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Blackbody Radiation

T

A goose that lays eggs of physics
by Cao, Zexian; § P (2024)
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lack-Body Radiation
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Blackbody radiation is “one of the most beautiful
theories in modern physics”.— Hendrik Antoon
Lorentz, Nobel Prize 1902, ;% i£ %
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Giants behind Blackbody Radiation

Wilhelm Wien, 1911, Max Karl Planck, 1918, Albert Einstein, 1921, Satyendra Nath Bose
Nobel Prize Nobel Prize Nobel Prize

Max Plank, The Theory of Heat
Radiation (1913), Warmestrahlung
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Ideal Blackbody Radiation

The Stefan—-Boltzmann
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Dr. Clifford MacDonald

Prof. Chang-Lin Tien, Hargreaves, Research Staff,
President of UC Berkely, Philips Research Labs, 1960-
1990-1999 2000

https://www.scribd.com/document/206202246/

https://en.wikipedia.org/wiki/Chang-Lin_Tien Philips-Research-80-Years1

https://www.jstor.org/stable/pdf/4140509.pdf

https://www.amazon.com/Philips-Stirling-Engine-
Clifford-Hargreaves/dp/0444884637

https://en.wikipedia.org/wiki/Near-field_radiative_heat_transfer
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Figs in Near-Field Blackbody Radiation

No conclusion based on both
theory and experiment
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spaced shields".
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Figs in Near-Field Blackbodz Radiation

Volume 30A, number 9

PHYSICS LETTERS

29 December 1969

ANOMALOUS RADIATIVE TRANSFER BETWEEN CLOSELY-SPACED BODIES

C.M.HARGREAVES

Philips Research Laboratories, N.V.Philips'

Received 22 November 1969

effect on the radiative energy transfer between two

of a
conducting plales due to the dominance of the near-field coupling over cut-off effects at small distances.

We have measured the transfer of electro-
magnetic energy between two parallel metal
plates at different temperatures as a function of
their separation, particularly when this distance
becomes comparable with and smaller than the
dominant wavelengths present. At such small

fluctuation field of the charges in each plate ex-
tends somewhat above the surface and is "felt"
by the charges in the other plate. The consequent
movement and damping of these charges consti-
tute a transfer of energy between the plates. Tt
is evident that this coupling will increase as the

Volume 30A, number

apparatus was mounted in a vessel evacuated to
<1075 Torr. A guard-enclosure surrounding one
of the plates (A) and held at the same temper-
ature ensured that, of the energy supplied to A,
nearly all was transferred by radiation to the
plate B. Losses via supports and wires amounted
to~ 1%. The measurements were carried out by
holding the temperature 7 constant and record-
ing the power that had to be supplied to A to keep
T constant, for various values of the plate sep-
aration. This distance was determined from ca-
pacitance measurements. The chromium film on
plate B (glass) is divided into three sectors, per-
mitting a check on the parallelism both capacit-
ively and from the interference colours (between
the sectors). Direct contact or contact via a dust
particle is betrayed by a rise in the loss angle of
the capacitance and also by abnormal changes in
interference colour in response to the controls.
For T =~ 300°K, Fen/kT = 25 1, so anomalous
effects should be expected at distances of a few

PHYSICS LETTERS

29 December 1969

duced, the near-field coupling becomes dominant
Measurements at lower temperature (near

779K) are in preparation; here the proximity ef-
fect should be observable from about 8p.

The only published theoretical work relating
to this problem is that of Rytov [6]. He has
studied the spectral energy density in a plane-
parallel cavity as a function of the wall separa-
tion. For a non-isothermal cavity, in the special
case that one wall is a nearly-perfect reflector,
Rytov gives expressions for the energy transfer
by a single Fourier component of the spectrum.
The total energy transfer should therefore be
calculable by numerical methods but the theory
as it stands cannot be extended to the case of
completely arbitrary walls. Mention should also
be made of a paper by Olivei [7] in which a re-
lated problem - energy transfer by wave pene-
tration at a dielectric boundary - is treated by
a classical optics approach.
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energy density in an isothermal cavity (cube of
side !, temperature T'). As the cavity is made
smaller and smaller, the spacing of the lowest
permissible frequencies and hence the energy
difference between adjacent modes becomes rel-
atively greater with respect to #7. Further, for
1 <<ficw/kT, it is just these lowest modes that

if separable, to what extent complementary.
Our measurements were made with two opti-
cally-flat surfaces A, B, coated with chromium
about 1000 A thick. The separation and parallel-
ism of the plates could be finely adjusted by
means of piezo-electric ceramic pillars. The

ments, with T = 823°K and Ty = 3069K, are
shown in the figure. The reprogucibﬂuy both
from day to day and between measurements at a
given distance after repeated separation of the
plates leads us to believe that the curve repre-
sents a true proximity effect. The absence of a
clear minimum in the curve suggests that the

edition, (J. A. Barth, Leipzig 1921), p. 218,
C.Schaeffer, Z.f, Physik, 7 (1921) 287,

H.B.G, Caslmir, Proc,Kon, Ned, Akad, Weten-
schappen 51 (1948) 793,

F.Sauer, Dissertation Gottingen 1962; the results
are summarized in Proc, Kon, Ned. Akad, Weten-
schappen B68 (1965) 231.
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nineteenth century into the efficient high-speed engine of today. It is not a it does not tell the reader

how to build a Stirling engine. It is rather the history of a research effort spanning nearly fifty years,

together with an outline of principles, some technical details and descriptions of the more important Had o iist
engines. No one will dispute the position of Philips as the pioneer of the modern Stirling engine.

Hence the title of the book, hence also the contents, which are confined largely to the Philips work
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of a method of calculating the retarded Van der | % Follow the author fifiad (gss A
Waals force between metal bodies [4] and the —
temperature correction to this force [5]. ?
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"near-field" coupling: the thermally-induced
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engaged in R&D of Stirling
Engine

First paper appeared on sub-thermal
wavelength, 1969, but with a few
uncertainties

Full paper appeared in Philips
Research Lab Report, 1973, p. 1-80

https://www.amazon.com/Philips-Stirling-Engine-Clifford-

https://www.sciencedirect.com/science/article Hargreaves/dp/0444884637

/pii/0375960169902643
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First theoretically conclusive prediction on NFRHT
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Theory of Radiative Heat Transfer between Closely Spaced Bodies

D. Polder and M. Van Hove

Philips Research Laboratovies, N. V. Philips’

(Received 28 January 1971)

A general formalism is developed by means of which the radiative heat transfer between
macroscopic bodies of arbitrary dispersive and absorptive dielectric properties can be evalua-
ted. The general formalism is applied to the heat transfer across a vacuum gap between two
identical semi-infinite bodies at different temperatures. The peculiarities arising when the gap

width is of the order of, or smaller than, the

thermal are

g
studied and quantitatively evaluated for the case of two metal bodies. The predicted strong in-
crease with diminishing gap width is in gualitative agreement with experimental results.

L. INTRODUCTION

Consider a set of bodies of macroscopic dimen-
sions with arbitrary dispersive and absorptive
dielectric properties. These bodies emit thermal
radiation depending on the local temperature. With
the aid of the fluctuation-dissipation theorem and

mechanism of energy transfer is the dominant one
for small distances, giving rise to a strong in-
crease of heat transfer with decreasing d.

Rytov has developed a treatment of problems of
this kind. Rytov’s work and ours differ in the
following respects. One difference is merely
formal: Rytov starts from random thermal exciting

electromagnetic theory we shall derive a formula
for the heat flux at an arbitrary point due to the
radiating bodies, Integration of this heat flux over
a closed surface gives the net power dissipated in
the absorbing matter contained in the enclosed
volume,

By this method we intend to determine and dis-
cuss the net heat transfer between two semi-in-
finite absorbing bodies with arbitrary dielectric
properties at slightly different P! es

electr fields, for which he writes down

a correlation function, in which a constant factor C
appears. In Ref. 1, C is determined a posteriori
by reproducing Kirchhoff’s law for radiation emit-
ted into vacuum. In Ref. 2, C is obtained from
Nyquist’s formula, and a discussion of the zero
correlation radius used by him (and by us) appears.
In our work we take electric currents rather than
fields as the random thermal sources and use the

f dissipation theorem to determine their

separated by vacuum of width d. The heat trans-
fer between closely spaced bodies differs from
that when the spacing is large for two reasons.
Firstly, when the separation d is comparable to,
or smaller than, the dominant vacuum wavelengths
at the temperatures considered, interference
effects must be expected in the waves multiply re-
flected the two y, the
evanescent fields normally present in thermal
equilibrium at the outer surface of each body can
reach over to the opposite body and transfer energy
if the distance is sufficiently small. As will be
explicitly shown for metal bodies, the latter

statistical properties; this rather simplifies the
formal treatment.

The second difference is that Rytov’s study of
the heat transfer across a gap is confined to the
case of one semi-infinite absorbing body at tem-
perature T separated by vacuum from an almost
perfect mirror at zero temperature: The mirror
is described by the approximate boundary condi-
tions of Leontovich, which state that the magnetic
fields are the same as if the mirror were perfect.
In our work we study the heat transfer between two
arbitrary identical semi-infinite bodies at dif-
ferent temperatures, while exact boundary con-
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o FIG. 6. Approximate integrated contri-
butions to the net heat transfer as obtained
ot in Sec. VII and their sum W as functions
of d in the case T=315K, €=-idmwu’,
| and 0=7.0x10" sec™!, W*!® has been calcu-
104 lated with the frequency cutoff described
in the text. The T, o, and d dependence
ot of the various contributions and of d* are
included. Below d=10"um=1004 these
g curves lose their physical meaningfulness,
w0} owing to electronic and atomic effects.
w0+
P T . et
00 00 07 100 1 10 100>
d[pm]
Wane® (4n) 0 (38) respect to W*'",
For

To integrate these results over frequency we
specify that € = - i470/w. The various regions of
validity of the expressions obtained will be de-
scribed by comparing d to the dominant wavelength =1.20,
Anex defined by Eq. (20).

For d << | €(\g,0) 1"/ #2;,./(27), since

I axxre e -1t Tor
Eqs. (31) and (34) yield

A< | €(ag) |V IN g/ (27)
the L polarization yields, with [” dxx®e*/(e* - 1)*

Wi~ 0.574 %2 c 20 T2=1.52x107 %672, (40)

> | €0har) | * A/ (27)

we have, using Eq. (37),

W 0,156 k7 et p5/ 2 75/ 21/ 2 gt
~4.46 T2¢V2g" | (39)

Equation (35) gives a heat transfer negligible with

2=

L L " s s L L
3 7T 7 i 9
10 10° 0° 10 1 10 10 _’]d[pm

Wi®=7,3x10% ko™ d

x[5.6+1n(47 102 &' %) + In(0 Td%) )
=9080"'d"*[In(0Ta? - 20.4) , (41)

FIG. 7. Numerically integrated contribu-
tions to the net heat transfer and their sum
W as functions of d for the case of Fig. 6,
with (dashed curve) the total approximate
result of Fig. 6 superimposed.

https://journals-aps-org.easyaccessl.lib.cuhk.edu.hk/prb/pdf/10.1103/PhysRevB.4.3303
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because

7 daxxe/(e*-1)*
“min

i dxxe*/(e* - 1)?

