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Thermal transport plays a crucial role in many modern electronic, photonic
and energy conversion devices. Recent work has provided fundamental

insightsinto the effects of nanostructuring on heat transport. However, the
atomic-scale control of phonon transport has barely been explored. Here
we present systematic studies of thermal transport in molecular junctions
at 77 K, enabled by high-resolution cryogenic-compatible calorimetric
scanning probes developed in this work. Our experiments provide direct
evidence that atomistic changes to molecular junctions, implemented by
substituting an individual hydrogen atom by a halogen atom (-F, -Cl, -Br, -I),
tune the thermal conductance of the junctions by afactor of two. Our
detailed first-principles modelling elucidates how the interaction between
the vibrational eigenmodes of molecular junctions is modified by atomic
substituents, resulting in both suppression of resonances and creation of
antiresonances in the phonon transmission function. Further, the advances
reported here and insights from this work inform how thermal transportin
molecular materials can be probed and controlled.

Controlling phonon transportis critical for enhancing the performance
andreliability of avariety of modern computing and energy conversion
devices'. A large amount of recent work”™ has explored how phonon
transport can be tuned by nanostructuring materials and devices with
nanometre-scale modifications. Given recent advances in molecular
electronics®®, two-dimensional (2D) molecular materials®° (covalent
organic frameworks) and metal-organic frameworks™" (metal clusters
bridged by organic molecules), where molecules form linker blocks,
the following key question has arisen: can single-atom changes to the
molecular building blocks, by substituting alighter atom with a heavier
one, be usedto control thermal transport? Althoughrecent theory has
begun exploring this question”™¢, so far, to the best of our knowledge,
no experiment has successfully probed how phonontransport canbe
tuned by individual atomic substituents.

Molecular junctions (MJs), created by trapping individual mol-
ecules between electrodes®*"?, are ideal systems for addressing
this question, as they feature nanometric dimensions and enable
atomic-scale control of the device structure. In fact, previous work

has explored the effect of length" and isomerism?* (molecules
with the same molecular formula but different structures) on the
thermal conductance of single-molecule junctions. Here, using a
custom-developed experimental platform, we overcome serious
experimental limitations of past work”*** and show how heat trans-
port can be tuned and controlled by individual atomic substituents
in MJs. In Fig. 1a, we schematically describe why individual substitu-
ents are expected to tune phonon transmission in MJs. Consider the
spring-mass system shownin Fig.1a with ageometry analogoustoan
M]J (Fig.1a, red dashed box). The transmission of such asystem, defined
astheratio of the square of the output to input oscillation amplitudes,
is expected to show clear peaks at frequencies corresponding to reso-
nances of the structure (Fig. 1a, red curve). Replacing one of the light
masses (Fig. 1a, blue dashed box) with a heavier mass, to mimic the
effect of single-atom substitution, is expected to suppress the reso-
nances orintroduce anantiresonance, as schematically represented by
theblueand brown curvesinFig.1a (right). These anticipated changes
suggest that adding atomic substituents can strongly modify phonon
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Fig.1| Experimental approach for exploring the effect of single-atom
substitutions on thermal transport. a, Simplified spring-mass model and

the associated transmission functions (right) schematically represent the
expected changesin transmission (suppression of resonances or introduction
of antiresonances) due to substituents. b, CSP (false-coloured scanning electron

microscopy image) enables the simultaneous measurements of electrical and
thermal conductances of single-atom and single-molecule junctions. The right
inset shows a scanning electron microscopy image of the CSP with a sharp gold
tip. ¢, Molecules used to systematically investigate the influence of substituents
on the thermal transport of MJs.

transmission at specific frequencies and enable the control of heat
transfer via single-atom manipulation.

