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The Tesla valve benefits the rectification of fluid flow in microfluidic systems' ¢ and
inspires researchers to design modern solid-state electronic and thermal rectifiers
referring to fluid-rectification mechanismsin aliquid-state context. In contrast to the
rectification of fluids in microfluidic channels, the rectification of thermal phononsin
micro-solid channels presents increased complexity owing to the lack of momentum-
conserving collisions between phonons and the infrequent occurrence of liquid-like
phonon flows. Recently, investigations and revelations of phonon hydrodynamicsin
graphitic materials’'® have opened up new avenues for achieving thermal rectification.
Here we demonstrate a phonon hydrodynamics approach to realize the rectification
of heat conductioninisotopically enriched graphite crystals. We design a micrometre-
scale Tesla valve within 90-nm-thick graphite and experimentally observe adiscernible
15.2% difference in thermal conductivity between opposite directions at 45 K. This
work marks animportant step towards using collective phonon behaviour for thermal

management in microscale and nanoscale electronic devices, paving the way for
thermal rectificationin solids.

Inmicrofluidics, the Tesla valve, invented and patented by Nikola Tesla
in1920 (ref. 1), is widely used to manipulate fluid flow? . The inherent
asymmetry of the Tesla valve leads to the distinct fluid-flow behaviours
in opposite directions. In the reverse flow direction, the viscous fluid
encounters notable impedance, whereas in the forward direction,
the flow experiences considerably less resistance. Thus, it realizes the
rectification of fluid flows without the need for any moving parts>®.

Analogous to macroscopic phenomenain fluid dynamics, the collec-
tive motion of electrons or phonons manifests extraordinary hydrody-
namic electrical™ ™ or thermal**™ conduction in solids. In particular,
phonon hydrodynamics shows peculiar characteristics of collective
behaviours, such as the second sound®®?, phonon Poiseuille flow'*15?,
phonon vortex**?? and phonon Knudsen minimum?®2, Despite the
recent observations of hydrodynamic thermal phenomena, contem-
porary phonon hydrodynamics remainsinan exploratory phase, with
practical applications yet to be realized. This is primarily attributed
to stringent observation conditions’” and the limited availability of
materials capable of hydrodynamic phonon transport®%,

On the other hand, the rectification of thermal conduction has
promising application in engineering thermal energy, demonstrat-
ing potential capability in the design of thermal diodes** 2. The
thermal-rectification effect has been claimed in many solid systems
comprising two components with different temperature-dependent
thermal properties® . It allows stronger heat flux in one direction
and weaker heat flux in the opposite direction. However, induction
of external treatments is required to trigger a phase transition of the
material® or atomic-scale synthesisis required to avoid further effects
arisingfrom heat conduction across interfaces between heterogeneous

compounds®. Furthermore, trapezoidal and asymmetric nanoporous
structures have been devised to achieve rectification of thermal con-
duction in homogeneous material systems>® 3%, However, either arela-
tively large temperature difference is required to achieve the thermal
rectification®* or the directivity of the thermal behaviour is limited
to the demonstration of local rectification effects within nanometre/
submicrometre scales®**,

Inthis study, we designed asymmetric structuresinspired by the Tesla
valve used in hydrodynamics (Fig. 1a). We fabricated micrometre-scale
samples using graphite, a material known for its inherently robust
hydrodynamic phonon behaviour®°*, Using the thermoreflectance
technique, we examined the thermal properties and rectification effects
exhibited by the suspended graphite Tesla valve across the temperature
range of 10-300 K. Analogous to hydrodynamics, the thermal rectifi-
cation observed in solid graphite is attributed to hydrodynamic-like
phonon flows in the Tesla valve. The concept of ahydrodynamic phonon
Teslavalve in this work holds promise for achieving thermal rectifica-
tionwithin complex micrometre-scale structures, thereby introducing
new prospects for thermal manipulation using phonon hydrodynamics.