0.01
= fgﬂh dx/x+

=1In(0. 01 x7;,) +5.6 , (42)

Where Xy, =Hwy/RT [cf. Eq. (38)].

The theoretical approximate results as functions
of d are represented in a specific case in Fig. 6;
here o=7.0%10' sec! and 7= 315K, so that
Amax™ 9.2 um. Notice the remarkably large con-
tribution of W** owing to a very intense spectrum.

With the knowledge of the d, 0, and T dependence
of the total heat transfer as given by the above ap-
proximations (and brought together in Fig. 6) we
can, for example, predict that the dip occurring
near d = §\n,, will disappear if ¢ is chosen smaller;
then also the height of the shoulder diminishes and
sensibly approaches the d —« value; and vice versa,
large conductivities favor a dip and a large ratio
of shoulder height to d ~ = value.

A temperature increase will in first approximation
shift the dip up along the d** slope in Fig. 6, while
it reduces the ratio of shoulder height to d ~=
value.

One should in fact take into account the temper-
ature dependence of ¢ (e.g., oo T°Y), but this only
influences quantitatively the features just men-
tioned.

Fig. 7 shows computed result based on the exact
formulas in the same physical situation. These
confirm the discussed expectations.

In the foregoing example, condition (28) was
satisfied. We now consider a more realistic sit-
uation and try to treat the case of chromium near
room temperature. In the (infrared) frequency
region corresponding to such temperatures, the
condition |€] > 1 is not everywhere fulfilled for
chromium. Thus, the analytic appr

D. Polder & M. Van Hove’s Prediction

I

€(w) satisfying the Kramers-Kronig relations to
experimental optical data (taken over from Ref.

6 and later measurements by these authors). The
expression Im€ = - 470w™! has the free parameter
o and gives Re€ through the Kramers-Kronig re-
lations. But it is simpler and more realistic to
use an expression provided by Drude’s theory of
conductivity, incorporating a low-frequency con-
ductivity o and a mean free flight time w;', which
we may consider as free parameters:

40w dmowd
Re€=1- m " lmt:-m,—f?o)— . (43)

A reasonable fit to experimental data in the
frequency range of interest is found for 0=3.5
%10 sec™! and wy=1.41%10" sec™’. The resulting
€(w) is represented in Fig. 8, together with ex-
perimental curves and Ime€ =—4row™! as used in
the preceding example. And Fig. 9 shows the
corresponding heat transfer W.

Comparison of Figs. 9 and 7 shows at once that
the d ~« value has diminished rather than been
augmented, although |€| has diminished: The
reason for this lies in the fact that now the argu-
ment of € has changed markedly in the short-
wavelength region. Nevertheless, the curve of
Fig. 9 has the same general characteristic shape
as that of Fig. 7; in particular, the distance at
which the small-separation effects appear has not
changed, being in first approximation only depen-
dent on temperature.

In Ref. 5, Hargreaves published measurements
of radiative heat transfer between flat chromium
bodies with a mean temperature of 7~ 315 K in
the separation range 1<d <10 um. We find very
good agreement with experiment as regards the
shape of the curves and the critical distance be-
low which the small-separation effect becomes
noticeable.

The absolute values of the heat currents, though
of the same order of magnitude, do not coincide,
however, not even for d—~=: It appears after
ion of more recent, as yet unpublished,

lose their reliability and we have to concentrate
on numerical integration.

To obtain €(w) for chromium we apply the method
of curve fitting of a theoretical expression for

measurements by the same author that the dis-
crepancy lies in a difference between bulk chromium
(on which our calculations are based) and the
chromium layers used in the experiments.

!S. M. Rytov, Theory of Electvic F ions and

Thermal iation (Alr Force C: Center,

Bedford, Mass., 1959), AFCRC-TR-59-162,
. A. Leontovich and S. M. Rytov, Zh. Eksperim. i
Teor. Fiz. 23, 246 (1952).
3E. G. Cravalho, C. L. Tien, and R. P. Caren, Trans.
ASME Ser. C 89, 351 (1967).

2
I 5C. M. Hargreaves, Phys. Letters 30A, 491 (1969).

- ”
ties and Electronic Structure of Metals and Alloys, edited
by F. Abelés (North-Holland, Amsterdam, 1966), p. 196;
and J. Opt. Soc. Am. 56, 1137 (1966).
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Pioneers of Nanotechnologx

Control voltages for piezotube

Piezoelectric tube
with electrodes

Tunnelinq . Distance control
current amplifier and scanning unit

Tunneling
voltage

~

Data processing
and display

Gerd Binnig and Heinrich Rohrer with the

scanning tunneling microscope (STM),
Nobel Laureate 1986

Atomic image of reconstruction Electronic Feedback Control System
on a clean (100) surface of gold | j§ technically the key for SPMs.

https://www.ibm.com/history/gerd-binnig
https://en.wikipedia.org/wiki/Scanning_tunneling_microscope#
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Detector and
feedback
electronics

Photodiode
Laser

Cantiliever
Sample surface & tip

. ., tesy by Prof. Dr. Franz J. GieBibl

https://en.wikipedia.org/wiki/Atomic_force_microscopy
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[ S PM Switzerland 2016

INTERNATIONAL June 12™ - 15™

ScanNING PrROBE

Microscory
CONFERENCE

2016 International Scanning Probe Microscopy Special session to celebrate 30" Anniversary of AFM Invention,
Conference, Grindelwald, Switzerland, June 12- June 12-15, 2016

15, 2016 Professor Emeritus Virgil Elings, Founder of Digital Instruments,
First AFM, photo by Ch. Gerber then Veccco, now Brucker

4/30/2024 The Chinese University of Hong Kong (CUHK) F A



Research Links

Doctor Exam, Jiurgen Mlynek (Chair), now Chairman of the
Strategic Advisory Board of the European Quantum Technology
Flagship Initiative; Universitat Konstanz (June 1993)

University of Konstanz (an Elite University), Germany (1988-
1993, under supervision of Prof. Dr. Klaus Dransfeld)

IBM Resez

Nanoscience and Nanotechnology:
STM/AFM; Cy,; Nano-phase
Materials, QDs (Louis E. Brus ),
superlattices, clusters, nanowires,
etc.

Yellow Buildings: The Binning and
Rohrer Nanotechnology Center, 17
May, 2011, operated by ETH and
IBM

https://www.youtube.com/watch?v=dtSt04tYTOE

IBM Zurich Research Lab, Switzerland
4/30/2024 The Chinese University of Hong Kong (CUHK) HHH T AKE



‘“fgﬁ Trailblazers of Nanotechnol gy

“-_-

Dr. H. K. Wickramasighe’s group (IBM, Yorktown Heights) developed various types of SPM, with ultra-high
sensitive detection technique (hydrodyne optics), SThM, KPFM, EFM, dynamic AFM, s-SNOM, SIR-M, etc., in
1980°s-1990s. Prior to SPM, he was engaged in ultrasonic and photoacoustic microscopies with Eric Ash and
Calvin F Quate, in Imperial College and Stanford

Scanning thermal profiler

C. C. Williams and H. K. Wickramasinghe
7. J. Watson Research Center, IBM, Yorktown Heights, New

York 10598

(Received 18 Seplcmber 1986; accepted for publication 13 October 1986)

A new high Iy

has been

based upon a ing near-

field thermal probe. The thermal probe consists of a thermocouple sensor with dimensions

approaching 100 nm. Profiling is achieved by scanning

the heated sensor above but close to the

surface of a solid. The conduction of heat between tip and sample via the air provides a means
for maintaining the sample spacing constant during the lateral scan. The large difference in
thermal properties between air and solids makes the profiling technique essentially
independent of the material properties of the solid. Noncontact profiling of resist and metal
films has shown a lateral resolution of 100 nm and a depth solution of 3 nm. The basic theory
of the new probe is described and the results presented.

Over the past few years, several novel techniques for
mapping surface topography with ultrahigh resolution have
been proposed.'* Perhaps the most notable of these is the
scanning tunneling microscope' (STM), which is capable of
directly mapping single atoms on the surface of a solid. The
atomic force microscope® (AFM) overcomes a major limi-
tation of the STM, in that it can profile both insulating and
conducting surfaces. The AFM is based upon a measure-
ment of the Van der Waal interaction between the atoms on
the tip and the sample surface. As these forces exist over
distances of a few tens of angstroms, the tip must be brought
very close to the sample surface. The near-field scanning
optical microscope™ is a noncontacting instrument which
can profile surfaces at a larger distance, but the signals are
material dependent. In this letter, we present the scanning
thermal profile (STP), a new technique for surface profiling
based upon a near-field thermal interaction between a heated
tip and surface. The approach is attractive because it pro-
vides a means for material-independent profiling of surfaces.
Also, since the thermal interaction between tip and sample
extends over a distance which is much llrgcr than (he STM

and the thermal loading felt by the tip is dependent only on
the tip to sample spacing. This permits the replication of the
true surface topography while traversing structures which
have substantially different thermal properties.

The key element of the STP is the ultrasmall thermal
probe which provides the sensitivity and the spatial resolu-
tion necessary to achieve high-resolution profiling. The
probe consists of a conical tip with a thermocouple sensor at
its end. See Fig. 1. As shown schematically in the figure, a
thermocouple snsor i produced at the ip by the junction of

i ilar inner and outer An insulator sep-
arates these conductors in all arcas remote from the tip. The
thermocouple junction produces a temperature-dependent
voltage which can be sensed at the other end of the probe
across the two conductors. This voltage provides the means
for remotely sensing the thermal coupling between tip and
solid as the probe is Kanned laterally ncross the solid sur-
face. Th: c:
on the order of 100 nm. The minimum detectable change in
tip temperature is less than 0.1 millidegree.

Tofacilitate imaging, the mermul probe is mounted on a

or AFM i imaging at i
the order of 10-100 nm can be achieved without the need m
fly the tip with sub-3-nm spacing.