To systematically explore the impact of atomistic substituents
on heat transfer, we built on recentadvances'”**** and nanofabricated
calorimetric scanning probes (CSP; Fig. 1b, left) that consist of a sus-
pended region, which was thermally isolated from the environment.
Further, a platinum (Pt) heater and a niobium nitride (NbN,) ther-
mometer were integrated into the suspended region (Methods and
Supplementary Figs. 1-5 show the details of probe fabrication and
thermal characterization). Next, to the distal end of the probe, we
attached a single-crystal gold (Au) wire that was sharpened, using a
focused ion beam, to feature an ~10-nm tip radius (Fig. 1b). We note
that the NbN, temperature sensor” > has amuch higher temperature
coefficient of resistance (approximately -2% K™ at 77 K) than Pt ther-
mometers (-0.3% K™ at 77 K), enabling almost an order-of-magnitude
improvement in the calorimetric resolution for thermal measure-
ments at cryogenic temperatures. Below, we describe our studies of
thermaltransport (atliquid-nitrogen temperature—77 K) for aseries of
molecules (Fig. 1c), where ahydrogen atomis systematically replaced
by halogen atoms of increasing mass, to elucidate how single-atom
substituents control heat transfer in MJs.

Experimental techniques

To create single-molecule junctions, we introduced CSPs and Au sub-
strates, coated with the desired molecules (Supplementary Section
1provides details of how the molecules were assembled onto the Au
substrate), into anultrahigh-vacuum cryogenic scanning probe micro-
scope (Createc) and adapted the well-established scanning tunnelling

microscope break junction method?® that enables the repeatable for-
mation of single-Au-atom junctions and single-molecule junctions.
To elaborate, we first initiated physical contact between the Au tip
of the probe and the molecule-decorated Au substrate to form Au
atomic junctions. Then, we slowly withdrew the probe from the sub-
strate to break the Au atomic junctions. This well-established scan-
ning tunnelling microscope break junction approach enables the
trapping of single molecules between the tip and the substrate after
the single-atom Aujunction ruptures (Fig. 2b (top) and Methods). To
identify single-molecule junctions, we continuously monitored the
electrical conductance (G,) of the junction during the withdrawal
process by applying a small a.c. electric voltage bias (V,;,, =5 mV
at 1,001 Hz; Methods and Supplementary Section 4). The thermal
conductance of the MJ was simultaneously measured by applying a
temperature differential between the probe tip and the Au substrate
by supplying ad.c. current of ~-110 pA to the Pt line, integrated into
the probe, that raised the temperature (7,) of the suspended region
by ~30 K (that is, the probe temperature was ~107 K). As the probe
was withdrawn from the substrate, the temperature change of the
probe (AT,) was monitored via the NbN, thermometer by supply-
ing a small a.c. current (Methods and Supplementary Section 4).
The measured AT, and the known thermal resistance of the probe
(Ru prove) allowed us to quantify the thermal conductance (G,) of the
junction (Fig. 2aand Methods show the thermal resistance network).

Experimental study of thermal transportin MJs
We first measured the electrical and thermal conductances of MJs made
from 1,4-benzenediamine (pBDA; Fig. 1c). Representative traces of
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Fig. 2| Measurements of thermal and electrical conductances of single-atom
Aujunctions and single-molecule junctions using a break junction method.
a, Thermal resistance network where Ry, ;and Ry, o0 represent the thermal
resistances of the junction and probe, respectively. For thermal measurements,

T,waselevated to ~107 K, and T, was 77 K. b, Representative trace showing the
time evolution of the electrical and thermal conductances of a Au-pBDA-Au
junction during aminute-long stretching process. The solid orange line
represents the low-pass-filtered (-15 Hz) thermal conductance trace.

the obtained electrical conductance (G,) and thermal conductance
(G.,) are shown in Fig. 2b in units of G, (2e*/h = 77.6 uS) and picow-
att per kelvin, respectively. Here e is the elementary charge and h is
the Planck constant. Evidently, the blue curve, corresponding to G,,
shows large steps associated with the rupture of Au-Aujunctions and
Au-pBDA-Aujunctions (Fig. 2b indicates the rupture points). The G,
trace shows a thermal conductance reduction concomitant with the
electrical conductance changes associated with the rupture of the
Au atomicjunction and the single-molecule junction. Strikingly, the
G, traces feature an effectively zero-background thermal conduct-
ance (thatis, no background thermal conductance is detected within
the experimental uncertainty). This extremely low background ther-
mal conductance (<1 pW K™, which is much smaller than the thermal
conductance of a single-molecule junction) is achieved by suppress-
ing parasitic contributions (for example, contamination, near-field
radiation) to heat transfer (Methods and Supplementary Sections
1and 6 show the details of how this pristine thermal background is
achieved). We note that eliminating these parasitic contributions is
animportant breakthrough as they pose a major challenge for highly
precise thermal measurements™®. Specifically, our background con-
ductances are substantially smaller than those of past studies'®?**,
which all show values that are typically >100 pW K and are, thus,
much larger than the thermal conductance of a single-molecule
junction (on the order of 10 pW K™). These advances enable us to
achieve information regarding the stretch dependence of thermal
conductance of SMJs, as revealed in Figs. 2b, 3a,b and 4a, which was not
possible before.

