinction
is essential for our metasurface design. A metasurface may
comprise thousands of meta-atoms, each with an independ-
ently tunable phase, resulting in thousands of design variables.
Under these conditions, finite-difference gradient estimation
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Figure 2. (a) Optimizing metasurface phase profile for heating uniformity: spherical target. Unstructured wavefront irradiation: (b,) resulting time-
evolved temperature field and (b,) its frequency distribution. Optimally structured metasurface wavefront phase profile: (c,) resulting time-evolved
temperature field and (c,) its frequency distribution. Normalized temperature corresponds to the average temperature. Here, R = S0 ym, H = 150
um, and refractive index n = 1.5. Further optimization additionally improves temperature uniformity (Table S1 and Figure SS) but increases
sensitivity to uncertainties in the target offset and refractive index (Figure S6).

becomes computationally prohibitive, whereas the MetaHeat
framework of Figure lc remains tractable and well-suited for
the design of metasurfaces for coupled photonic-thermal
applications, such as light-induced heating.

Figure 2 illustrates the MetaHeat design strategy for
achieving uniform light-induced heating within a spherical
object. We consider a metasurface aperture positioned at a
distance H = 150 pm from an object of radius R = 50 um,
refractive index n = 1.5, and thermal diffusivity @ = 0.127
mm?/s; the wavelength of the incident beam is 4 = 1064 nm
(Figure 2a). These parameter values are motivated by prior
studies on laser-induced thawing of cryopreserved samples."
As a baseline case, we first examine unstructured irradiation,
corresponding to a spatially constant phase ¢ = 0 across the
aperture plane. Figure 2b, shows the resulting temperature rise
T after a heating duration of ¢, = 2 ms (a characteristic heating
time'”***). Since our focus is on the temperature distribution
within the object, it is informative to plot the normalized
temperature rise T(x, z)/(T), where (T) denotes the average
temperature rise within the object, namely,

(T) = /Q T dA/ /Q dA. This is because the average temper-

ature rise is proportional to the incident optical power and can
thus be rescaled without altering the normalized temperature
distribution. The temperature rise shown in Figure 2b,
indicates a pronounced hot spot in the bottom region and
cold spots along the sides, reflecting the self-focusing effect of a
spherical interface (Figure 1b). The variation in temperature is
substantial: the rise in the hot region is nearly six times larger
(5.9%) than in the cold regions (for example, if the incident
beam power is adjusted such that the average temperature rise
within the object is 50 °C, the temperature rise in hot spots is
close to 100 °C, whereas the temperature rise in the coldest
regions remains below 20 °C). Figure 2b, shows the
corresponding histogram of the temperature rise distribution.

We proceed to design the metasurface phase profile that
minimizes the nonuniformity functional

L(T) = Var(T/u(T)) + GP(ﬂ(T) - /"targec)z' The first term

denotes the variance of normalized temperature rise T over the
object domain ; it directly quantifies nonuniformity and is
the primary quantity we seek to minimize. The second term
sets the target mean penalty, where

w(T) =(T) = fg'f"dA/fQ dA is the mean. Without the target

mean penalty term, the optimizer could trivially achieve zero
variance by deflecting all light away from the object. Setting €,
and i, based on a baseline design anchors the optimization
to physically meaningful power levels. Finally, we minimize
L(T) with respect to design variables p using the L-BFGS
gradient-based optimization algorithm, with gradients
0L(T)/dp computed via automatic differentiation. Figure 2c
shows the optimized phase profile qﬁopt(x). We assume a meta-
atom size of a = 0.4 um, corresponding to a total of N = 2, 000
meta-atoms across the aperture.

Similar to Figure 2b,, which showed the temperature rise
within the object for an unstructured phase profile (equivalent
to the absence of the metasurface), Figure 2c¢; shows the
temperature rise for the optimized phase profile. The resulting
temperature rise is significantly more uniform and tightly
clustered around the average value. As before, we plot the
temperature rise normalized by the spatially averaged temper-
ature rise. From the histogram of the temperature distribution
(Figure 2c,), we observe that 83.4% of the object lies within
10% of the average temperature rise. This means that, for
example, if the incident beam power is adjusted such that the
average temperature rise is 50 °C, then 83.4% of the object
experiences a temperature rise within 45—55 °C, with the
coldest (hottest) spot at 42 °C (61 °C) temperature rise.
Opverall, temperature variance is approximately 31 times lower
than for unstructured irradiation, corresponding to ~5.6X
reduction in the standard deviation of the normalized
temperature distribution. Additional optimization can further
improve temperature uniformity, as shown in Table SI and
Figure S5 (e.g., variance reduction of ~91X), but increases
sensitivity to uncertainties in the target offset and refractive
index (Figure S6).
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Figure 3. Optimizing metasurface profile for heating uniformity in related geometries. (a,_,) Elliptical target: (a,) optimal phase profile; time-
evolved temperature field for (a,) unstructured and (a;) structured (optimized) wavefront; (a,) temperature histogram. (b,_,) Spherical target with
centered inclusion: (b) optimal phase profile; time-evolved temperature field for (b,) unstructured and (b;) structured wavefront; (b,) temperature
histogram. (c,_,) Spherical target with off-centered inclusion: (c,) optimal phase profile; time-evolved temperature field for (c,) unstructured and (c;)