The scanning thermal profiler is a noncontacting high-
resolution surface characterization technique which has the
potential for mapping surface topography with lateral reso-
lution below 100 nm. The profiling is achieved by scanning a
very smail temperature sensor on the end of a heated tip
above the surface of a solid. When the heated tip is in close
proximity to the solid, the tip temperature is reduced by the
thermal coupling between tip and solid. Since the thermal
loading of the tip temperature varies rapidly as the gap
between the tip and surface approaches zero, it provides a
highly sensitive means for measuring and controlling this
gap. ln aservo system similar to that of the scanning tunnel-
ing ! the d d ac of the tipis fed
into a servo control loop which adjusts the average vertica!
height of the tip, via a piezoelectric element, to maintain
constant the ac thermal coupling as the tip is scanned lateral-
ly over the surface. Because the conduction in any solid is so
large relative to conduction through air, the solid surface

remains. during a scan

1587 Appl.Phys. Lett. 49 (23), 8 December 1986 0003-6951/86/491587-03$01.00

ucture which pi p1o 100m of travel
in any of the three dimensions. To avoid the problems of dc
drift in the thermal signal, the tip to sample spacing is modu-
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the average By height is reduced.

lated at a frequency near | kHz, and the resultant ac thermal
signal is detected and rectified before being sent to the servo
loop. The proximity control is therefore provided by the gra-
dient of the thermal loading versus tip to sample spacing,
rather than the loading itself. Generally, the ac modulation
of the spacing is small relative to the average spacing.

The thermal energy transfer between tip and sample is
driven by a dc temperature difference between the thermal
probe and sample. This temperature difference can be
achieved in two ways. A constant current can be driven
through the thermocouple sensor, providing Joule and Pel-
tier heating and/or cooling at the tip. A demonstration of
this approach has revealed, however, that the high current
density at the tip creates excess 1/fnoise in the
detection circuitry. A simpler approach is to heat the ther-
mal probe holder itself. Because the thermal conductance
between the tip and holder is large compared to the conduc-
tance between the tip and the air, the tip of the probe which
extends beyond the holder assembly is essentially at the same

the holder. When the th 1 fluxat thetipis
increased by the near presence of a solid surface, however,
the temperature at the tip is loaded, providing a means of
sensing proximity to the surface.

Several structures were profiled to demonstrate the pro-
filing capabilities of the scanning thermal profilometer. Fig-
ure 2 contains the profiling results on a 7-um photore
film on a silicon substrate. Two interesting features are con-
tained in these line scans. The first is that as the fly height of
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3

FIG. 3. Line scan of the edge of an aluminum film on silicon.
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FIG. 4. Repeated line scans on an aluminum line on silicon.

the probe over the resist edge is reduced, a considerable im-
provement in lateral resolution is achieved. Secondly, the
signal to noise ratio is also improved as the tip approaches
the surface. The slight differences in the line scans can be
attributed to a lateral drift in the scanning system. The se-
Qquential scans do not exactly retrace the same surface area.

The profile of the edge of a 100-nm-thick aluminum film
on silicon is shown in Fig. 3. The data demonstrate a depth
resolution of approximately 3 nm as determined by the noise
seen in the trace, and a lateral resolution of approximately
100 nm as determined by the response of the profiler to the
small defects on the aluminum film. The resolution seen is
consistent with dimensions of the tip used to profile the
structure. Figure 4 demonstrates the repeatability of the data
on an 4.5-um aluminum line. It is clear that most of the
features are reproduced upon retrace. Figure 5 is a three-
dimensional image of the same structure. It is composed of
multiple line scans, each shifted by 200 nm in a direction
normal to that of the line scan.

While the servo and scanning system of the STP are
similar in concept to the scanning tunneling microscope, the
two are very different for the following reasons. Firstly, the
STP is based upon a thermal coupling between the tip and
surface, while the STM is based on electron tunneling. The
thermal interaction is one which can be used on any solid
surface, whether metal, semiconductor, or insulator. Even
liquid or semiliquid surfaces may be investigated. Secondly,

2000m
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FIG. 5. Three-dimensional profile of an aluminum line on silicon.
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conduction through air makes possible the profiling of sur-
faces without dependence upon material properties. This is
the result of the large difference in thermal properties
between air and any solid or liquid. Thirdly, the thermal
interaction can be sensed over distances equal to the desired
lateral resolution; i.e., it is not necessary to fly the tipat | nm
when the desired lateral resolution is on the order of 10 or
100 nm. These properties make the STP look aumnvc for
profiling icati Such ications include

tronic metrology, biological cell profiling, and the surfnce
characterization of materials.

We would like to acknowledge the help of Chris Jahnes
and Jerry Cuomo in the production of the thermocouple tips
and of Robert Jackson and Don Merte for their help with the
scanning mechanics.
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Abstract. Resistive heating, emission heating or cooling
(e.g., the Nottingham effect), and thermal fluctuation
radiation are examples of energy exchange processes
which are fundamental in electron field emission and in
tunneling junctions of scanning tunneling microscopy.
These exchange processes are analyzed for both electron-
ic tunneling processes. We first discuss the energy de-
livered by a monoatomic tip in the field emission process.
Strong phonon excitation is expected for field emissi
currents exceeding 1 nA. Secondly we present a theoreti-
cal calculation of the thermal deposition associated with
the Nottingham effect in a tunneling junction. The cal-
culation is based on the free electron model for the
electrode materials and the tunneling process across a
planar vacuum gap. Our results show that the thermal
power is deposited nor only at the electron receiving
clectrode but also at the emitting electrode. This originat-
es from a finite probability for electrons below the Fermi
level to tunnel through the tunneling barrier replaced by
clectrons starting from the Fermi level. The comparison
between the calculations and the recent STM measure-
ments is given. Finally we discuss the other energy ex-
change processes in the tunneling junction, and conclude
that the thermal coupling between the tip and the sample
of STM is extremely small under UHV conditions. This
is important for high temperature STM.

PACS: 61.16, 65.00. 73.40

If electrons tunnel from a sharp metallic tip to a flat
metallic electrode or another conducting substrate, two
different cases are distinguishable. For a large tip-
substrate separation (much larger than the de Broglie
wavelength 2y = h [ |2meU = 1.2 | U in nm, where U
is the applied voltage in volts). electrons can only pene-
trate the gap when a high clectric voltage is applied
between the tip and the substrate. This is the typical
situation of field emission [1]. However, for a close tip-
substrate separation (about Zy), as realized in scanning

tunneling microscopy [2], electrons can tunnel directly
across the gap when a small bias voltage is applied. This
paper is concerned with the energy dissipation for the
two tunneling processes mentioned above [3,4]. In the
first scction a briel analysis of energy deposition in field
emission will be given. In the remaining sections the
energy deposition in a tunneling junction will be discuss-
ed in detail.

1 Energy dissipation in the process of field emission

The field emission process can be treated by considering
a one-dimensional potential, as shown in Fig. 1. Outside
the metal, the potential energy of the electron has some
constant value —(®,+ Eg) relative to zero within the
metal. An external field Fis applicd to draw the electrons
from the metal. The positive z-axis is chosen perpendicu-
lar to the surface and directed out of the metal, with the

B
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Fermi level
REN

Ep

—_—— ] -Fz

2=0

Fig. 1. Potential-encrgy diagram for field emitted electrons at
T=0K. @, is the work function of the emitter and F'is the exter-
nally applied field
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Fig. 3. Calculated fraction of the total power deposited at the
emitting electrode (left) and at the recciving clectrode (right) as a
function of the bias voltage for constant tunneling current. The
total power P, is determined by P,=1U with U=1V. For higher
bias voltages and larger tunneling distances d, more energy is de-
posited in the receiving electrode

Neglecting the contribution of the image potential, we
obtain for the tunneling probability

D(E,)=exp[f4h—"d|52m(b‘[. E+®—eU/ z)}~ (14)

where @, is the work function of the electrons and 4 is
the width of the tunneling gap.

We have calculated numerically the integrals in
(11, 12). For gold electrodes, the values of the Fermi
energy is 5.53 ¢V and the work function @, is 4 eV. The
results are shown in Fig. 3.

These results are calculated under the assumption of
constant current, which corresponds to the experimental
situation [3, 4]. Three curves have been calculated for
three gap widths d=0.2, 0.4, and 1 nm, respectively, at
a common reference bias voltage of 0.1 V. The variations
of d over the voltage range are given in the figure. The
values Q,,, and Q,, are normalized to the total power P,
at a bias voltage of 1V,

3 Discussion

To begin with, it would be favourable to review the
theoretical calculations in Fig. 3. As mentioned in [3], the
tunneling current was kept constant during the experi-
ments. To achieve this in the theoretical calculations, the
gap distance must be altered as a function of the bias
voltage. In Fig. 3, the range of d in curves A, B and C
are 0.2-0.3 nm. 0.4-0.5 nm and 1.0 1.1 nm, respectively.
On the basis of the calculations by Lang [23], the absol

159
which corresponds to 1 i diti
in STM. It can be scen from these calz.ulauons that the
powers deposited at the emitting electrode and the receiv-
ing electrode have a nonlinear dependence on the bias
voltage, and they are not equal at high bias voltage. This
cffect we will call ‘asymmetry’.

In Fig. 2, the image potential has been omitted. In
principle, this potential can be treated within the frame-
work of Simmons [24]. But the calculations are some-
what tedious. However, because an image potential re-
duces the mean height of the tunneling barrier, we can
estimate the heat deposition for the reduced barrier to
evaluate the influence of the potential. Calculations show
that the asy ry is thereby enh d. For le,
for ®,=1¢eV and U V, the calculation provides a
power ratio of 71% (instead of 60%) at the recciving
electrode for curve B in Fig. 3.

The curves in Fig. 3 have been also obtained (for
T=0) with the similar procedure used by Engle and
Cutler to calculate the inversion temperature of field
emission (7]. Although our calculations are restricted to
T=0, the cooling effect in the tunneling junction is ex-
pected to occur at high temperatures, because the energy
levels above Ep become populated and contribute to
tunneling. The effects of electrode geometry on the ther-
mal deposition are a matter which requires further
theoretical studies. Their calculations are obviously more
complex. Miskovsky ct al. calculated the effects in the
case of field emission [14]. They found that the inversion
temperature is higher for the curved tip than for the
planar emitter at the same applied voltage.