To unambiguously identify the thermal conductance of the Au-
pBDA-Aujunction, we used G, traces from ~300 individual measure-
ments, which featured an abrupt change inthe electrical conductance
corresponding to the rupture of the MJ, which enabled us to align
the G, data to obtain an averaged curve with a high signal-to-noise
ratio (Fig. 3a and Supplementary Section 5). The data from this analy-
sis (called rupture point analysis) show a clear thermal conductance
change when the Au-pBDA-Au junctions rupture, implying that the
(average) thermal conductance of the Au-pBDA-Au junction at cryo-
genic temperatures (92 K) is ~-18.4 pW K™. We note that the observed
tail in the thermal conductance trace after the rupture point arises
from the settling time associated with our thermal measurements
(Supplementary Section 7 shows the characterization of settling time).
Giventhe slower response time of the thermal measurements relative
to the electrical measurements, we cannot categorically rule out that

some molecules in the junction that are electrically insulating but
thermally conducting contribute transiently to the recorded thermal
conductance signature after rupture. However, there is no detectable
evidenceforthisin ourrecordings as the exponential decay inthe ther-
mal signal exactly matches the settling time of our electronic circuitry
(Supplementary Section 7). We note that asmall monotonic decrease
inthermal conductance, as afunction of stretching, is observed before
the junction breaks. This behaviour, which is now observable for the
first timein experiments, is consistent with our computational results
(Supplementary Fig.27).

To strengthen the above conclusions, we performed a sepa-
rate histogram analysis of the data by constructing 2D histograms
(Fig. 3c) that combine ~1,500 electrical and thermal conductance
traces, which feature either an abrupt or gradual change in electri-
cal conductance (Methods and Supplementary Sections 5 and 6
show a less stringent criterion than that used for the rupture point
analysis). We also constructed one-dimensional (1D) histograms
for electrical and thermal conductances from the 2D histogram by
projecting the data onto the top and left axes in Fig. 3c. The result-
ing 1D histograms identify the most probable electrical and thermal
conductances of the Au-pBDA-Au junctions (Fig. 3¢, blue and red
arrows in the 1D histograms), which are 2.1 x 103G, and 19.1 pW K,
respectively. This analysis suggests that the single-molecule thermal
conductances obtained from the two different analysis approaches
(18.4 pW K for the rupture point analysis versus 19.1 pW K™ for the
histogram analysis) are within 1 pW K™, highlighting the robustness
of the measurements. We note that the measured electrical conduct-
ance (2.1x1073G,) of the Au-pBDA-Au junctions is in close agreement
with the values reported in previous work®**, Given this electrical
conductance, the electronic contribution to thermal conductance
is estimated to be <1 pW K™ from the Wiedemann-Franz law®, sug-
gesting that in these MJs, heat transport is dominated by phonons.
We also note that distinct from all past work'”'®?>* the measure-
ment of thermal conductance of single-molecule junctions in this
work is completely independent from the electrical conductance
measurement as the presented histogram analysis does not require
the identification of junction rupture point, which—in past work—is
determined fromthe sharp drop inthe measured electrical conduct-
ance. This advancement makes it possible to now probe thermal
transportinsingle-molecule junctions, which are highly electrically
resistive as the simultaneous measurement of electrical resistance is
not required for thermal measurements.
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Effect of substituents on thermal transport of
pBDA-derived junctions