Samples and experiments

Ingraphite, the out-of-plane phonon modes induced by the interlayer
interactions of graphene are largely populated at the I' point®**°, This
leads to intense anharmonic collisions among phonons with small
wavevectors, consequently promoting frequent normal scattering in
amomentum-conserving manner?*, The strength of such conserva-
tion of phonon momentum plays a crucial role in the maintenance
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Fig.1|Graphite Tesla valves and thermal characterization. a, Optical
microscopeimage of graphite Tesla valves in forward (top) and reverse (bottom)
directions. Scale bar, 10 pm. b, Schematic of phonon hydrodynamic flowsina
graphite Teslavalveinthereverse case. Arrowsindicate the paths of the phonon
hydrodynamic flows. Inset, schematic of the pump-probe thermoreflectance
measurement. ¢, Example fitting of the experimental curve of the TDTR signal

of hydrodynamic phonon flows and corresponds closely to the vis-
cosity in fluid flows’. On the other hand, carbon-based materials have
arelatively high Debye temperature (approximately 2,000 K)*? and
large-wavevector phonon modes are not populated at temperatures
muchbelow their Debye temperature. Consequently, graphite exhibits
atemperature window in which the hydrodynamic phonon flow occurs
owing to predominance of normal scattering®72*%,

Recent works have reported that the hydrodynamic phonon trans-
portis strongly hindered by external defect scattering, including iso-
topes”®and vacancies*. To minimize these effects, we used isotopically
enriched graphite crystals (comprising 99.98% 2C and 0.02% *C). Con-
currently, electron backscatter diffraction (EBSD) analysis confirmed
thesingle-crystalline structure of the graphite samples (Methods and
Extended DataFig.1). The observed single crystallinity of the samples
creates amore conducive environment for hosting collective phonon
behaviour, minimizing further external scattering arising from poly-
crystalline grain boundaries.

We performed experiments based on a well-developed fabrication
and measurement system tailored for micrometre structures of exfoli-
ated materials. The main heat-flow channel of the graphite Tesla valve
had length 26 pm and width 4.5 pm, with the bent channel having a
width equivalent to that of the main channel. Both the forward and
reverse structures were fabricated on asingle graphite flake with a uni-
formthickness of 90 nm (Extended DataFig.2). Areversalin heat-flow
direction was realized by inverting the heat source and the heat sink
after carefully excluding the impact of different resistances at the
boundaries of these two ends (details in Methods and Extended Data
Fig.3). We suspended the structures to avoid heat loss through the sub-
strate and placed the samples ina cryostat with high vacuum (<10~ Pa)
tofacilitate low-temperature measurement down to10 K. The thermal
properties of the graphite Tesla valve were measured using the micro-
second time-domain thermoreflectance (L-TDTR) method (Fig. 1b)
and the values of thermal conductivity were obtained by processing
the data with finite element method (FEM) simulations (Fig. 1c-e and
details in Methods). We prepared three graphite samples, namely,
S1-S3, and the following experimental results are taken from the last
sample (S3) unless indicated otherwise.
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by FEM simulationsin aforward structure at 45 K. The thermal conductivity of
the graphite Tesla valve was extracted by obtaining the best fit. d, Histogram
ofrecorded thermal decay times during one measurement. e, Temperature
distributionin the Tesla valve structurein the forward direction simulated by
FEM. a.u., arbitrary units.

Thermal conductivity of the graphite Tesla valve

We measured the thermal conductivity (k) of the graphite Tesla valve
for both forward and reverse directions in the temperature range
10-300 K.At10 K, we obtained comparable values of k for both forward
(k;=4.18 £ 0.11Wm™K™) and reverse (k, = 4.14 + 0.04 Wm™ K™) direc-
tions. The negligible difference indicates that, at low temperatures, at
whichinternal phonon-phononscattering is absent, ballistic phonons
excited by the heat sourceinrandomdirections cantraversetheentire
structure—including both the main and the bent channels—unimpeded
by anything except the boundaries of these channels.