Now we compare the theoretical results with one of
the recent experimental data shown in Fig. 4. The mea-
sured data were obtained using a gold tip and sample as
a tunneling junction [3]. The experimental data show a
good linear dependence of the deposited powers on the
bias voltage. With the exception of the results at high

T -
Thermal signal (nV)
electron emitting slactron receiving
electrode 80 slectrode
-4 1500nA
sof
1000nA
40|
800nA
20 400nA
200nA
e 10om
10

1.0 05 0 05

Bias voltage on sample (V)
Fig. 4. hermoelectric voltage of the thermocouple as

gap distance may be estimated from the tunneling resis-
tance for the given parameters of the experiments. This
leads to a gap distance of 0.5 nm at a bias voltage of 0.1 V
and a tunneling current of 500 nA, which corresponds to
curve B in Fig. 3. Curve C represents large gap distanccs,

J. B. Xu, K. Dransfeld, et al., Appl. Phys. A-Mater. 59, 155-161 (1994)

4/30/2024

function of the applied bias voltage. For positive values of U, the
sample serves as the receiving electrode and the tip as the emitting
clectrode. For negative values of U, the sample becomes the emit-
ting electrode and the tip is the receiving electrode, in accordance
with Fig. 2. For each curve the average tunncling current is con-
stant, The sensitivity of the thermocouple was 10 pV/K

The Chinese University of Hong Kong (CUHK) FEH K

Energy-exchange processes by tunneling clectrons

The discrepancy between the present calculations and
the recent measurements in STM can be partially ex-
plained by the strong thermal coupling between tip and
sample due to adsorbed films in air. Further experimental
investigations of the Nottingham effect under UHV con-
ditions, and [urther theoretical considerations for STM,
should contribute a more detailed understanding of the
Nottingham effect in STM. An experimental investiga-
tion with UHV STM is currently in progress.

Acknowledgements. We wish to thank Profs, C.C. Williams and
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This paper elaborates on the idea of using the scanning tunneling microscope in new experiments on

junction. We first introduce the subject of

hasi the

thermop g ion by a vac li
thermopower generation in metals in the p
ph;

of a gradient,

ical origins of the thermopower. Then we discuss a thermopower produced in a homogeneous

metallic chain containing a tunneling junction. This thermopower is sufficiently large to be
measured. Finally. we describe an arrangement to measure the thermopower, especially with the

help of the scanning tunneling potentiometry.

I. INTRODUCTION

respectively. The determination of the absolute thermopower
(5" and/or S*) is rather difficult.’ However, relative changes

In recent years, the measurements of thermoelectric volt-
ages generated at microstructures'? and point contacts™
have been the focus of interest of their transport properties.
These studies were mostly in the ballistic regime. where the
mean free path of the electrons was larger than the size of the
microstructure. The Seebeck coefficient or thermopower S is
a fundamental transport parameter. like the electrical conduc-
tivity o, and the thermal conductivity . It provides addi-
tional information about a system, nd that obtained from
7, . since § depends upon the derivatives of the electronic
mean free path with respect to energy. rather thun just the
mean free path itselt. In metals S is a sensitive probe of the
relative roles of phonon-phonon and phonon-electron inter-
actions, and of the topology of the Fermi surface.

Tt is well known that a thermoelectric voltage drop AU
will arise in an open circuit made of two dissimilar metals
(heterogeneous chain), if the two junctions are maintained at
difterent temperatures” (see Fig. 1). The thermoelectric volt-
age AU is proportional to the temperature difference
AT=T,=T,.if AT is small.

The thermopower S is defined by

is the thermoelectric voltage produced
by the open uerI and AT =T7,- T the temperature differ-
ence between the junctions ¢ and o. The measuring points «
and b have the same temperature 7.

The absolute thermopower of a homogeneous material de-
pends on the material itself. For the two different metals A
and B. we have

si8=g8-s4, 2)

where $* and S? are the absolute thermopowers of A and B,

are comp ly easier 10 meusure,

As a starting point for the following discussion, we shall
explicitly write the absolute thermopower § (of a metal A) as
the sum of two parts: §=5_+5,. Here the term S, is the
diffusion component. and hus its origin in the diffusion of the
electrons in metal A due 1o the presence of a temperature
gradient, and the other term S is the so-called phonon-drag
component. For simplicity. we will drop the superindex A.

Since the conduction clectrons in simple metals diffuse
from the hot to the cold end. and the electrons have negative
charge, the sign of S, should in general be negative. An
expression of 8 » for simple metals has been derived from the
Mott formula:®

(3)

where o is the electrical conductivity. £, is the Fermi en-

ergy. and & is the Boltzmann constant. o, can be expressed
by®
I (E)SHE)
[ T o 4)

where [ (E) is the electron mean free path and S, £) is the
total area of the Fermi surface. Inserting o, into Eq. (3). one
deduces

I do, @ n o dinl, alnS,

-—L s
GE | GE 12

The first term is expected to be negative since the more
energetic electrons have Jonger mean free paths. But the sec-
ond term depends upon the details of the Fermi surface and
can be either positive or negative. The second term may even
outweigh the first term so that the thermopower may be posi-
nive. This is the case. for example, for the noble metals such
as Au. Ag, and Cu. For the free-electron maodel, the Fermi

2156  J. Vac. Sci. Technol. B 12(3), May/Jun 1994 0734-211X/94/12(3)/2156/5/$1.00 ©1394 American Vacuum Society 2156
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FiG. 4. The experimental arrangement for measuring the thermoelectric vol-
age produced by a tunneling junction. V is a voltmeter with high input
impedance

voltage prod by the junction con-

sisting of an Au tip and an Au substrate under UHV condi-
tions. These experiments are being carried out in Konstanz.
The schematic diagram of the proposed experimental
setup is shown in Fig. 4. Two films of Cr and Au are cross-
wise evaporated onto a glass plate to form a
thermocouple.’®"" Both films have a minimum thickness of
200 nm so that the diffusion process between both metals can
be ignored. The width of the films is about 200 um. The
sample (Au film) is heated by a laser beam from the backside
through the glass plate. The thick Cr film absorbs ~50% of
the optical power and converts it into heat. The thermal re-
sistance from the Cr-Au junction to the surroundings is
around 5% 10° K/W."' Thus for a temperature rise of 10 K in
the area of the Cr-Au junction an absorbed power of 2 mW
is required. This is easily provided by a laser diode. The
temperature increase of the sample can of course, be directly

d by the Cr-Au th
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If the difference between T and T is not too large, we
obtain

Ty
Au=f7 [SM(T") =S T") )T’
s

=(To—Ts)[S*T) - S4(T)]. (13)
Here S‘“‘S“‘ S"‘ is the thermopower of bulk gold, and S
is the of the li junction.

T=(Tr+T)/2 is (hc average tempcrature of the tunneling
junction. At room temperature, S}¥-0, $A=5)'=19
#V/K. Combining Egs. (11) and (13). we obtain

3.76  19.2
AU=(Ty—Ts) |9+—,—~z—— (14)

For Eg=5.53 eV, d=4eV, z=5 A, Ty—Ts=—10 K, we find

AU=(U,~U,)=(1.88z1.58)(~10)=—T78(uV).
(15)
This relatively large value can easily be measured experi-
mentally. It would imply that at room temperature there ex-
lsls a considerable lhermoelccmc voltage in a closed
gold chain a ling contact.
At Tow temperatures, for example, at 7= 30 K. Kt
SM=§A = 1.3 uV/K.*If Eq. (10) is still valid and me pa-
ramclcr\ for Eq. (15) are the same, we find

AU=(Up=U,)=(1.3-0.35+0.1882)(—10)
==19(uV). (16)

This thermoelectric voltage should be still measurable.
Here the contribution from bulk gold [the first term in Eq.
(16)] has the same order of magnitude as the contribution
from the tunneling junction (the second and third terms).

A first attempt to measure the thermopower generated by
a tunneling juncnon has recently been made in Konstanz
under UHV di The itude of the th
is indeed detectable. The preliminary result indicate that ther-
movoltages between 20 and 100 xV can be observed for a

To mount the sample, one of its ends should be glued to andrsam le diffecence of app y, 10K betwezn ip
the metallic support for good thermal contact, and the other R
be pressed against the support by a metallic spring so as to
allow thermal expansion of the glass and reduce any surface
bending in the z direction (see Fig. 4). IV. CONCLUSIONS
To control the tip-sample distance and to mcasum the The tunneling junction of a STM can generate a ther-
relevant thermoelectric voltage, the novel of when a - er is applied to the
“ 18 L
scanning nolsfgpo(enuomerryl pro_]l.)hosed by Méller _” “l‘l junction. If the junction is placed in a closed homogeneous
and }(oslowsh could be applied. The volt-  hain isting of one metal throughout only, this ther-
age is equal to P cannot be p by the th P pro-
Tr duced m the rcmammg parts of the chain. In this T, We
Au=u,,—u,=f [SAYT') =S4T AT + Uy, (12) e Pap,en the
T,
s closed chain made of gold We find lhal the magnitude of the
where U, is the offset voltage in the external circuit without  thermop: should be at room temp if

heating. Uy, can be canceled electronically.

According to the discussion in Ref. 11, the thermal cou-
pling due to several mechanisms between tip and sample
under UHV conditions is extremely weak, and we can sup-
pose Tr=~T,. The difference Ts— T+, as mentioned above, is
directly measured by the Cr—Au thermocouple.

JVSTB - and

J. B. Xu, K. Dransfeld, et al., J. Vac. Sci. Technol. B12, 2156-2160 (1994)
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the temperature difference across the junction is of the order
of 10 K. We propose an experimental arrangement to mea-
sure the thermopower at room tcmperature by means of scan-
ning ing noise Y- A p inary experi-
ment under UHV conditions indi (ha( the

produced by a tunneling junction is observable.
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Thermovoltage across a vacuum barrier investigated by scanning tunneling microscopy:
Imaging of standing electron waves
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The thermovoltage of a vacuum barrier has been studied by heating the tip of a scanning tunneling mi-

pe. It is 1

to minor variations of the electronic structure of the sample. As an

example an electronic surface state on Cu(111) has been investigated. The reflection at step edges and

other defects leads to an i pattern

the thermovoltage by up to 2 uV/K. The

findings are well described by a ical calcul,

which confi that the latter differs from a map

of the electronic density of states.

Thermovoltages result from transport phenomena if an
electric conductor is submitted to a temperature gradient.
A special case arises if the conductor is formed by a vacu-
um barrier which allows electronic tunneling. The ther-
movoltage is given by the bias which is needed to balance
forward and backward tunneling. Therefore a measure-
ment of this quantity represents a critical test for the
theoretical description of the tunneling process and the
involved electronic states. Since tunneling occurs from
occupied to unoccupied states only electrons in the small
range of about +/— 2 kT around the Fermi level may
contribute in the absence of any external bias. In conse-
quence the thermovoltage depends crucially on the densi-
ty of states of both electrodes in the vicinity of the Fermi
level.

Williams and Wickramasinghe' performed an experi-
ment at ambient conditions analyzing the thermovoltage
of a scanning tunneling microscope (STM). They found a
lateral variation on MoS, between the Mo and S atoms.

We present an investigation of the thermovoltage
across a vacuum barrier. Our measurements show that
this quantity is extremely susceptible to minor variations
of the electronic structure of both electrodes. This sensi-
tivity, combined with extreme lateral resolution which
can be obtained by using a STM, will make a promising
tool in surface science.