Next, we performed aseries of measurements using halogen-substituted
pBDA molecules (Fig. 1c shows the molecular structures) to under-
stand the effect of single-atom exchange on the thermal transport
properties of MJs. The results from the measurements performed with
iodine-substituted pBDA junctions (pBDA-I) are shown in Fig. 3b,d.
The data show that on adding an iodine atom, the thermal conduct-
ance of the substituted junctionis reduced to-9.5 pW K™ (Fig. 3b) and
~7.7 pW K (Fig. 3d). Results from similar experiments, performed on
agroup of systematically selected molecules with F, Cland Br substitu-
ents, are shown in Fig. 4a, and the corresponding 2D histograms are
displayed in Supplementary Figs. 10-12. The electrical and thermal
conductances, obtained from all these measurements, are summa-
rized in Fig. 4b and compared with the theoretical predictions, to be
presented in the following section. The data reveal that the electrical
conductance of these MJsiis very weakly influenced by single-atom sub-
stitution, inagreementwith a previous report™. In strong contrast, the
thermal conductance decreases systematically, as the atomic weight
ofthesubstituentincreases. We also note that our datareveal that very
closetotherupture point (whenthe junctions are fully stretched), the
thermal conductance of pBDA junctions reduces to values slightly
below those of pBDA-F junctions (Supplementary Section 7 provides
an additional discussion of the ordering of thermal conductances).
This reordering close to the rupture is also reflected in our computa-
tions (Supplementary Fig. 27) and is related to the fact that these two
molecules feature very similar thermal conductances. The dataclearly
show that single-atom substitutions enable the independent manipula-
tion of charge and heat transport through MJs.

Insights from first-principles calculations

Tounderstand the origin of the observed attenuation in thermal con-
ductance on adding substituents, we performed detailed ab initio
calculations. The calculations are based on the Landauer-Biittiker
scattering theory®**°, which has been used to effectively describe
thermal transport through MJs"'*?¢, We modelled the junctions by
connecting the molecule of interest to the Au electrodes and relaxing
the resulting geometry toaminimum-energy configuration, ensuring
that no net force is applied to the junction (Fig. 5a and
Supplementary Fig. 26). We used atop-top geometry inwhich the Au
tipsinthe calculation form atomically sharp pyramids (Fig. 5a, inset).
Next, we stretched the MJs by displacing the electrodes stepwise
(Ad=0.1Anear the starting geometry and Ad = 0.005 A close to rup-
ture), reoptimizing the junction geometryin each displacement step.
In each step, we finally computed the energy-dependent phonon
transmission 7, (E). This process was repeated until the simulated M)
broke. The computed phonon transmissions for all pBDA-derived MJs
atarepresentative displacement of 0.8 A are shown in Fig. 5a (see also
Supplementary Fig. 27). Further, the corresponding cumulative ther-
mal conductance G;h(E) (equation (7)), obtained by integrating the
transmission up to energy F under the consideration of anappropriate
weight function derived from the Bose-Einstein distribution (equation
(6)), is presented in Fig. 5a (bottom). Energy ranges that are crucial
for differences in thermal conductance are highlighted with orange
and brown colours. We note that G;h(E) saturates for £=20 meV, as
no phonon modes are supported in Au above this range. In all
linear-response thermal conductance calculations, we assume a tem-
perature of 92 K, corresponding to the average temperature of the
electrodes in the experiment. As shown in Fig. 5a, the MJs show a
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decreasing thermal conductance with increasing substituent mass.
We note that the ordering of thermal conductances is rather robust
over thewhole electrode displacement range with an overall decreas-
ingtrend forincreasingelectrode separation (Supplementary Fig. 27).
Averaging over the last 20 pm before junction rupture—resembling
the analysis of thermal conductance in terms of the rupture point
analysis—results in a good quantitative agreement of theoretically
and experimentally determined thermal conductances (Fig. 4b).

