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Vacuum Phonon Tunneling
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Field-induced phonon tunneling, a previously unknown mechanism of interfacial thermal transport, has
been revealed by ultrahigh vacuum inelastic scanning tunneling microscopy (STM). Using thermally
broadened Fermi-Dirac distribution in the STM tip as in situ atomic-scale thermometer we found that
thermal vibrations of the last tip atom are effectively transmitted to sample surface despite few angstroms
wide vacuum gap. We show that phonon tunneling is driven by interfacial electric field and thermally
vibrating image charges, and its rate is enhanced by surface electron-phonon interaction.
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Although temperature, one of the most fundamental
categories in physics, can be traditionally defined only
for macroscopic systems [1], the advances of nanoscale
instrumentation [2], ultraclean vacuum technologies [3],
and research of individual nanostructures [4,5] have en-
abled the extension of this term down to atomic scale, and
the actual experimental ability to define or measure the
temperature at the level of individual atoms. For example,
scanning tunneling microscopy (STM) experiments have
shown that an individual adatom on a surface loses its
kinetic energy and becomes immobilized when cooled to
low temperatures, which allows manipulating this adatom
using local electric field of STM tip [3]. Another interest-
ing example of nanometer scale thermal phenomena is the
temperature and the heat transfer at the end of STM tip
[6-8], which is usually an atomically sharp asperity. Since
tunneling electrons always choose the shortest path, it is
the temperature of the last tip atom which actually deter-
mines the thermal energy broadening of the tunneling
current. Understanding basic thermal phenomena at atomic
and nanometer scale is crucial for achieving success in
such fields as thermoelectric materials, interfacial trans-
port, and design of molecular electronic circuits.

In this Letter, we show that the temperature of the
terminating atom of STM tip can be directly established
using inelastic electron tunneling spectroscopy. Moreover,
our study revealed the phenomenon of vacuum phonon
tunneling, transmission of tip thermal vibrations towards
sample surface through few angstrom wide vacuum gap. To
explain the phenomenon of phonon tunneling, we propose
a model of thermally vibrating image charge, ‘‘thermal
mirage.” By comparing experimental data and theory, we
show that the thermal energy transmitted through atomi-
cally narrow vacuum gap due to thermal vibration of image
charges exceeds, by 10 orders of magnitude, the blackbody
thermal radiation energy. The result has important impli-
cations for thermal transport at heterointerfaces both on
micro- and on macroscale.

For our experiments we used ultrahigh vacuum (UHV)
variable-temperature STM, a frequently used experimental
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PACS numbers: 68.35.Ja, 44.40.+a, 68.37.Ef

setup which allows cooling the sample to low temperatures,
although the tip always stays hot (~ 275 K) [9]. Motivated
by theoretical predictions of near-field enhanced radiative
heat transport [7,8], it was recently shown, also using such
an experimental setup, that a lithographically fabricated
thermocouple placed a few microns apart from the end of
the tip cools by ~1 K when the tip is located in the vicinity
of a cold sample surface [6]. Because in this geometry the
highest temperature gradient is anticipated at the very end
of the STM tip, we, instead, use inelastic electron tunneling
spectroscopy (IETS) [10] as in situ atomic-scale thermome-
ter. Since pioneering IETS work it has been established that
the effective width of phonon peaks is limited by thermally
broadened Fermi-Dirac distribution [10,11], and the reso-
nance full width at half maximum (FWHM) = 5.4k;T.
One can show that in the experimental situation of interest,
i.e., when tunneling electrodes may have different tempera-
tures, the thermal broadening of phonon resonances will be
determined by the average temperature of electrodes:
FWHM = 5.4kgT [12]. As we stated earlier, for atomically
sharp STM tip the thermal vibration spectra of its last atom
determines the energy broadening of tunneling current and
the width of experimentally observed phonon resonances,
and therefore the temperature of this atom can be directly
measured using STM-IETS. A novelty of this experimental
method requires a special comment: previously published
STM-IETS works [13-17] were made using isothermal
setups, where tip temperature = sample temperature and
the experimental study of atomic-scale thermal transport
was not possible.