For metallic sample surfaces and tunneling tips the ob-
served thermovoltage, i.e., the thermovoltage per temper-
ature difference, is about one order of magnitude larger
than the values for metallic bulk.? In addition it is nega-
tive even for Au, Ag, and Cu samples with posmve bulk
values for the thermopower. Its absol value di

and Eigler* succeeded in imaging the electronic density of
these waves on Cu(111) for different types of confinement.
Hasegawa and Avouris® showed for Au(111) and Ag(111)
that even at room temperature standing waves of the sur-
face states can be observed; however, the coherence
length is reduced due to the thermal energy spread.

Our experiments show that standing electron waves of
surface states, e.g., on Cu(111), lead to a modulation of
the thermovoltage observed in STM. Moreover the ther-
movoltage does not yield the same information as tunnel-
ing spectroscopy; it is related in a more subtle way to the
electronic density of states of the tip and sample. A care-
ful analysis of the data yields k as well as dE /dk of the
surface state at Ej.

Experiments have been performed by a STM operated
in ultrahigh vacuum. A temperature difference between
tip and sample of about 10 K has been achieved by heat-
ing the shaft of the tip by laser irradiation of about 50
mW (568 nm).5 Stable steady-state conditions with little
thermal drift have been achieved by a constant laser out-
put and a sufficient time for the system to equilibrate
(several hours). The way the experiment is conducted ex-
cludes heating of the sample. The coupling across the
vacuum barrier by radiation and by the tunneling elec-
trons can be completely neglected in comparison to the
thermal conductance of tip and sample.”

To measure the thermovoltage the STM has been
operated in a potentiometry mode relying on the thermal
noise of the vacuum barrier.® The square of the spectral
density of the latter is proportional to the conductance of
lhe tunnehng gap, hence it shows the same exponential
d on the gap width as the tunneling

on several parameters, e.g., the crystallographic orienta-
tion of the surface.

A particularly interesting example to analyze how the
thermovoltage depends on the electronic system is found
for the (111) surfaces of noble metals. They are known to
support electronic surface states representing an almost
free two-dimensional electron gas which is reflected at
monoatomic steps and other defects.® By tunneling spec-
troscopy performed at low temperature, Crommie, Lutz,

0163-1829/95/52(19)/13796(3)/$06.00 52
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current in normal STM operation. However, it is in-
dependent of the bias voltage and does not disappear at 0
V. This permits us to use a second feedback loop to ad-
just the external bias such that the net current vanishes.
The technique yields a typical resolution of about 3 uV.
Without heating, the observed potential is constant
within a few uV. To verify the experimental results
which are presented, the direction and speed of the scan
have been varied.

13 796 ©1995 The American Physical Society
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Cu(111) has been prepared by evaporating 200 nm of
Cu onto a mica substrate heated to 550 K. The sample is
transferred in vacuum to the STM. The tunneling tips
have been electrochemically etched from a tungsten wire.
They have been cleaned in situ by field emission and
covered with copper by a controlled touch with the
copper surface shortly before the measurement.

Figure 1 shows the topography of a small area of a
Cu(111) surface and the thermovoltage which has been
measured simul ly. To enh the visuali
of the thermal signal, hg 1(c) shows a shaded represen-
tation of the data. The area is characterized by a strip of
a single additional layer of copper with a width of 10 nm.
Approximately in the center of the area is a small defect

| Measurement of Thermov

13797

nature cannot be deduced from our data, however, it
strongly influences the thermovoltage. The latter shows a
wavy signal which looks like an interference pattern
caused by the monoatomic steps and the defect near the
center. Beside the structure parallel to the steps, addi-
tional features in a perpendicular direction can be ob-
served in the vicinity of the defect.

Figure 2, curves @ and b, shows cross sections taken to
the left of the first step in the upper part of Fig. 1. The
position has been chosen because no other defects are
close by. The topography is represented by a; the monoa-
tomic step can be well recognized. The measured ther-
movoltage is given by b. The periodicity of the signal is
approximately 15 A; about 4-5 oscillations can be

which can hardly be in the top phy. Its

FIG. 1. Topography and thermovoltage for a Cu(111) sur-
face. (a) Gray scale representation of the topography obtained
at an average current noise of 5 pA. (b) Gray scale representa-
tion of the thermovoliage at the sample for a temperature
difference of about 10 K. The thermovoltage is about —50 uV
on the flat part, and decreases by about 50 _u,V at a step. (c)
Shaded rep ion of the ther 8

lved. At the step itself an additional contribution to
Vi of about —60 puV appears which is probably due to
the modification of the projected bulk states in the vicini-
ty of the step.’

To explain thermoelectric effects observed in STM, the
tunneling current caused by the difference of the Fermi
distributi of both el has to be lyzed. This
current will charge the electrodes till the tunneling
current caused by the resulting bias voltage equals the
first one. As outlined by Stgvneng and Lipavsky® the
thermovoltage ¥y, at the electrode with the higher tem-
perature is given by the ratio of the thermal-induced tun-
neling current to the conductance of the tunneling bar-

The thermally generated tunneling current at zero bias is
E E
|-

kT
where a is a constant; p is the electronic density of states
of the tip at its surface; and pg is the density of states of
the sample taken at the tip surface, and thus contains the
decay of the wave functions into the vacuum, and hence

Iy=a fl’rﬂs dE ,

0 4
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FIG. 2. Cross section through the interference pattern nor-
mal to a step edge. (Curve a) topography of a section of a single
line of Fig. 1. (Curve b) measured thermovoltage. (Curve c)
calculated thermovoltage. (Curve d) calculated tunneling con-
ductance.

oltage
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inneling probability. f is the Fermi distribution, £
energy, k is Boltzmann’s constant, and 7' and T
1e temperature of the tip and sample, respectively.
onductance is given by

E

E
£z

T

I dE ,

3
=—jea IPIPSE

: e is the elementary charge.

solve the above integrals in an analytical form,
eng and Lipavsky used several approximations,
1 unfortunately cannot be applied to our problem.
‘ovide a more quantitative understanding of our re-
we have numerically evaluated the thermovolt-
ssuming that pg, the total density of states for the
le, is given by the sum of the projected bulk states
he surface state. The density of the latter can be de-
:d by a Bessel function*

m=g[l—1012k x¥ler 2y

the vector parallel to the surface

1/8)V Zm‘(E Eg) and the decay length of the

onic wave function into the vacuum

lation of the surface state. Trace c in Fig. 2 shows the re-
sult of the calculation. For comparison with the experi-
ment the data have been scaled in the vertical direction
by an arbitrary factor. Within the experimental errors
the periodicity as well as the envelope of the oscillations
is well described. The best with the experi-
mental data is found for the surface state using the pa-
rameters m*=0.46 m and Eg=—0.39 eV given by
Kevan and Gaylord."" To compare wnh data obtamed
by , the cal

which corr&eponds to dI /d Vis plotted in curve d. While
the periodicity is the same l.he envelope strongly differs,
ie., it i In ition there is a
phase shift relative to the thcrmovol(age which ap-
p hes /2 with i g di from the step.

In summary the lateral variation of the thermal-
induced voltage across a vacuum barrier has been investi-
gated. It allows us to map details of the electronic struc-
ture of the surface. This was demonstrated for the exam-
ple of interference structures of the two-dimensional (2D)
electron gas of a surface state on the Cu(l11) surface.
The periodicity of the observed modulation agrees with
the data of Crommie, Lutz, and Eigler,* who measured

/80 2m(¢—E)+#k3, using m* the eff

on mass Eg the energy at the band edge for the sur-
tate. z is the coordinate normal to the surface, and
arallel to the surface and perpcndlculnr to lh: s!ep
Is of the calculation will be lish

the 1i d by dI /dV sp py at low
temperature. However, the envelope and the phase of the
oscillations in the thermovoltage is completely different.
The latter is given by the ratio between the thermally

ling current and the tunneling conduc-

:  calculation yields a large thermovoltage
—1I,, /o with a small modulation due to the surface

V., is negative since I;, and o are positive. It is
slightly influenced by the choice of parameters for
of the tip, the projected bulk states, or the relative
t of the surface state. Only the offset and the
11 amplitude of the oscillation are affected. Howev-
e relative amplitude of the maxima and minima de-
« strongly on dE /dk, the slope of the dispersion re-

tance. Numerical calculations reveal that the amplitude
of the oscillations depends crucially on dE /dk for the
surface state at the Fermi energy. A good agreement
with the experimental data is obtained by using parame-
ters known from photoemission experiments.

The authors would like to thank C. Baur and B.
Koslowski as well as P. Leiderer and K. Dransfeld for
stimulating discussions.
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Confined Friedel oscillations on Au(111) terraces probed by thermovoltage
scanning tunneling microscopy
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The spatial dependence of the local deusuy of states at the Fermi level of a stepped Au(111) surface is studied

by th Itage scanning

. The periodicity of the standing waves is not given by Ag/2

1.8 nm, as expected based on the band diagram of Au(111), but rather varies between 1.5 and 2.1 nm depeudmg
on the exact width of the terraces. This counterintuitive result can be undk d by idering the n
of incident and reflected electron waves, which have a periodicity of Az/2. The change in periodicity is a direct
consequence of the decaying nature of the Friedel oscillations.

DOL: 10.1103/PhysRevB.103.245311

L. INTRODUCTION

Standing waves are ubiquitous in optical, electronic, and
mechanical experiments. On the nanoscale, electron standing
wave patterns have been extensively studied by scanning tun-
neling microscopy (STM) since the seminal work of Crommie
et al. [1,2]. These authors used the STM to drag individual
iron atoms on a copper substrate to a predefined position. One
of the nanostructures they assembled via atomic manipulation
was a circle consisting of 48 iron atoms. This circle of iron
atoms, also referred to as a quantum corral, acts as a barrier for
the surface state electrons at the Fermi level. As the incoming
and outgoing electron waves interfere with each other, a circu-
lar standing wave pattern develops inside the quantum corral.
This electron density modulation of the surface is referred to
as a Friedel oscillation and is given by
cos(2kg|r] + 8)

Ir®
where kg is the Fermi wave vector, o, the bulk contribution to
the electron density, & a phase factor, D the dimensionality of
the electron system, and |r| the distance from the scattering
center.