Figure 2illustrates the Monte Carlo simulations that were conducted
toinvestigate the behaviour of the graphite Tesla valve in the absence
ofthe hydrodynamic effect. Specifically, phonons were initiated from
the heat source, exhibiting arandomized distribution of frequenciesin
accordance with Planck’s distribution at a temperature of 10 K. Their
trajectories covered the entire Tesla valve channels, terminating at the
cold ends, as depicted in Fig. 2a,c for the forward and reverse cases,
respectively. The corresponding heat-flux maps, presentedin Fig. 2b,d,
manifested a flux mainly through the main channel from the hot to
cold ends in both scenarios. Details of the Monte Carlo method can
be found in Methods and our previous works** ¢,

The analysis of the phonon mean free paths spectrum within the
Teslavalve structures is shownin Fig. 2e. The spectrasuggest that the
predominant confinement of phonon mean free paths occurs within
the characteristic size, primarily corresponding to the width of the
channels. Such confinement is attributed to the dominant boundary
scattering observedin the ballistic regime for both forward and reverse
directions. Consequently, this confinement explains the negligible
difference between k;and k, at 10 K under particle phonon transport
approximation. These simulations help to ensure that the given geom-
etries create no thermalrectification outside the hydrodynamic regime.

With a gradual increase in temperature, anharmonic lattice vibra-
tions intensify, leading to stronger phonon-phonon interactions**5,
In contrast to Umklapp scattering, which violates the conservation
of phonon momentum in k-space, normal scattering preserves pho-
non momentum during collisions, closely resembling the collision
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Fig.2|Monte Carlo simulations of the phonon Tesla valve. a-d, Phonon
paths and heat-flux maps of the Tesla valve in forward (a,b) and reverse (c,d)
directions at10 K. Scale bar, 5 pm. e, Phonon mean-free-path spectraof the

dynamics observed between fluid molecules. Analogous to the viscous
fluid flow in afinite-width channel with a parabolic flow profile, known
as Poiseuille flow, the hydrodynamic flow of phononsis shaped by the
interplay between normal scattering and boundary scattering at the
channelwalls. To establish the hydrodynamic phonon flow, or phonon
Poiseuille flow, the following conditions must be met*’: predominance
of normalscatteringto realize the Poiseuille flow of phonons within the
channel under amacroscopic description (thatis, Ay < W, in which Ayis
the mean free path of normal scattering and Wis the channel width) and
sufficiently weak resistive scattering, including Umklapp and defect
scattering, to minimize phonon momentum loss (thatis, A1z > W2, in
which A is the mean free path of resistive scattering).

Previous theoretical studies predicted the hydrodynamic pho-
non flow in graphite within both temperature (20-90 K) and width
(2-20 pm) windows***3, A recent experimental study reported the
observation of Poiseuille flow of phonons in isotopically enriched
graphite with channel widths of3.3and 5.5 um, respectively™. Our Tesla
valve channels, with awidth of 4.5 pm, are designed within the hydro-
dynamic width window. This design ensures the hosting of hydrody-
namic phonon flows within the specified temperature regime, thereby
enabling the phonon hydrodynamic effects.

Asthe temperatureincreasesabove 20 K, in the forward case (Fig. 3a),
the collective flow of phonons maintained by the normal scattering
passes predominantly through the main channel of the Tesla valve. Only
asmaller fraction of phonons deviatesinto the bent channel, entering
atanangle opposite to the direction of heat flow, as evidenced by our
thermal energy map simulations (Extended Data Fig.4). However, inthe
case of the reverse direction (Fig.3b), two hydrodynamic phonon flows
diverge fromthe heat source. One passes through the main channeland
the otheris diverted to the bent channel with astraight entrance. The
convergence of these two hydrodynamic phonon flows subsequently
causes the redirection of the phonon momentum and the loss of the
heat flux at the exit of the bent channel, as depicted in Fig. 1b. Such a
nonlinear thermal behaviour would be established only in the hydrody-
namic regime and consequently introduce aresistance to the thermal
transport, resultingin areduced thermal conductivity compared with
thatobservedinthe forward case. InFig.3c,anappreciable difference
between k;and k, isevidenced from 25to 60 K, the temperature range
situated within the hydrodynamic temperature window?**,