structured wavefront; (c,) temperature histogram.

In Figure 3, we demonstrate that the same approach can be
applied to a target object with an arbitrary shape. As a first
extension, we consider an ellipse-like object with a height of H
= 130 yum and diameter D = 100 yum, with results shown in
panels a;_, in Figure 3. The optimized phase profile resembles
that of the spherical case (Figure 2c), though here the
optimized aperture is wider. This is consistent with the
elongated geometry of the ellipse, which benefits from a
broader aperture to achieve improved uniformity. As in the
spherical case, an unstructured phase profile produces a self-
focusing effect, resulting in a hot region along the central axis
and two colder regions along the sides (Figure 3a,). In
contrast, the optimized phase profile yields a much more
uniform temperature distribution (Figure 3a;). From the
histogram of the two temperature profiles (Figure 3a,), we
observe that the unstructured phase profile produces a broad
distribution: if the average temperature rise is 50 °C, the cold
spots have minimum temperature of 9 °C while the hotspots
reach 150 °C. In contrast, the optimized phase profile yields a
much more uniform distribution, with 85% of the object
domain lying within 10% of the average temperature rise.

Next, we investigate the case of an object with an inclusion
as an example of a nonhomogeneous refractive index profile
inside a target object (Figure 3b,_,). The concentric inclusion
has a size of r = 20 ym and refractive index of n; = 1.8. For
unstructured irradiation, the presence of the inclusion leads to
increased self-focusing, producing a more pronounced temper-
ature rise contrast between the hot and cold regions. The
optimized metasurface phase profile is again able to achieve a
more uniform temperature profile. The histogram in Figure 3b,
shows that 85.4% of the object domain lies within 10% of the
average temperature rise. Finally, we shift the position of the

inclusion within the object to create a nonsymmetric
irradiation target (Figure 3c;_4). In this case, the optimized
metasurface phase profile is no longer symmetric. Nevertheless,
its ability to improve heating uniformity is maintained. As we
see from the histogram of the temperature profiles, 76.5% of
the object domain lies within 10% of the average. Improve-
ments in variance, standard deviation, and temperature range,
along with additional optimization results, are summarized in
Table S1.

To better understand the impact of the metasurface on
transient heating, we compare the temporal evolution of the
temperature fields for the case of the unstructured irradiation
without a metasurface and structured irradiation with the
metasurface (Figure 4). The temperature distributions are
evaluated at four time points (0.5, 1, 2, and 4 ms) with the
irradiation source continuously on during this interval. In each
case, the temperature rise is normalized to the average
temperature rise at ¢ = 2 ms to enable direct comparison
across time. When the metasurface is not present (Figure
4a,_,), heat diffusion progressively broadens the temperature
distribution during the heating process. As time increases, the
contrast between hotter and colder regions becomes more
pronounced, as quantified in Figure 4c, where the temperature
spread continues to grow. In contrast, when the metasurface is
present (Figure 4b,_,), the initially localized temperature
distribution peak evolves differently. Although thermal
diffusion still occurs, the temperature profile remains
significantly narrower over time, indicating improved spatial
confinement and reduced thermal nonuniformity compared to
the nonmetasurface case. Figure 4d visualizes the temporal
evolution of this comparatively narrow temperature distribu-
tion made possible by the optimized metasurface.
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Figure 4. Spatiotemporal temperature distribution and corresponding
histograms during laser heating. (a,_,) Histograms for unstructured
irradiation at t = 0.5, 1, 2, and 4 ms show progressive broadening of
the temperature distribution as heat diffuses through the medium.
(b,_4) Histogram evolution of structured wavefront irradiation at the
same time points shows a consistently narrow temperature
distribution throughout the heating period. Evolution of temperature
distribution for unstructured (c) and optimally structured (d)
irradiation.