There are various ways to measure Friedel oscillations with
STM. For metals it is usually sufficient to make a topographic
map at a small sample bias, as in this case only the electrons
in the vicinity of the Fermi level contribute to the tunnel cur-
rent [1-3]. In order to measure the dispersion relation of the
surface state electrons, the differential conductivity (d1/dV),
which is proportional to the local density of states (LDOS),
is measured as a function of the bias voltage (V) [4-9]. Al-
ternatively, one can make a spatial map of the thermovoltage
(V) that arises if a temperature gradient is applied across the
scanning tunneling microscopy junction. The thermovoltage,
which is proportional to the derivative of the LDOS to the
energy, provides direct information on the spatial variation of
the Friedel oscillations [10-13].

ps(nE)=p+C 4 1)

“C ing author: k @utwente.nl
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To date the vast majority of scanning tunneling microscopy
studies have been focused on electron standing wave patterns
near defects or steps on noble metal surfaces that possess a
two-dimensional surface state, such as Au(111), Ag(111), and
Cu(111) [1-6,12,14-18]. During the last few years, however,
the technique has also been applied to more diverse materials,
such as semiconductors [19], topological insulators [20], two-
dimensional materials [21], and ferroelectric materials [9].

The confinement of surface state electrons on terraces
owing to the presence of step edges has been studied in
quite some detail [4,6-8,22]. The standing wave patterns are
well described by the Fabry-Pérot resonator model for terrace
widths L in the range of Ag/2 to 3Ag/2, where Ar is the Fermi
wavelength [4,6]. Ar can be determined from the dispersion
of the Au(111) surface state and is equal to Az = 3.6 nm. For
terrace widths smaller than Ag/2, the confinement changes
from terrace modulation to step modulation [7,22).

So far, for terrace widths exceeding Ap/2, a systematic
study of the interference pattern as a function of the terrace
width is still lacking. In this paper, we probe the interference
pattern for electrons confined on terraces with L > 3ip/2
using thermovoltage STM. Surprisingly, the measured wave-
length of the standing waves is altered and no longer equal
to Ag/2. The confinement influences the observed oscillations
for terrace widths L > 3ig/2. We will show that at these
length scales the decaying nature of the Friedel oscillations
plays a pivotal role. The oscillations in this regime are formed
by the interference of several waves formed by the superposi-
tion of incident and reflected electron waves at the step edges
of the Au(111) surface. The waves have a wave vector equal
to kg, similar as for an infinitely large terrace, but the wave
vector of the resulting interference pattern varies depending
on the exact terrace width.

II. EXPERIMENTAL DETAILS

The experiments are performed with a RHK Technology
UHV3000 variable temperature STM equipped with R9 hard-
ware and a home-built thermovoltage module [13]. The tip is

©2021 American Physical Society

SOTTHEWES, NIJMEIJER, AND ZANDVLIET

PHYSICAL REVIEW B 103, 245311 (2021)

kept at room temperature (7 = 293 K), while the sample is
cooled down to 75 = 220 K. During the thermovoltage mea-
surement, the tip-sample distance (Az) is reduced by 0.3 nm
with respect to the set point used in the topographic mea-
surement. The sample used in these experiments consists of
a 200-nm-thick Au(111) layer on mica purchased from Phasis
(Geneva, Switzerland).

1. RESULTS AND DISCUSSION

A thermovoltage arises between the tip and surface if a
temperature gradient is applied across the STM tunnel junc-
tion. Vi, is the voltage needed to compensate for the thermally
generated tunneling current. The thermally generated tun-
neling current is caused by inequalities in the Fermi-Dirac
distributions, as well as differences in the LDOS at the Fermi
levels of tip and sample, and has two opposite contributions
with energies above and below the Fermi level. Stgvneng and
Lipavsky [23] derived the following expression for Vg, within
the Tersoff-Hamann [24] approximation:

Voo TRGAT(10a  1d; 2 ms] )
. 3¢ | mdE  poE B\ & |

where kg is the Boltzmann constant,  is the reduced Planck
constant, m is the electron mass, e is the electron charge,
¢ is the work function, z is the tip-sample distance, and p
and p, are the local density of states of the tip and sample,
respectively. T, = %(1} + T;) is the mean temperature with
the tip (7;) and sample (7;) temperature and AT =T, — T,
the temperature difference. Since oy and z are assumed to be
constant, thc dominant term for the spatial variation of Vg, is
given by L —f— The latter results in a high sensitivity in the
LDOS mndulatmns around Ep.

The LDOS ps(r, E) of electrons with wave vector k(E\

lata ic step can be calculated by
up all states (surface and bulk states) at energy E [1],
0%, E) = po(E) + Lo{1 — RI[2k(E )]}, 3)

where Ly = m*/(h®), x the distance from the step, o (E) the
bulk LDOS (assumed to be independent of x and y), R the
reﬂecuuty of the step [R = 0.4 for Au(111)] [12,25], ©=
2m'E /h and Jy the zero-order Bessel function. Note here,
that for the thermovoltage measurements, the energy is equal
to the Fermi energy and therefore constant and hence oy, (E) is
a constant and &(E) is equal to kg.

Equation (3) is only valid in the regime where the LDOS
is linear at the Fermi level, which is only in the direct vicinity
of the step edge. Therefore Eq. (2) is no longer applicable be-
cause the LDOS is no longer linear around Eg [26]. A spatial
dependent expression is derived in Ref. [26] for Vi (x) based
on the following approximations [26,27]: (i) eVy, << kg T ;. (ii)
4kpT8p./IE < p, and (iii) 4kp T} s < g9 and is given by

CJy (2kgx)hz(x)

Vinlx) = 3 o
(X — CJo(2kx dhn(x)

hzix) = ( = A )
% ekg \ sinh(s,x)  sinh(sx) /'

1 SsX Sx )
)=zl —— + ——— (5)
22 Z(Sinh(sm 3 sinh(sx)

FIG. 1. (a) Topography image (75 x 21 nm?, scale bar is 13 nm)
of Au(111) showing a stepped Au(111) surface. The tunneling
parameters are 300 mV and 300 pA. (b) The corresponding ther-
movoltage map for I =293 K, 7z =220 K, and Az = 0.3 nm,
showing surface electron interference patterns. (¢) The height (left,
black) and Vi, (right, blue) profile measured simultaneously along the
dashed line in (a) and (b). The red dashed line is the model described
by Eq. (4), using kp = 1.74 nm",

with C = PR = 0.2. P is the surface state contribution with
respect to the bulk and is experimentally determined to be
P =105 [1,28). s; = mkpLike/co and s, = kg Tikgs/so with
£o the energy minimum of the surface state (—0.41 eV for
Au(111) [29.30]).

Figure 1 shows the topography and the simultaneously
obtained thermovoltage map of the Au(111) surface. In the
thermovoltage map [see Fig. 1(b)] the step edges show up as
200 2V high peaks with respect to the average thermovoltage
value of the terrace. The increase in the thermovoltage at the
step is a result of the ent d ling of the 1i
electrons with the bulk states [10,11]. In the vicinity of step
edges, the thermovoltage shows a spatially decaying oscillat-
ing behavior, which can be attributed to electronic standing
waves. These Friedel oscillations have a periodicity of 1.8 nm
[see Fig. 1(c)]. Since no bias is applied, we are dealing with
Fermi electrons. Using the dispersion relation of the surface
state of Au(111) [29,30],

W2

E=ait 2m*

©)

with go = —0.41 eV and m* = (.28, we find a corresponding
wave veetor of 1.74 nm ™! (Ag = 3.6 nm). In good agreement
with the experimental observations and previous studies [3],
this leads to a periodicity of 1.8 nm (Ag/2) in the LDOS at E.

The red line in Fig. 1(c) is the model as described by Eq. (4)
and qualitatively fits the measured Friedel oscillations. In or-
der to fit the model, the effective boundary location is taken
close to the midpoint of the rise in the topological scan and
at the maximum of the thermovoltage measurement [S]. The
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FIG. 2. (a) Topography image (30 x 12 scale bar 3 nm)
of Au(111) showing a stepped Au(111) surface. The tunneling pa-
rameters are 300 mV and 300 pA. (b) The simultaneously recorded
thermovoltage map for 293K, Ts = 220 K, and Az = 0.3 nm,
showing surface electron interference patterns confined between the
steps. (¢) Simulated thermovoltage image based on the interference
between two Friedel oscillations. The oscillations are simulated us-
ing Eq. (7).

first oscillation is completely covered by the signal originating
from the step.

Figure 2(a) shows the topography of a stepped Au(111)
surface. The terrace width varies between 3.5 and 10 nm,
which is in the range of A to 3Ag. In the corresponding ther-
movoltage map . 2(b)], the electron standing wa
clearly visible. The number of observed oscillations dej
on the terrace width. In . 3(a) the number of peaks (Px)
and the periodicity (A,,. = 2Ain/Ar, where Aj, is the measured
periodicity) are plotted as a function of the terrace width (L).
Py increases stepwise as a function of L. In contrast to the
particle-in-a-box model, oscillations ¢ for every terrace
width, except for L < 4 nm, For L < Ay no oscillations are
observed in agreement with previous studies due to the con-
version from terrace modulation to step modulation [7,22]
The width of the plateaus is approximately equal to the Ap/2.
The measured wavelength of the oscillations (2j,) decreases
from 2.1 to 1.5 nm (A, varies between 1.2 and 0.8) as L
increases and is centered around 1.8 nm, which is equal to
Ar/2. When Py increases, the wavelength first rapidly in-
creases (o decrease again with increasing terrace width. This
is unexpected as k (and thus A) is determined by the band di-
agram and the energy at which the measurement is performed
[see Eq. (6)]. Similar to a large terrace (as in . 1), the

1
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FIG. 3. (a) The number of interference peaks (P, left, black) and
the peak periodicity (;m = [2Aia/Ar], right, bhm) as a function of the
terrace width (L). The orange (Py) and red (4;,) lines are fits based
on the model described by Eq. (7). (b) Simulated thermovoltage map
[based on Eq. (7)] for an increasing terrace width L s varied be-
tween 3 and 10 nm. The dashed black lines coincide with the steps in
(a). (¢) The left (blue line) and right (red line edel oscillation and
the resulting interference wave (black line) based on Eq. (7) for (top)
L =59nm (L/kp = 1.64) and (bottom) L = 6.5 nm (L/r; = 1.8),
corresponding to position of the blue dotted line in (b).

wavelength is expected to be equal 10 Ar/2 = 1.8 nm with
a deviation for terrace widths close to 1.5 [7].