Thermalrectificationin the graphite Tesla valve

In fluid dynamics, the efficiency of rectification (or diodicity) using a
Teslavalveis expressed as the ratio of the flow resistance inthe reverse
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from Monte Carlo simulations showing no rectification in the ballistic regime.

direction to that in the forward direction? Similarly, we defined the
diodicity of the heat flow in our graphite Tesla valve structures as the
ratio of the thermal conductivity in the forward direction to thatin
the reverse direction, D = ki/k.. Therefore, the rectifying effect in the
graphite Tesla valve is manifested when thermal conduction in the
forward direction is less resistive than that in the reverse direction,
thatis, when Dis greater than1.
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Fig.3|Thermal conductivity of the graphite Tesla valve. a,b, Optical
microscopeimages of the graphite Tesla valvein forward and reverse directions,
respectively. Arrows indicate the directions of heat flows. Scale bars, 5 pm.

¢, Thermal conductivity of the graphite Tesla valve in forward (cyan triangles) and
reverse (red triangles) directions. Error bars denote the standard deviations (o)
of kvalues from 3 to 10 measurements for each structure (forward or reverse) at
agiventemperature.
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Fig.4|Thermalrectificationinthe graphite Teslavalve. a,b, Thermal diodicity
(theratio of thermal conductivity in the forward, k;, and reverse, k,, directions)
asafunction of temperaturein graphite Tesla valve samples S1-S3 (a) and
thesilicon Tesla valve (b). The orange region shows the calculated phonon
hydrodynamic temperature window of a4.5-um-wide graphite channelinour

Figure 4ashows the thermal diodicity of the graphite Tesla valve from
10t0300 K. Below 20 K, the diodicity remains at the baseline value of 1,
suggesting that phonon transport through the Tesla valve is the same
in both directions. As the temperature increases, phonons exhibit
a collective motion maintained by momentum-conserving normal
scattering. At around 45 K, phonon hydrodynamic fluxes formed in
the graphite Tesla valve channels, in which resistive Umklapp scat-
tering is still scarce. As discussed earlier, the asymmetric structure of
the Tesla valve facilitates unhindered flow of phonons in the forward
direction, whereas the flow is more resistive in the reverse direction.
Consequently, the thermal conductivity for the forward case is 15.2%
higher than that for the reverse case, as indicated by the peak diodic-
ityat45K.

Further experiments were performed previously on graphite Tesla
valve samples S1 and S2 with thicknesses of approximately 90 nm
and 140 nm, respectively. At 40 K, we obtained the diodicity values
of approximately 1.14 and 1.11in S1and S2, respectively (the thermal
conductivities are provided in Extended DataFig. 5), thereby corrobo-
rating the reproducibility of the thermal-rectification phenomenon
within our graphite Tesla valve.

Notable thermal rectification in the 25-60-K range was indepen-
dently observed in all three samples (S1-S3). This observation is con-
sistent with the predicted hydrodynamic window of 20-65 K (ref. 43).
As the temperature continues to increase, phonons populate higher
frequency (or larger wavevector) states, resulting in the enhanced
Umklapp scattering that breaks phonon momentum?®, Thus, the weak-
ening of the hydrodynamic phonon behaviour occurs in our experi-
ments, as shown by the gradual disappearance of thermal rectification
attemperatures above 60 K.

In the realm of classical diffusive phonon transport, heat flow
obeys Fourier’s law, resulting in the negligible thermal rectification
as evidenced by a constant value of diodicity around 1up to 300 K.
High-temperature experiments conducted on samples S1-S3 repro-
duced asimilar trend, albeit with unavoidable error bars owing to the
mechanical instability; however, the diodicity averages about 1 for
these three graphite Tesla valve samples, indicating the absence of
thermal-rectification effects in the diffusive regimes (see detailed
experimental error analysis in Methods).