The sample for our study was Au(111) film on mica,
which we annealed in UHV to 400 °C to clean its surface.
The STM tip was electrochemically etched 100 pm di-
ameter Pt/Ir wire, which was also cleaned by UHV anneal-
ing using the electron beam technique. The atomic level
cleanness of the tip and sample surfaces has been con-
firmed by (a) STM observation of Au(111) atomic lattice
(inset in Fig. 1) and (b) the observation of exponential
tunneling current vs vacuum gap width dependence
(lower inset in Fig. 4). The base pressure in the UHV
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FIG. 1 (color online). Inelastic tunneling spectra obtained on
Au(111) surface at three different sample temperatures: 210 K
(upper curve), 150 K (middle curve), and 90 K (two lower
curves: obtained at different portions of sample surface). The
curves are offset along the vertical axis. Inset: 3 X 3 nm? atomi-
cally resolved STM image of Au(l1l) sample. Obtained at
90 mV sample bias and 0.5 nA current.

STM system (model UHV-3000 from RHK Technology)
was 4.5 X 10~ Torr. The sample temperature was mea-
sured in situ using K-type thermocouple attached to the
front surface. For IETS measurements we used 5 mV
sample bias modulation amplitude (V,,, = 3.5 mV) at a
frequency of 1500 Hz and lock-in detection at second
harmonic in order to obtain d*I/dV? representing the
phonon density of states (DOS) [18]. Because measure-
ments of phonon density of states require the accumulation
of signals during large periods of time, ~1 hour per spectra
in our case, the measurements were made at relatively large
tunneling conductance in order to maximize the signal-to-
noise ratio. The independence of the tip temperature on the
sample temperature has been shown in Ref. [9] describing
a variable-temperature design, whose commercial copy we
used for our experiments. The spectra were analyzed by
Gaussian fitting [14], and 7 was determined from equation
[11,12]: FWHM = /(5.4kpT)? + (1.7¢V,,)>.

In Fig. 1 we show IETS spectra obtained on a clean
Au(111) surface at three different sample temperatures:
90 K (two lower curves in Fig. 1), 150 K (middle curve
in Fig. 1), and 210 K (upper curve in Fig. 1). The mea-
surements were made at 10 M) tunneling gap resistance,
which corresponds to 3 A vacuum separation between the

STM tip and the sample surface. Tunnel /-V characteristics
(not shown), recorded simultaneously with d*1/dV? spec-
tra, were linear and featureless with current changing
within =25 nA. At 90 K, two symmetric low-energy fea-
tures appear in IETS spectra separated from each other by
2&; = 24 mV. These resonances were previously observed
on face-centered cubic (fcc) and hexagonal close-packed
(hep) surface regions of Au(111) [15] and associated with
inelastic phonon emission peaks. Indeed, their energy
eg; = 12 meV is close to bulk Debye temperature of Au
® = 165 K. The higher energy features in IETS spectra
at *e, (g, =60 mV) represent phonon emission-
reabsorption dips, not characteristic of Au(111) surface
[15], and therefore associated with STM tip [19,20]. In
previous spectroscopic surface studies, including Raman
and infrared (IR) spectroscopy, very similar frequencies,
470-500 cm ™!, have been attributed to vibration of Pt-C
[21] bond due to adsorption of CO molecules on the Pt
surface [22]. We conclude that the tip apex is terminated by
a CO molecule. When the sample temperature has been
raised to 150 K (see the middle curve in Fig. 1) the low-
energy * ¢, spectral features disappeared. The high-energy
IETS features remain visible in this spectrum, though these
features appear to be broader than on the lower curves in
Fig. 1. Upon further increase of the sample temperature to
210 K (see the upper curve in Fig. 1) the additional broad-
ening of IETS dips takes place. The disappearance of
closely spaced * ¢ features at higher sample temperatures
most likely has to do with their thermal broadening and
further enhanced by their mutual overlapping [23]. In
Fig. 2 we show the temperature-dependent phonon density
of states obtained from Fig. 1 data by averaging the
contributions for positive and negative tunnel bias, using
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FIG. 2 (color). Temperature-dependent IETS density of states
obtained from spectra in Fig. 1 by averaging the contributions for
positive and negative tunnel bias. Inset: Gaussian fit curves.
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antisymmetric function f(—V) — f(V). Very surprisingly,
for tip-induced *eg, features the effective temperatures