The observed interference pattern and the relation between
L. Py. and Aj, cannot be properly described by the Fabry-Pérot
resonator model [4] as oscillations exist for all terrace widths.
Therefore, a model is proposed that relies on the interference
of decaying standing waves in the LDOS. For electrons in
confinement, two steps are involved and therefore several
(depending on the number of reflections that are taken into ac-
count) wave functions should be considered compared to the
two for the single step model [26]. This leads to the following
spatial dependent expression for Viy(x) (see the Appendix for
the complete derivation):

CJy (2kpx)hyy (x) + CI[2ke(L — x)1hpa(x)

Van(x) =
0 = T ok ot () — CIol2ke (L — V) "
(
with
Kot 1 SIX " SsX ®)
BlX) =2 | nr STy ) O
! 2 [ sinh(s,x)  sinh(ssx)

s(L —x) ss(L —x) ] ©)
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Nanoscale radiative heat transfer between a small particle

and a plane surface
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We study the radiative heat transfer between a small diclectric particle, considered as a point-like
dipole. and a surface. In the framework of clectrodynamics and using the fluctuation-dissipation
theorem, we can evaluate the energy exchange in the near ficld. which is dominated by the
contribution of tunneling waves. The transfer is enhanced by several orders of magnitude if the
surface or the particle can support resonant surface waves. An application to local heating is

discussed. © 2001 American Institute of Phys

Questions about radiative heat transfer (RHT) at nano-
scales have been mised by recent developments of
nanotechnology. Design of micro- and nanostructures re-
quires a thorough ling of physical ph in-
volved in radiative energy exchange. when their sizes be-
come comparable to the thermal mean free path or the
thermal radiation wavelength.>* Modeling RHT between two
semi-infinite bodies* 7 or between a tip and a substrate® is a
challenging problem for all near-ficld microscopes (scanning
tuneling microscope. atomic force microscope) or for scan-
ning thermal microscopes.” Our work deals with the problem
of RHT between a small particle—considered as a point-like
dipole—and a very close plane interface. This particle could
be a single molecule. a dust particle. or a model for the tip of
a microscope probe. Using an clectromagnetic approach. in
the dipolar approximation. we have derived the expression of
the radiative heat power exchanged between the particle and
the semi-infinite medium. We show that the transfer in-
creases at small distances and can be enhanced by several
orders of magnitude (in comparison with the transfer at large
distances) if the particle or Il\c bulk support resonant surface
waves. Results of are and an
application to local hc;nmg is discussed.

In this part, we focus on the derivation of the radiative
power exchanged between a small particle (of spherical
shape) and a semi-infinite medium. The geometry of the
problem is presented in Fig. 1: the upper medium z>0 is
vacuum (e=1). A particle (P) of radius @ and dielectric
constant (frequency dependent) ep(@) = ep(w) tieh(w) is
held at temperature 7 . The lower medium z<<0, is filled by
a homogeneous, isotropic material (bulk) of dielectric con-
stant e(w) = ef(w) tiej(w) and held at temperature 7.
The center of the particle is at a distance ¢ above the
interface.

We first calculate the mean power 1","\""( w) radiated by
the bulk at a given frequency @ and absorbed by the particle.
We assume that the bulk is in local thermodynamic equilib-
rium at uniform temperature 7';# 0, so that there are fluctu-
ating currents inside the bulk due to thermal fluctuations.
These currents inside the bulk radiate an clectromagnetic
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field that illuminates the particle. An elementary fluctuating
current j(r'. ) at frequency w. radiates at point r inside the
particle, an incident eclectric field E; (r.w) given by

E,(r.o) (uuu”)j G(r.r'.w)j(r.w)d'r, (1)
B

where g, is the magnetic permeability of vacuum and Gis
the Green tensor'” of a system constituted by two semi-
infinite media whose diclectric constants are either 1 if
=0 or e4(w) if z<<0. Let us now assume that E (r.@) is
umform inside the particle. This amounts to usc a dipolar
whose validity in the near field has already
been discussed.’! Provided that this condition is satisfied, the
small particle behaves as a point-like dipole p,,(rp.@) in-
duced by the incident ficld E,,(rp.@). These quantities are
related by: p,(rp. ) = goa(w)E, (rp. @), where £ is the
dielectric permittivity of vacuum and a(w) is the particle
polarizability. For a spherical particle of dielectric constant
£p(w). we used the Clausius—Mossotti polarizability'*

[ep(w)—1
@2

alw)=4ma (2)

A more precise model.'* taking into account the interac-
tion between the dipole and its image through the interface,
leads to the introduction of an effective polarizability. We
have verified that. when the distance  is larger than the
particle radius a, the correction to Eq. (2) is negligible. Since

x

B(T, &) ,/".%

FIG. 1. Geometry of the system.
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we did our calculation for a distance ¢ larger than 2a, we
will consider that Eq. (2) is a good approximation for the
polarizability in our problem,

We now evaluate the mean radiative power P4 "“(w)
dissipated inside the particle. Since the scattered power is
negligible.'*  this quantity is given by: I"'_'h (@)

Rel{—iwp,y(rp, @) EX (rp.))}. where the brackets de-
note a statistical ensemble average over the fluctuations of
the currents inside the bulk. The components
(|F e (rp.@)|*) (i~ x.v.z) depend only on the distance
and are given by'*'*'¢

(E e (rp.0)]?) PRl lul[é‘y;(w)]?)(m] )

% > fl(;,i(rl-.r',w)\:{l‘r’.
e Jp

(3)
where O(w. 1) =hw/[exp(hwlkyTy)  1]is the mean energy
of a quantum oscillator in thermal equilibrium at temperature
Ty, 2mh is Planck’s constant, and k5 is Boltzmann's con-
stant. Finally, we find the expression of the mean power
radiated by the bulk and absorbed by the particle at fre-
quency @

’(" Im[ & () I a( ) 10(w.T5)

. 2
P (rp )= —

X }, f|(;”(r,. r.w)’dr. 4

We now consider the fluctuating currents inside the par-
ticle at temperature 7' that illuminate the bulk. Using the
same formalism, we can calculate the power /ocally dissi-
pated per unit volume. at a point r inside the bulk. by the
following relation: I’Z,S'H( r.o)=Re|(jp(r.0) - EX (r.w))}.
It reads

PR (r o) m[&g(w)]Imf a(@)]O(w.Tp)

(5)

X ¥ |G (0
e
In this part. we present some numerical results obtained
with a particle and a surface of silicon carbide (SiC). The
optical properties of this material can be described using an
oscillator model'”
m,: (07;- \

ep(w)=¢ep(w)=c(w)=¢c,| 1+ | (6)

with &,-67. @, =99cm™ ', @;=793c¢cm ', and I’
4765 . The bulk can support resonant surface waves,
called surface phonon polaritons, that produce a peak in the
density of states at frequency wy where e(wp) satisfies the
relation &'(wg)~ — 1. The spherical particle supports vol-
ume phonon polaritons at @y where e(wp) satisfies the re-
lation &'(wp) 2. Using Eq. (6). we find: wy—178.7
X10”rads ' and wp l‘li()xl()‘ rads .
In Flg 2, we plot %, "(w) for a spherical particle of
radius a=5 nm at different distances o above the surface.
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FIG. 2. Mean power radiated by the bulk (at 7;=300 K) and absorbed by
the particle (of radius a=5nm) vs frequency: (a) d=20nm: (b) d
=50 nm: (c) 4= 100 nm. The inset (log-log shows the spectrum of
the absorbed power between 10" and 10" rads " (e) =20 nm: and (f)
d=1mm.

held at temperature 7;=300K. We note that the figure dis-
plays two kable peaks at freq @ =175.6
x10%rads™' and w,=~178.7X10"rads™'. These two
peaks are related to the resonant surface waves: the first cor-
responds to the resonance of the particle which presents a
larger absorption at this frequency; the second is due to a
huge increase of electromagnetic energy density close to the
surface. demonstrated recently.'® An asymptotic expansion
of Eq. (4) for small distance d yields the radiative power
spectrum

l"fh"'(d.w)~—lr§-
* 4md
3"(w) "o
Xdma* Te@+2[ [e(@+1]° O(w,Ty).
—_——
paricle bulk (7)

At this point, we must emphasize that. whereas those
surface waves are evanescent waves, an energy exchange
between the bulk and the particle takes place because the
particle lies in the region (up to many micrometers) where
the evanescent ficld is large. so that there is an efficient cou-
pling between them. The inset of the figure shows (in log—
log scale) the spectrum of the absorbed power between 10
and 10" rads ' at two different distances @20 nm and o

1 mm. It is seen that the RHT is almost monochromatic
and is larger in the near ficld. If the particle and the bulk

1010
=
= 10"
=
g oM
a
& 1079
Far field value
10 . " i
10" 10’ 10* 10° 10t
dinm

FIG. 3. Total power radiated by the bulk (at 7;=300 K} and absorbed by
the particle (of radius @ =5 nm) vs distance.
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FIG. 4. Deposited power per unit volume inside the bulk. The particle has a
radius @ = 5 nm and is held at temperature 7,= 300K

were constituted by two different materials. the RHT spec-
trum would feature two separate sharp peaks at two different
resonance frequencics.

Figure 3 shows the integrated power absorbed by the
same particle versus distance ¢ (the substrate is still held at
temperature 75=300K). The near-field RHT increases as
1/d* and is larger at small distances by several orders
of magnitude than the far-ficld onc. Indeed, for ¢~ 10 nm.
Pp=2.6X10"""W and for d=10 gm. P, ~89x10 '
W. This enhancement comes from the contribution of eva-
nescent waves to the cncrg;. exchange. Therefore. this con-

ibution cannot be negl lina field calculation. This
phenomenon occurs when the materials can support resonant
surface waves like 11I-V or II-VI semiconductors and be-
cause the resonant frequencies take place in the far IR region
(up to 10 zm) where the characteristic wavelength of ther-
mal emission at 7=300K is 10 gm. A lot of materials, like
oxides or glass, can also support resonant surface waves in
the IR or the visible region.