It is noteworthy that, as well as the asymmetric structure (Tesla
valve), the asymmetry (or nonlinearity) of thermal transportin the
hydrodynamic temperature regime is a crucial factor in ensuring
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previous work*. The top schematicsillustrate different phonon-transport
behavioursin graphite within the hydrodynamic regime and insilicon
within the diffusive regime. The error barsin the plots are calculated as

(K¢ /K )A (af/l(f)2 + (0,//(,)2 ,inwhicho;and o, are the standard deviations of k;

and k,, respectively.

thermal rectification. To demonstrate this fact, we extended our
investigations to silicon, a material conventionally characterized as
non-phonon-hydrodynamic with minimal momentum-conserving
normalscattering, inwhich Umklapp scattering predominantly governs
most of the phonon-phononinteractionsinamomentum-destroying
manner**,

In a145-nm-thick suspended silicon thin membrane, we fabricated
and measured Tesla valve structures identical to those constructed
with graphite (Extended DataFig. 6). AsshowninFig. 4b, we examined
the thermal-rectification phenomenon across the entire tempera-
ture range. In contrast to the hydrodynamic-like heat flows in graph-
ite in the hydrodynamic regime, the heat flux in silicon undergoes
substantial damping as a result of the momentum-destroying effects
of Umklapp scattering. Consequently, heat transports diffusively in
both the forward and reverse directions and the diodicity values stay
constant around 1. This was confirmed in another supplementary sili-
con sample at hydrodynamic temperatures (Extended Data Fig. 7).
At low temperatures, at which phonons with long mean free path
may cause quasi-ballistic thermal transport, we observed diodicity
around 1, consistent with the previous conclusion that the rectifica-
tion is hard to see without nonlinear effects®. Thus, hydrodynamic
phononbehaviourisrequired to observe thermal rectificationinaTesla
valve.

Discussion

Asdiscussed previously, the micrometre-scale design of the channels
plays a pivotal role in shaping collective phonon motions and Poiseuille
heat flows. For the reverse direction of our phonon Tesla valve, our
design considers straight inlets for the bent channels aligned with
the direction of the heat flux induced by the source. Also, 21-um-long
straight paths are designed to establish pronounced phonon hydro-
dynamic flowsinthe bent channels. Arecent study explored the recti-
fication of electron flows ingraphene Tesla valve structures under the
electron hydrodynamic framework®. The observed weaker rectifica-
tion effect of about 5% in their study could be potentially explained
by overlooking the two critical factors mentioned above, that is, the
straightentrance and the length of the bent channels. Both factors are
well-established requirementsin fluid dynamics Tesla valves** and are
probably required for observing thermal rectification in solid Tesla
valves using phonon hydrodynamics.



Further enhancement of thermal rectification can be achieved by con-
necting several segments of Tesla valve unitsinseries, a well-established
concept in fluid dynamics*. However, the current limitations in fabri-
cation confine the actual suspended graphite structures to the flake
scale of approximately 100 x 100 pum?, Future experimental attempts
to improve the graphite phonon Tesla valve involve exploring wider
channel widths under hydrodynamic window conditions and the exten-
sionof theexitlengths of the bent channels. These strategies are being
pursued with the goal of increasing the diodicity value for improved
thermal-rectification effects in the graphite Tesla valve and will be
exploredin our future research.
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Methods

Sample fabrication

Wefirst prepared commercial 2.5-pm-thick SiO, on Si wafers and baked
them with air plasma for the surface treatment. Graphite flakes were
transferred to the SiO,/Si substrate by mechanical exfoliation using
Scotch Tape. We used electron-beam lithography to pattern the Tesla
valve profiles on the initial flake and deposited an Al thin film to mask
them by electron beam physical vapour deposition. We then used O,
plasmato etch the exposed flake in areactiveion etching systemand the
designed structures were obtained after the removal of the top Al thin
film. In the centres of the two symmetrical Tesla valves, we deposited
70-nm Au pads as transducers for performing the thermoreflectance
measurements inboth the forward and reverse structures. Finally, the
graphite Tesla valves were suspended by the Au pads deposited onboth
sides of the structures in combination with the underlying SiO, etching
using vapour-phase hydrofluoric acid.