In summary, this work demonstrated that metasurfaces can
be used to structure irradiation wavefronts to achieve uniform
light-induced heating within objects whose complex refractive
interfaces would otherwise produce pronounced hot and cold
spots. This was made possible by a differentiable photonic-
thermal framework that combined an angular spectrum wave
propagation model with a Fourier-domain transient heat
diffusion model (“MetaHeat”), establishing a direct mapping
from the metasurface phase parametrization to the spatial
temperature rise within the target object. In this manner, the
temperature distribution at any point within the object could
be traced back to each individual meta-atom through the

gradient 0T/ dp, enabling an efficient pathway for metasurface

design. Applying this approach to a representative spherical
target, we showed that the spatial temperature variance can be
substantially reduced, with similar improvements observed in
related geometries (e.g, elliptical target, target with embedded
inclusion). We note that MetaHeat can be seen as
complementary to nanoparticle-assisted laser warming. Nano-
particles can enhance absorption and, in some regimes,
scattering, but scattering effects are limited by uncontrolled
particle orientation, which can prevent deterministic correction
of refractive hot and cold spot patterns. On the other hand,
MetaHeat reshapes the incident wavefront before absorption
occurs, directly compensating for refractive distortions. The
two approaches can be combined, with nanoparticles providing

enhanced absorption and MetaHeat optimizing the spatial
profile of optical energy delivery.

We discuss several relevant extensions. This work focuses on
a concept-proof analysis in two dimensions (2D) and the
reported numerical values should not be interpreted as
quantitative predictions for full 3D targets. Nevertheless,
while the quantitative results would change in 3D, the coupled
differentiable, photonic-thermal formulation is not intrinsically
limited to 2D: a 3D implementation would replace the 2D
optical and temperature fields with their 3D analogs and the
metasurface phase profile with a two-dimensional phase mask.
The propagation of the wavefront within the medium is
governed by the level of absorption. Here, we consider regimes
in which the incident wavefront can propagate through the
object and interact with all internal interfaces. As shown in
Figure S1, increased absorption modifies the optimal metasur-
face design, indicating that the solution is, in general,
absorption-dependent. In the limit of strong absorption, the
incident wavefront may not reach the opposite side of the
object, in which case bidirectional irradiation (e.g, front and
back side) may be required, an extension that could be
incorporated within the present framework.

Experimentally, the framework could be validated in stages:
first, metasurface-generated intensity profiles could be
recorded in photochromic or photobleaching polymer micro-
structures to verify the predicted optical energy distribution;
next, temperature-sensitive dyes or thermochromic reporter
materials could be used to record transient temperature rise
and test the predicted improvement in thermal uniformity.
Likewise, the angular spectrum method employed here is most
appropriate for scenarios with a dominant forward-propagating
field and does not capture strong or resonant light recirculation
(e.g, in an optical cavity). This is not expected to be a
significant limitation for photothermal heating in biological
media, which are sufficiently incoherent and nonresonant at
the relevant wavelengths. Consistent with this, comparison
with full-wave simulations supports the validity of our
approach. Figure S2 shows the simulated wavefront evolution
obtained with the finite-difference time-domain (FDTD)
method, which solves the full Maxwell’s equations subject to
discretization limits set by the spatial and temporal
resolution.*” Similarly, Figure S3 shows the temperature profile
computed using a finite-difference scheme to solve the heat
diffusion equation, serving as a reference benchmark and
showing strong agreement. Having validated the intensity
distribution against FDTD and the temperature field against
the finite-difference heat solver, we then designed an example
TiO, metasurface implementing the optimized phase profile
(Figure 2c) for uniform heating of a cylindrical target. Figure
S4 shows that the resulting intensity and temperature
distributions are in good agreement with those predicted by
the MetaHeat model.

Finally, the thermal model employed here assumes a
premelt, no-phase-change heating scenario. This could be
extended by incorporating a moving solid—liquid boundary, for
example, through a phase-field or level-set formulation coupled
to the heat diffusion equation.”””' Nevertheless, although the
present model is limited to the premelt regime, a spatially
uniform temperature field at the onset of transition ensures
that the transition threshold is reached simultaneously across
the sample, reducing the risk of under-warmed regions that
could fall below the critical warming rate and promote
devitrification, while also limiting overheated regions that
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could damage the specimen. Because the optimization
framework is differentiable, robustness to fabrication toler-
ances, alignment errors, and refractive index uncertainty can be
incorporated directly into the optimization objective. More
broadly, MetaHeat complements the efforts to use structured
photonic materials for thermal management, including
radiative cooling coatings, selective emitters, and inverse-
designed multilayer or composite structures.””>’ Looking
forward, the ability to structure light for controlled heating
in optically complex and heterogeneous media could enable
new approaches to microscale thermal management, photo-
thermal therapies, and materials processing and manufacturing.
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