The computed 7,,(E) reveals that the addition of substituents
results in two important features: (1) peaks in the transmission of the
pBDA junction exceeding the value of 1 (see the frequency ranges
around 3.5and 6.5 meV in Fig. 5a) are suppressed on adding substitu-
ents, and (2) antiresonances, characterized by asharp dip in the trans-
mission, are introduced at high energies near 19.0 meV and 16.8 meV
for pBDA-Br and pBDA-1, respectively. The energy at which these
antiresonances occur is inversely proportional to the substituent
mass'*. We note that for pBDA-F- and pBDA-Cl-based MJs, the antireso-
nances lie above the phonon modes of the highest energy in Au and,
therefore, donotinfluence thermal transport. Overall, the transmission
resonances at low energies (feature (1) above) impact the thermal
conductance more strongly than the antiresonances (feature (2)
above), aslow energies have ahigher weightin the integral determining
the thermal conductance at cryogenic temperatures according to
equation (5).

Toreveal the underlying transport mechanisms, we developed an
eigenmode analysis of phonon transmission eigenchannels (TEs) by
generalizing past work*® (Supplementary Section 9). We note that the
TEs are scattering eigenstates that diagonalize the transmission
matrix*’ and allow to partition the total transmission into contributions
fromthe orthogonal eigenchannels i, according to 7y, (E) = 3, Tph,; (E).
Figure 5a (top) shows this decomposition for pBDA and pBDA-1junc-
tions, where the contributions from the three most transmissive TEs
are labelled as 7, 4, Tpnsand 7,,,. To link the TEs to local vibrational
properties, we further decompose the wavefunctions of the three TEs
a, Band yinto eigenmodes of the central cluster, which consists of the
molecule of interest and four Au atoms on each side (Supplementary
Section 10). We note that the eigenmodes and eigenmode energies ¢;
are energy dependent as the embedding self-energies are included
(Supplementary Section 10). The mode coefficients, obtained from
this decomposition for the pBDA junction, are shown (as examples)
forthe TEsaand yinFig. 5b. We note that for the energy window around

6.5 meV, which features the largest transmission peak (Fig. 5a, top),
T,n. 1S dominated by two eigenmodes with energies ¢, (6.34 meV) and
£,(6.50 meV), whereas 7, , is dominated by eigenmodes with energies
&,(6.42 meV) and g, (6.67 meV).

To understand the observed peaks and antiresonances in the
transmission functions, we note that the transmissionisenhancedifthe
vibrational modesinterfere constructively, whereas the transmission
decreasesifthereisadestructive interference between the modes. The
origin of constructive and destructive interferences (as quantified by
apropagator analysis, from which we derive simple interference rules
(Supplementary Section 10)) can be understood by considering the
atomic displacements of the Auatoms that are directly coupled to the
electrodes. For example, in Fig. 5c, we illustrate the dominant eigen-
modes that contribute tothe TE y of pBDA in the vicinity of 6.5 meV.Our
analysis (Supplementary Section 10 provides the quantitative details)
shows that these eigenmodes interfere constructively, if the displace-
ments of the corresponding atoms in the top and bottom electrodes
(corresponding atoms are encoded by identical colours) are parallel
inone eigenmode (see the eigenmode shown on the left side of Fig. 5¢)
and antiparallel in the other (see the eigenmode shown on the right
side of Fig. 5¢). We find that this constructive interference is sensitive
tothe energy separation of the eigenmodes (Supplementary Fig. 34).

The origin of antiresonances in the transmission function can be
understood by noting that destructive interference arises in the situ-
ation, where the displacement of the corresponding atoms in the two
relevant eigenmodes is parallel or if the displacement in both eigen-
modes is antiparallel. For example, Fig. 5d illustrates the destructive
interference arising at around 16.2 meV for TE a in a pBDA-1MJ. The
relevant eigenmodes (Fig. 5d) clearly show that the displacement
of the corresponding Au atom pairs is antiparallel, resulting in the
observed antiresonance.