Sample characterization

We performed EBSD analysis on the entire 50 x 150-pum? flake (Extended
Data Fig. 1a) to investigate the crystallinity of our graphite samples.
As shown in Extended Data Fig. 1b, the flake was irradiated with the
electron beam at a tilted angle of 70° to the wafer. The electron dif-
fraction pattern recorded the information of each crystal plane. The
inverse pole maps (Extended Data Fig. 1c-e) show the consistency of
crystal orientation (identical colour) for all three directions, namely,
the normaldirection, the transverse direction and the reference direc-
tion. As a result, we confirmed that the graphite samples used in this
work are single crystalline.

In-plane quasi-ballistic thermal conduction in materials with a hex-
agonal lattice is reported to be dependent on the different lattice ori-
entations of armchair and zigzag®. To exclude this effect, we fabricated
our samples on the single-crystalline graphite flake so that the main
and the bent channels in the forward structure are parallel (or have
180° symmetry) to their counterpartsin the reverse case and identical
lattice orientation for both cases.

Secondaryion mass spectrometry was used to identify the isotopic
composition of the single-crystalline graphite samples. Afterisotope
enrichment using the high-pressure/high-temperature method>**, our
graphite crystals are composed 0f 99.98% 2C and 0.02% *C, which are
the world-class purified graphite samples.

Investigation of the effect of terminal geometry in the graphite
Tesla valve design

To realize the reversal of heat flow in our Tesla valve, we separately
designed the forward and reverse structures by rotating one by 180°
tothe other. We fabricated mirror-symmetry geometry of both struc-
tures suitable for the symmetric heat dissipation in the pump-probe
measurement. This results in resistances at the source/sink for the
forward/reverse directions being not strictly the same. However, in
designing our samples, we considered this difference and found its
impact to be negligible.

First, we conducted both Monte Carlo and FEM simulations in sim-
plified geometry, without the arm of the Tesla valve (that is, the bent
channel). These simulations aim to examine the impact of geometry
difference at the source and the sink. Extended Data Fig. 3 shows that
phonontravel times (in Monte Carlo) are the same in both samples, as
well as the decay times (in FEM). In other words, in both ballistic and
diffusive views of phonontransport, slight differences in geometry at
the source and the sink do not make an observable difference.

Furthermore, the impact of contact sizes is smoothed out by the
non-mathematically perfect heat source and sink areas. Indeed, ina
theoretical system with a constant heat sink temperature at the ends
of the bridge, contact areas would play an important role. But in the
real experimental system, the heat source area is slowly heated up

with a Gaussian laser beam to saturation, whereas the heat sink is a
large conductive area that is far from a perfect isothermal boundary.
Thus, the specific shape of the contact is less important. This is easy
toseeinthe following FEM simulation, in which we changed the width
of a graphite connector to the heat sink, as shown in Extended Data
Fig.8. Although the constriction should have had a strongerimpact, we
can notice a difference in the decay curves only if we sweep the width
parameter (W) inamuchwider range thanin our experimental samples.

p-TDTR measurement

We used anon-contact, time-domain thermoreflectance method to ana-
lyse the thermal transport properties of our samples. Alaser at 642 nm
was pulsed with a duration of 2 ps to periodically pump heat through
the Autransducer to the Tesla valve structures. A continuous-wave laser
at 514 nmwas used toinvestigate the change inreflectance (AR) on the
metal transducer during heat dissipation. The variation of reflectance
(AR) on the Au transducer was detected using the continuous-wave
(probe) laser, which is equivalent to the variation of temperature by
means of the coefficient of thermoreflectance (C,;,), thatis, AR/R = C;,AT.
The TDTR signal thus shows the intrinsic decay of the heat injected
by the pulsed (pump) laser through the Tesla valve structures in the
microsecond range, as shown in Fig. 1c. For each measurement, the
LabVIEW program fitted the decay curves with an exponential relation,
~exp(-t/1), and collected the last 200 thermal decay times (7). The
corresponding 7in each measurement was taken from the mean of its
Gaussiandistribution, asshownin Fig.1d. Before the measurement at
each temperature, we spent sufficient time for the temperature sta-
bilization with an uncertainty of <0.1 K to ensure thermal equilibrium
between the sample and the holderinthe cryostat. Moreover, the decay
time and the thermal conductivity were experimentally verified to be
independent of the probe laser power heating, even withamore than
doubled laser intensity (Extended Data Fig. 9). We assume that the
thermal conductivity is also reasonably expected to be independent
of the pump laser power, which only induces temporal heat pulse and
is more experimentally difficult to be precisely characterized. At each
giventemperature, we moved the lasers back and forth on the forward
and reverse structures and performed repeated measurements up to
ten times for each structure (forward or reverse) and the error bars
shownin the plots were calculated from their standard deviations.