determined from spectral FWHM: FWHMy, ¢ =
40x5mV  (T=85%10K), FWHM;5 ¢ =76 =
7mV (T =161 *15K), FWHM, g =97 =7 mV

(T = 206 = 15 K) essentially coincide with sample tem-
peratures. Thus, our measurements show that the terminat-
ing atom of the STM tip remains in thermal equilibrium
with sample surface despite a 3 A wide vacuum gap sep-
arating this atom from the cold surface. We would like to
notice that for a “hot” STM tip the experimental observa-
tion of phonon resonances would not be possible at all:
because of its thermally broadened Fermi level the corre-
sponding spectral FWHM would be equal to 100 mV
(at 90 K), 107 mV (at 150 K), and 120 mV (at 210 K).

Because of the considerable amount of time required for
IETS measurements and unavoidable for VI-STM thermal
drift, the resonant spectra of Au(111) surface ( = &, fea-
tures) represent the averaged over few nm? rather than site-
selective, as in Ref. [15], information. The spectral width
of this resonance requires a special discussion. The analy-
sis shows that the *¢g feature at 90 K is characterized by
FWHM = 24 = 2 mV rather than 40 mV. This may be due
to the strong electron-phonon interaction (EPI) character-
istic of 2D systems [24], such as Au(111) surface. Because
of strong 2D EPI, the surface resonance possesses both
phononic and electronic components, and the later is being
primarily picked up by STM measurements. Its thermal
broadening is 3.5k37, i.e., by a factor of 1.5 less than what
would be for week EPI. As we shall show later in the
manuscript, strong surface EPI plays important role in
cooling the tip apex to cryogenic temperatures.

Although the issue of heat exchange between the STM
tip and cold sample surface has been actively debated in
the literature [6-8], our conclusion that the last tip atom
equilibrates its temperature with sample surface is rather
unexpected. It seemingly contradicts to an intuitive esti-
mation that the energy exchange through vacuum cannot
exceed the solid state heat conductance, mainly electronic
heat conductance for metallic STM tip. In the discussion
part of the manuscript, we will show that it is the local
electric field of the STM tip which causes strong coupling
between tip and sample surface lattice vibrations and re-
sults in an unexpected increase of heat flux through thin
vacuum gap, exceeding by 10 orders of magnitude the
prediction of blackbody radiation theory and by nearly
6 orders of magnitude the state-of-the-art theory predic-
tions [8] for near-field radiative heat transport.

At low tip-sample biases, which we used for measuring
IETS spectra, the electric field of the STM tip is
mainly caused by work-functions difference (Ad,,/p =
—0.7 eV): E = A®/d, where d = a is the vacuum gap
width (a- interatomic distance). Although the classical
“image charge” induced by this field is supposed to be
located at a distance of —d beneath the surface (see Fig. 3),
the actual screening cloud in the interfacial double-charged

FIG. 3 (color). Screening charges induced on sample surface
by local electric field of STM tip. Vibration of tip apex changes
the spatial position of the field maximum. Thermal vibrations of
the STM tip are transmitted to sample surface as forced “ther-
mal‘* vibrations of screening charges. Inset: energy diagrams for
tip-sample inelastic tunneling processes: (a) phonon emission,
(b) resonant emission-reabsorption.