In addition to the effects described above, the characteristics
of destructive and constructive interferences are impacted by the
symmetry of the interfering eigenmodes (Fig. 5e). In particular, our
analysis reveals that on substitution with halogen atoms, the highly
symmetric modes of pBDA (Fig. 5c) become asymmetric, as reflected
by alower correlationin the direction of motion of the Auatoms at both
ends of the molecule (Fig. 5e shows 7, , near 6.5 meV for a pBDA-I M)
together with the relevant eigenmodes). The nearest-neighbour har-
monic force constants of the C-C bonds, extracted from the density
functional theory (DFT) calculations and shown in Fig. 5f, corroborate
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constructive interference (see also the dash-dotted line in the top-right inset
ofa). Theblack dashed lines indicate the energies €, and ¢, of the interfering modes,
identified via the analysis in b. The atomic displacements of the eigenmodes are
shownonthe left and right sides of the plot. d, Same data as ¢, but for the
destructive interference observed in the pPBDA-1MJ. e, Reductionin the
constructive interference in the pBDA-1M]J due to the loss of symmetry in
vibrational eigenmodes on the substitution of hydrogen by iodine. f, Nearest-
neighbour force constants (FCs) for out-of-plane coupling for each of the six C-C
bondsinthe carbonring.

this further. The force constants of pBDA MJs feature doubly and quad-
ruply degenerate values due to the high molecular symmetry, and
the addition of halogens notably disrupts these degeneracies. This
disruption in symmetry attenuates the constructive interferences
for halogen-substituted pBDA MJs in the low-energy regions (Fig. 5a),
resultinginalower thermal conductance. The reductionin G, is most
pronounced for pBDA-Br and pBDA-1 MJs, for which basically no

constructive interferences are observed in the low-energy intervals
near 3.5 meV and 6.5 meV.

Outlook

We systematically studied how single-atom substitutions influence
the thermal and electrical conductances of MJs. We find that the ther-
mal conductance decreases monotonically with anincreasing mass of
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substituents, achieving a factor-of-two reduction for the substituent
with the largest mass (-I). By contrast, the electrical conductance shows
no systematic dependence on the substituent mass. We quantitatively
explain our observations by developing approaches for describing
interactions between the vibrational eigenmodes of MJs. Insights from
this work can be potentially applied for tailoring thermal transportin
metal-organic frameworks, covalent organic frameworks and molecu-
lar thermoelectrics that are of great current interest''>**** and rely
on transport through molecules. Finally, the experimental advances
presented here for probing thermal transport at atomic and molecular
scales and at cryogenic temperatures lay the foundation for system-
atically and precisely exploring heat transport in single-atom wires,
polymer chains, 2D materials and quantum devices.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
butions and competinginterests; and statements of dataand code avail-
ability are available at https://doi.org/10.1038/s41563-026-02568-9.
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Methods

Fabrication of CSPs

The fabrication steps (Supplementary Section 2) for the CSPs used
in this work are shown in Supplementary Fig. 3a. Briefly, T-beams
were first defined on a bare Si wafer using a deep reactive ion etching
method, followed by a low-pressure chemical vapour deposition of
600 nm of low-stress silicon nitride. Next, a 30-nm-thick serpentine
platinum (Pt) line, a70-nm-thick Auline and a100-nm niobium nitride
film were patterned (Fig. 1b). After that, Au electrodes (500 nm thick)
for wire bonding were electron-beam evaporated. Subsequently, the
suspended structure was created and released via backside reactiveion
etchingofthesilicon nitride and deep reactiveionetching of the silicon.
After releasing the suspended structure (Supplementary Fig. 3b), the
probe was thoroughly cleanedin aPiranhasolution and transferred to
afocused ion beam system (Helios 650) to attach a single-crystal Au
wirewith the help of anintegrated micromanipulator. Approximately
200 nm of Pt were deposited at the interface of the attached Auwire and
the Ausurface of the probe to create agood electrical and thermal con-
nection between the Au surface and the Au wire. Finally, the attached
Auwirewas further sharpened usingafocusedionbeamtoachieveatip
radius of ~10 nm (Supplementary Fig. 3c shows a CSP with an attached
sharpened Au wire after step 8).