Thermal conductivity extraction

In the p-TDTR measurement, we first quantify the heat dissipation
through the sample by means of the thermal decay time, 7. The thermal
conductivity of the Tesla valve is then extracted using FEM simulation
implemented in COMSOL Multiphysics.

To reproduce the experiment, we built 3D models with the same
geometries as the measured Tesla valve in forward and reverse direc-
tions, as shown in Extended Data Fig. 10. The pump laser centred on
the gold transducer in the experimentis simulated by a Gaussian pulse
heat source with the same pulse duration of 2 ps. We set the boundary
condition of the heat sinks at the cryostat temperature. And the bound-
ary condition of the edges of the Tesla valve structure is considered
adiabatic, at which the thermal radiation loss of the suspended struc-
ture was estimated by the Stefan-Boltzmann law and concluded tobe
neglected, as well as the convection effect>®’.

Heat conduction through the entire model follows the heat diffu-
sion equation:

pCp%—Z+V-(—KVT)=O, @

inwhich pisthedensity, C,is the heat capacity at constant pressure and
kisthethermal conductivity. These parameters are taken from the cor-
responding material values for the temperature of interest*®*°, Thermal
boundary conductance between the metal transducer and graphite has



anegligible effect on our simulationresults, as was investigated in our
previous work'®. We also consider the anisotropic thermal property in
graphite by including the out-of-plane thermal conductivity from the
literature®. Thus, the in-plane thermal conductivity of the Tesla valve
structureis the only fitting parameter in the simulation. For instance, by
sweeping aseries of thermal conductivities of the graphite Tesla valve
inthe forward direction at 45 K, we obtain their corresponding decay
curves, as plotted in Fig. 1c. Therefore, the corresponding thermal
conductivity value can be obtained through the decay curve that fits
our experimental data the best.

At300 K, we obtained the thermal conductivity for the graphite Tesla
valve comparable with the literature values. Our values are between
those of the bulk graphite®® and the 1.2-um-wide graphite ribbon with
thesameisotope contents®, as shown in Extended DataFig. 6b. As the
temperature decreases, these values are much lower than that of the
bulk owing to the stronger size effects from the microscale geometry.

Monte Carlo simulations

Our Monte Carlo algorithm traces phonon wave packets through the
three-dimensional model of the structure that is assumed to be at
temperature 7. The phonons are emitted at the hot side and absorbed
at the cold side. The phonon frequency (w) and group velocities are
obtained from the Planck distribution at the given temperature and
phonondispersion®. The dispersion was assumed to be isotropic and
consisted of three acoustic branches. The temperature variations in
the structure are assumed to be too small to cause substantial shift of
the Planck distribution.

The Umklapp scattering events are simulated as scatteringinaran-
dom direction that occurs once the time since the previous diffuse
scattering event exceeds time ¢ = —In(r)t, in which risarandom value
between zero and one and 7z is the relaxation time. The relaxation time
ismodelled as:

T = Bw?T3exp(~Tyep/3T) ()

in whichB=3.18 x10™* sK® and T, =1,000 K (ref. 62). The impurity
scattering is assumed negligible owing to the high purity of our sam-
ple. Normal-scattering events are not modelled owing to the nature
of the current phonon Monte Carlo algorithm in the single-mode
relaxation-time approximation. Thus, the simulations include no
hydrodynamic effects and aim to demonstrate the parity of forward
andreverse structuresin the absence of phonon hydrodynamics. Mod-
elling of boundary scattering depends on the surface roughness (o),
phonon wavelength (1) and the incident angle to the surface (a). The
probability (p) of boundary scattering to be specular or diffuse is evalu-
ated for each scattering according to Soffer’s equation:

p = exp(-16m2ocos2a/A?) (3)