layer is located on the sample surface and is represented by
an exchange hole [25] whose radius = d. As we show in
Fig. 3, due to electric field thermal vibrations of the tip
apex are transmitted to the sample surface as forced ther-
mal vibrations of image charge and exchange hole. This
happens because the vibration frequency of STM tip,
hw = 60 meV, is much less than Au(111) surface plasmon
frequency [26] (including short-wavelength acoustic plas-
mons [27,28]) and the image charge has sufficient time to
follow the local electric field of the tip. Modeling the
emission of phonons from this thermally vibrating surface
charge as from the surface ‘“hot spot” [29] yields the
following expression for energy loss:
Tk

h = Asph“%—%(T4 - Ty), (1)
where A is the hot spot area, v—sound velocity, &,,—
phonon emissivity of the hot spot, and (7, T,) are the
tip apex and the sample temperatures, respectively. Under
the experimental conditions relevant to this Letter: d = a,
A = ma?, the charge density in the surface exchange hole
achieves its maximum value [25], and we can assume
epn =~ 1. Physically, Eq. (1) implies that the atomically
compact vibrating charge cloud, located right under the
tip, couples through Coulomb potential to a nearest surface
atom and forces it to vibrate with amplitude comparable to
the vibration amplitude of a tip. An important role in this
process belongs to strong surface EPI, which was discussed
earlier. In equilibrium, the phonon emission term (1) must
be balanced by thermal energy delivered to the tip apex
through solid state conductance. The later can be found
from the Wiedemann-Franz law suggesting that thermal
conductance of the atomically sharp tip represents the
product of electrical conductance quantum [30] (2¢2/h),
Lorentz number (7°k%/3¢?) and temperature, giving rise

Py
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FIG. 4 (color). The dependence between STM tip apex tem-
perature and sample temperature predicted by model of “‘thermal
mirage.” Green and red curves correspond to tip “bulk” tem-
peratures of 275 and 150 K, respectively. Inset: the dependence
of vacuum gap resistance on tip vertical displacement for the
Au(111) sample. The IETS measurements were made at 10 M)
resistance.

to an expression k3T /3h: a (spin) factor of 2 multiplied
quantum of thermal conductance [31]. Therefore, thermal
energy delivered to the tip apex [7,8] equals to

_ i

6h
where T, is the temperature of the tip “bulk,” i.e., the Pt
asperity holding the terminating tip atom. Now the expres-
sion for energy balance, P = Py, takes the following
simple form:

Py (T3 — 1), )

R

0 6
where ® = 7rhv,/a is Debye temperature of the sample.
The dependence between tip apex temperature and sample
temperature is shown in Fig. 4 for ® = 165 K and T, =
275 or 150 K (green vs red curve). Because it was earlier
established that the tip cooling may occur not only at the
very end [6] the modeling was done at two different T,.
The dependence is essentially linear with the tendency
towards saturation at very low sample temperatures:
STM equivalent of low-temperature Kapitza resistance.
The experimental data obtained from IETS spectra are
shown on top of model curves. The comparison of model
Eq. (1) with experimental data clearly shows that field-
induced phonon tunneling represents the most likely
mechanism of thermalization between atomically sharp
STM tip and cold sample surface.

In conclusion, we demonstrate that the temperature
of the terminating atom of STM tip can be determined
using the innovative technique of UHV variable-
temperature inelastic electron tunneling spectroscopy. By
advancing the understanding level of atomic-scale thermal

=T5—T? 3)

phenomena, our result, at the same time, has important
implications for thermal transport at macroscopic hetero-
interfaces where nanoasperities often play a crucial role.
We show that field-induced thermal transport through the
atomically thin interfacial gap can exceed the Planck’s
radiation energy by a factor of ¢?/v? ~ 10'°.
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