Measurement of electrical conductance of atomic and
molecular junctions

As shown in Fig. 1b and Supplementary Fig. 8, a high-frequency
(1,001 Hz) sinusoidal voltage (V,,;,s =5 mV), sourced from a wavefunc-
tiongenerator (Hewlett Packard 33120A), was applied to the substrate’s
Au electrode. During the experiments, when a junction was formed
between the two Auelectrodes, an electrical current (/) started to flow
through thejunction and was converted to a voltage signal (V;) using a
current-to-voltage amplifier (DLPCA200). The voltage signal was then
measured via a lock-in amplifier (SR830, SRS) with a time constant of
10 ms, which corresponds toan equivalentbandwidth of approximately
15.6 Hz. Subsequently, the electrical conductance of the junction (G,)
was calculated as follows (Supplementary Section 4):

-1

_ 1 _ Vbias )
Ge= 7 —( " Reo) - )

We note that here the amplitude of V,,,, was chosentobe 5 mVto ensure
thattheJoule heat generated by the electrical current (/,) was negligible
in the thermal measurements for both Au junctions and MJs (Sup-
plementary Section 4 provides the analysis of Joule heat dissipated in
the junctions). The impact of Joule heating on the measured thermal
conductance of the Au and MJs was approximately 0.2 pW K™ and
0.02 pW K, respectively. These values are <1% of the measured thermal
conductance of the Aujunctions (-170 pW K™) and MJs (<10-20 pW K™)
and, hence, negligible.

Measurement of thermal conductance of atomic and

molecular junctions

To measure the thermal conductance of the junctions, a d.c. current
(lpeq.. =110 pA) was applied to theintegrated Pt line to raise the temper-
atureofthe CSPby -30 K (thatis, 7, = ~107 K; Supplementary Fig. 9). Dur-
ing the measurements, when a junction was formed between the two
Au electrodes, the thermal pathway created by the junction resulted
in a temperature change (AT,) of the CSP on the order of millikelvin.
This temperature change in the CSP was detected by the resistance
change in the NbN, thermometer (ARy,\(AT,)), which was measured
using a half-bridge (Supplementary Fig. 9 and Supplementary Section
4).The thermal conductance of the junctions (G,,) was determined as

1 _ AT, (- an(T, - To)

=0 "t e 27 (#)]
Rth,probe(Tp - TO)

where T, is the environmental temperature (77 K), ap.is the temperature
coefficientof resistance of the platinumlineand Ry, ;o1 is the thermal
resistance of the CSP, that is, the reciprocal of the measured thermal
conductance of the probe (G, proe)- We note that the amplitude and
frequency of the sensing current (/y,,) Were carefully chosen to obtain
agood signal-to-noise ratio for thermal measurements and to minimize
Joule heating and displacements of the two electrodes due to the modu-
lated thermal expansion.

Cleaning protocol for achieving a negligible background
thermal conductance

On careful experimentation, we identified that a negligible background
thermal conductance canbe accomplished by (1) the incorporationof a
nanometrically sharp metallic tip, whichreduces near-field thermal radi-
ationand theamount of surface area, across which molecules can poten-
tially bridge the tip and the substrate; (2) precleaning the Au tip using
anionbeamand ensuring that the Ausubstrateis clean before coating
itwith the studied molecules (Supplementary Section 1shows how this
isdone); (3) locally cleaning a patch of Auon the substrate by exposing
amicroscopically small area by gently pushing the Au tip into the Au
substrate and retracting the tip to expose pristine Au; and (4) perform-
ing experimentsinanultrahigh-vacuum environment and at cryogenic
temperatures (forexample, 77 K). Operation at cryogenic temperatures
suppresses the surface diffusion of molecules, thereby keeping the
pristine Au region (created by poking the tip into the substrate) free
from accumulating many molecules and enabling the trapping of a
single molecule. Further, the ultrahigh-vacuum and low-temperature
environments suppress thermal transport by residual gas molecules
and by near-field thermal radiation to negligible levels. Following this
protocol enabled us to achieve negligible background conductance
on all the samples that we prepared, that is, all measurements were
performed with a negligible thermal conductance background.

Selection criteria for junction traces

Foreachofthe studied molecules, approximately 1,500 traces were col-
lected (-1,500 traces out 0f 10,000 approach-withdrawal cycles show-
ing the formation of single-molecule junctions). All1,500 traces were
usedinour histogramanalysis (Fig. 2b and Supplementary Figs.18a-b,
19b-dand 20 show therepresentative traces used in our dataanalysis,
which featured a sharp or a gradual change in the electrical conduct-
ancewhenthe MJsruptured; Supplementary Sections 5-7). Out of these
1,500 traces, ~300 traces feature a rapid change in the electrical con-
ductance of the MJs, signalling an abrupt rupture of asingle-molecule
junction, which was identified objectively using an automated code.
These ~300 traces were used in the rupture point analysis.