Then, arandom value (r) is drawn to decide whether the scattering
eventis specular (r < p) or diffuse (r > p). In the case of diffuse scatter-
ing, the scattering-angle distribution follows the Lambert cosine law.
The surfaceroughness was assumed to be 2 nm for side wallsand 0.2 nm
for top and bottom walls. Although simulations are performed for
thousands of phonons, the maps of phonon trajectories show the paths
of only a few first phonons, for clarity. The heat-flux maps show the
in-plane fluxdefinedasQ = (QX2 + Qyz)o.s’ inwhich Q,and Q,arethesums
of the g, and g,components summed for all phonons integrated over
time. The thermal maps are calculated as a sum of the energy (hw) of
allphonons atagiven pixelintegrated over time. The thermal conduc-
tivity is calculated as:

ol ZI R*w}q)  exp(hw(q)/k,T)
6n? TJ kT? (exp(hw(q)/k,T) - 1)

vHAQTy(q, T)g’dg, (4)

inwhich k, is the Boltzmann constant, @(q) is the phonon frequency and
v(q) is the group velocity at the wavevector g. The phonon relaxation
time 7 is measured using the Monte Carlo simulation as the average
time between diffuse scattering events.

Experimental error analysis at higher temperature

Aprevious experimental report has shown that the thermal conductiv-
ity of free-standing graphene exceeds 2,500 Wm™ K at room tempera-
ture®®. However, when supported by copper, the thermal conductivity
experiences a substantial reduction, decreasing to 370 Wm™K™. The
presence of asupporting substrate induces notable phonon-substrate
interactions, thereby influencing the study of intrinsic thermal prop-
erties in the sample. Consequently, to circumvent substantial heat
dissipation to the supporting substrate and ensure that heat is exclu-
sively dissipated through the structures of interest, the fabrication of
suspended graphite Tesla valves became imperative for the precise
investigation of thermal rectification in this study.

However, microscale suspended structures unavoidably experience
mechanicalinstability owing to residual stressesinherentin the fabri-
cation process. Atincreased temperatures, the mechanical instability
introduces an unavoidable discrepancy between successive measure-
ments, resulting in discrepancies in the obtained thermal conductivity
values at higher temperatures, asillustrated by the error barsin Fig. 4.
Itisacommon challenge acknowledged in high-temperature measure-
ments of suspended systems®*, particularly for materials characterized
by weak van der Waals interaction®, such as graphite in this study.

Despite these challenges, it is noteworthy that the diodicity values
exhibit aconsistent variation along the baseline of 1from 70 to 300 K.
To further validate our observations, further experiments were con-
ducted ongraphite Tesla valve samples S2 and S3. As depicted in Fig. 4,
the findings from samples S2 and S3 confirm the high-temperature
trends observedinsample S1, as discussed in the main text. By contrast,
within the hydrodynamic temperature range of 25-60 K, at which the
occurrence of thermal rectification is anticipated, we observed dio-
dicity values consistently surpassing 1, extending beyond the margin
oferror.

Data availability

All the datain the experiments and analysis that support the findings
ofthisstudy are included in the main paper and Methods. Source data
are provided with this paper.
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com/anufrievroman/freepaths.git (ref. 46).
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Extended DataFig.1|Analysis of crystallinity by EBSD. a, Scanningelectron orientationinasampleasindicated by theinverse pole figures for the normal
microscopy image of the graphite sample flake used for EBSD. b, Scheme of direction (c), the transverse direction (d) and the reference direction (e).
EBSD measurement. The EBSD pattern carries information about the crystal
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100 nm

Extended DataFig.2|Scanningelectron microscopy images show tilted cross-section view of the samples. Suspended graphite Tesla valves vertical (a) and
parallel (b) to the heat-dissipation directions.
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