Theoretical modelling

Phonon heat transport. Phononic transport properties are calculated
within the Landauer-Biittiker scattering theory using non-equilibrium
Green’s function techniques®****. The phonon transmission is
determined by

Ton(E) = Tr{DL (B) Ay (DDA (E) AR (E)] 3

Here Ay (E) = i[ 1T}, (F) — IT3 (E)] is the linewidth broadening matrix of
electrodeX=L,R, whif:h isrelated to the embedding self-energy 117 (E),
and DL (F) = [D2. (B)]' is the retarded Green'’s function of the central
junction part**:

-1
DL (B) = [(E+in)’ — Kee — ITT(E) — IT(E)] @)

In this expression, K. is the dynamical matrix (or mass-scaled
Hessian) of the central part. The phonon thermal conductance is
calculated using

Gon(N) = Ko [ AEW) (E, TYT,n(E). ©)
0
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where k, = rrszZT/(3h) and W, (£, T) is an energy- and temperature-
dependent weight function containing the Bose-Einstein distribution

n(E, T) (ref. 45):
3 > an(E,
th<E,n=§<éT) (— ”E.,ED). ©)

Note that the weight function is normalized as /5 dE W, (E, T) = 1, and
further properties of W, (£, T) are discussed in past work®. To resolve
the contributions of individual transmission peaks to G, (7), the cumu-
lative thermal conductance

on(E',T)

oF @

E
Gep(B) =Ko || dE Wi (B Ty (E)
0
isanalysed.

Electronic structure calculations. The information needed in the
phonon transport formalism, namely, the Hessian matrix of the junc-
tiongeometry, isextracted from DFT calculations using TURBOMOLE
(v.7.7)*. We use the def-SV(P) Gaussian basis set*** for all atoms with
the corresponding Coulomb fitting basis. The Perdew-Burke-Ernz-
erhof exchange-correlation functional®®' is used in all calculations.
Total energies are converged to better than 107 a.u. (‘scfconv 7’),
and geometries are relaxed until the gradient norm is below 107 a.u.
(‘gcart5’). We furthermore apply the DFT-D3 dispersion correction with
Becke-Johnson damping (‘disp3-bj’)*.

Construction of junction geometries. We model the junction
geometry via a so-called extended central cluster. For this, the
energy-optimized isolated molecule is connected to tetrahedral Au
pyramids, each consisting of 20 Au atoms on the left and right sides.
To stabilize the system and provide a fixed junction length, the back
layers of the Au pyramids are fixed. We allow the top four Au atoms
on each side that are closest to the molecule and the molecule itself
to adjust their position during energy optimization. The Au clusters
that mimic the electrode tips are (in their unrelaxed form) related to
each other by aninversion centre in the middle of the junction. Seen
along the transport direction, the fixed Au atoms resemble a perfect
face-centred-cubic lattice structure, oriented along the (111) crystal-
lographic axis. In the transport calculations, the fixed Au atoms are
regarded as part of semi-infinite Au electrodes to accurately describe
the transport properties of the junction. These well-established
theoretical methods have been described in previous work**>
(Supplementary Information).

Determination of phonon thermal conductances. To compare the
computational datawith the experimental datain Fig.4b, we also apply
the rupture point analysis to the computational data. Specifically, we
average the distance-dependent thermal conductance traces obtained
fromour calculations for each MJ over a20-pm range before the rupture
point. Note that we neglect the electrical contribution to the thermal
conductance, sinceitis expected to be smaller than1 pW K based on
the Wiedemann-Franz law’®.

Data availability

All datasupporting the findings of this study are available in the Article
and its Supplementary Information. These data are also available via
figshare (https://doi.org/10.6084/m9.figshare.31383004)* as well as
fromthe corresponding authors.

Code availability

The DFT program used to determine the junction geometries and
analyse the vibrational properties is available from www.turbomole.
com. The corresponding custom-developed code for the description
of phonon transport implements the procedures outlined in ref. 44
andis available from F.P. onrequest.
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