Reciprocity requires that the same enhanced RHT ap-
pears when the particle illuminates the surface. This situation
may help us in understanding the radiative heat exchange
between a nanotip (like those used in near-ficld microscopy)
and a sample. It is interesting to study how the energy radi-
ated by the tip is dissipated in the sample. To answer this
question. we calculated—using Eq. (5)—the total power (in-
tegrated over the frequencies) dissipated per unit volume for

Radiative Heat Transfer between
Sphere and Substrate

VOLUME 78. NUMBER 19
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different points in the sample. Figure 4 displays a map. in log
scale. of the dissipation rate in the case of a 10 nm diameter
sphere of SiC at 7~ 300K situated at 100 nm above a
sample of SiC. It is scen that the energy is dlSSlpdlCd ona
scale ¢ ble to the tip. ple distance. The dissi
per unit volume decreases very fast (as 1/7°) with the dis-
tance r bc(\\ecn the source and the point of the sample where
the dissi| is idered (the i labeled with a
“6"" corresponds to the points where the dissipation per unit
volume is 10° Wm ?). The amount of energy locally depos-
ited is as large as 100 MW m

In this letter, we have shown that nanoscale RHT be-
tween a sample and a small particle is almost monochromatic
and can be enhanced by several orders of magnitude when
the materials involved support resonant surface waves. When
illuminated by the particle. the distribution of power inside
the sample extends over distances of the same order as the
particle-sample separation. Thcsc results should have broad
applications in field . indesign of -
tures and in high density storage pmcessas by local heating.
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Near-Field Heat Transfer in a Scanning Thermal Microscope

Achim Kittel, Wolfgang Miiller-Hirsch, Jiirgen Parisi, Svend-Age Biehs, Daniel Reddig, and Martin Holthaus
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We present measurements of the near-field heat lnnsf er between the up of a thermal pmf iler and planar

material surfaces under

below 107* m, our results

vacuum ¢

For ti ip pl

differ kedly from the prediction of fi

. We argue that these differences are

due to the existence of a malenal -dependent small length scale below which the macroscopic description
of the dielectric properties fails, and discuss a heuristic model which yields fair agreement with the

available data. These results are of imp e for the itative

of signals obtained by

scanning thermal mi pes capable of d

local temp variations on surfaces.
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Radiative heat transfer between macroscopic bodies in-
creases strongly when their spacing is made smaller than
the dominant wavelength Ay, of thermal radiation. This
effect, caused by evanescent electromagnetic fields exist-
ing close to the surface of the bodies, was already studied
theoretically in 1971 by Polder and van Hove for the model
of two infinitely extended, planar surfaces separated by a
vacuum gap [1], and was reinvestigated later by Loomis
and Maris [2] and Volokitin and Persson [3 4]. While early
pioneering measurements with flat chromium bodies had to
remain restricted to gap widths above 1 xm [5], and later
studies employing an indium needle in close proximity to a
planar ther: ple remained i ive [6], an unam-
biguous demonstration of near-field heat transfer under
ultrahigh vacuum conditions, and thus in the absence of
disturbing moisture films covering the surfaces, was given
in Ref. [7].

The theoretical treatment of radiative near-field heat
transfer is based on fluctuating electrodynamics [8].
Within this framework, the macroscopic Maxwell equa-
tions are augmented by fluctuating currents inside each
body, constituting stochastic sources of the electric and
magnetic fields E and H. The individual frequency com-
ponents j(r, w) of these currents are considered as Gauss-
ian stochastic variables. According to the fluctuation-
dissipation theorem, their correlation function reads [9]

Ualt, @B, ) = 2 B, e’ ()38 —t')
X 8w — '), (48]

where E(w, B) = ho/[exp(Bhw) — 1], with the usual in-
verse temperature variable B = 1/(kzT); the angular
brackets indicate an ensemble average. Moreover, €'(®)
denotes the imaginary part of the complex dielectric func-
tion e(w) = €'(w) + i€”(w). It describes the dissipative
properties of the material under consideration, which is
assumed to be homogeneous and nonmagnetic. Thus,
Eq. (1) contains the idealization that stochastic sources
residing at different points r, r’ are uncorrelated, no matter
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how small their distance may be. Applied to a material
occupying the half-space z < 0, facing the vacuum in the
complementary half-space z > 0, these propositions can be
evaluated to yield the electromagnetic energy density in the
distance z above the surface, giving [10]

w(z) = SHE) + £

= / “do /\x di[pglw, x, B.2) + pulo, k B.2)]
Jo Jo

_ [* . Elo,pf*
B _/o 45 27 cd

1
X [[ (lK%ll + 1? Re(ry e?=ep/€)]
o
e N
4 j dx— Im(r Ye~zelele 4 Xl}. ?)
1 |I”|

Here, the densities pg and py symbolically specify the
electric and magnetic contribution, respectively; 7y denotes
the Fresnel amplitude reflection coefficient for TM modes
with a wave vector of magnitude wk/c parallel to the
surface. The symbol X abbreviates the corresponding
terms for TE modes. The wave vector oriented normal to
the surface, of magnitude @ p/c, distinguishes propagating
modes with real p = V1 — x* for k = 1 from evanescent
modes with imaginary p = ivk? — 1 for k > 1.
Expression (2) for the energy density, obtained strictly
within the framework of macroscopic electrodynamics,
diverges for small distances z from the surface; for
2/Ap < 1, one finds the power law (u(z)) « 272 [8].
Hence, it has been suggested that also the energy dissipated
in the tip of a tiny probe close to the surface should scale
inversely proportional to the cube of the tip-sample dis-
tance [11,12]. However, the entailing divergence clearly is
not borne out by the actual physics [13-15]. The diver-
gence may formally be avoided by replacing the upper
boundary of integration, x = o in Eq. (2), by a finite cutoff
., thereby excluding the problematic large-wave number
contributions to the “evanescent” part of the energy den-

© 2005 The American Physical Society
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FIG. 1 (color online). (a) Cross section of the micropipette
glued into a tip holder. The thermoelectric voltage Vy, builds up
between the inner platinum wire and the outer gold film. The
tunnel potential is applied belwaen the sample and the grounded
gold film. (b) Depend of the Itage on the absorbed
power AP of cahbrarmg laser light for two different sensors.

ficient of the scanner. Results of such measurements are
depicted in Fig. 2 for a sample consisting of a gold layer,
and in Fig. 3 for a sample of GaN. In both cases, the sensor
with Ry, = 54 K/mW has been employed. During these
measurements, we have carefully checked that the cross
talk between the tunnel current signal and the thermovolt-
age remains negligibly small. The absence of interference
is indicated by the fact that the tunnel current decreases
strongly in a range of distances where the observed ther-
movoltage stays almost constant.

A theoretical discussion of the heat transfer between an
idealized tip and a flat surface, which may serve as a
guideline for the analysis of our data, has been given by
Mulet et al. [12]. These authors have modeled the tip by a
small dielectric sphere of radius r and assumed the incident
electric field to be uniform inside the sphere, so that it acts
as a pointlike dipole. If the temperature of the sample is
significantly lower than that of the tip, as in our case, the
heat current flowing back from the sample to the tip can be

104

2z 10¢
o
<1
10°
10
10°
10° 10° 107 10°

z/m

FIG. 2. Measured heat current AP (in Watts) between the
microscope tip and a gold layer (circles) vs tip-sample distance
z. The dashed line, which coincides with the solid one for larger
2, corresponds to the prediction APy, of standard fluctuating
electrodynamics, based on Eq. (2). The solid line is obtained
from Eq. (5) with the modified dielectric function (4), setting
L=Lg=12X10"m

neglected. The total flux between the surface and the tip
then is determined entirely by the current directed from the
tip to the sample, according to

AP = }N dw l dralw)pelo, k, B, 2), 3)
Jo Jo

where a(w) = 2w(41rr‘)é[,'p/|e.,p +2? describes the di-
electric properties of the sphere, and the temperature
entering pg is that of the tip. Taking this expression
at a representative frequency wg, one has AP =
alwg)es(E?)/2, so that, within the scope of the model,
the heat flux registered by the tip should be proportional to
the electrical energy density of the flat sample, evaluated,
however, at the temperature of the tip.

For distances larger than about 10~% m, our experimen-
tally observed heat transfer is, to good accuracy, propor-
tional to the total energy density as given by Eq. (2), not to
the electric field contribution alone. Since the constant of
proportionality, which carries the dimension of area times
velocity, may differ substantially from a(w;), we focus on
the scaled energy density APy, = ma*c{u(z)), where ¢ is
the velocity of light, and employ the effective sensor area
ma? as a fitting parameter. Modeling the dielectric function
€(w) for Au by a Drude ansatz with parameters taken from
Ref. [19], and that for GaN by the “‘reststrahlen” formula
with parameters from Ref. [20], we obtain the dashed lines
in Figs. 2 and 3, setting @ = 60 nm. This value is in
accordance with scanning electron microscopy studies of
the tip and describes both experimental data sets for z =
10 nm, as it should. The latter fact also indicates that the
use of Eq. (2), i.e., the neglect of the field’s distortion by
the tip, is justified here.

In the case of GaN, the theoretical curve for APy
diverges as z~2 for sensor-sample distances below 10 nm.
In contrast, for Au this familiar behavior would become
apparent only at substantially smaller z [3]. However, the
experimental data clearly show a different trend, leveling
off to values which for the smallest accessible distances are
significantly lower than A Pg,. We interpret this finding as

AP /W

10
10
10 10

FIG. 3. As Fig. 2 for a sample of GaN, setting L = 1.0 X

107 m and Ly, = 1.2 X 10 m
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evidence for the short-distance deficiency of the macro-
scopic theory, as expressed by the deltalike correlation
function (1) of the stochastic source currents: In a real
sample, there is some finite correlation length L.

In principle, one should then also account for nonlocal
effects, which requires distinguishing a transversal and a
longitudinal part of the permittivity [21]. We do not resort
to the systematic theory of such effects here, but propose a
qualitative approach: Since it appears necessary to smooth
out the correlation function (1) on short distances, one
might introduce an appropriate modification of the imagi-
nary part of e(w). However, then the Kramers-Kronig
relation requires a corresponding modification of the real
part. Hence, a heuristically motivated, plausible ansatz for
an effective permittivity depending explicitly on the trans-
versal wave number is

Ew, k) :i=1+[€e(w) = 1]f(k) + ie"(w)f(k), D

where the function f(k) accounts for the lateral correla-
tions, such that it approaches unity and thereby restores the
local case when wx/c << L™!, but vanishes for large-wave
numbers, when wx/c > L~!, As a convenient guess, we
take a Gaussian f(k) = exp[ —(Lwxk/c)*] and consider L
as a parameter to be determined by fitting the data. When
evaluating the Maxwell equations for systems with plane
translational invariance [1], we replace e(w) by & w, k).
The energy density can then again be obtained from
Eq. (2), if the reflection coefficients ry and r, are adapted
in this manner.

Besides the dielectric properties of the sample, also
those of the sensor enter into the data, as exemplified by
the dipole model (3). Hence, we have to introduce both a
correlation length £ of the sample and a further correlation
length Ly, of the sensor, and parametrize the experimen-
tally observed heat current in the form

v
77(12(‘

- {de /OJ dre™ Liex/cf
Jo Jo
X [pplw, k) + palw, ). (5

Using this ansatz (5), we finally obtain the solid curves in
Figs. 2 and 3, setting L = 1.2 X 10~* m for Au and L =
1.0 X 107 m for GaN, while Lg =12X 10-% m in
both cases. These curves capture the experimental data
quite well, thus lending strong support to our line of
reasoning. It is also encouraging to observe that the nu-
merical value of L obtained for Au indeed turns out to be
on the order of the mean free path of electrons in metals,
whereas that for GaN is considerably shorter, as it should.
Although the thermally relevant component of our sensor
probably is confined to the Au layer, its correlation length

In summary, we have obtained experimental data for the
near-field heat transfer between a thermal profiler and flat
material surfaces under UHV conditions. We have reached
the extreme near-field regime, where the variation of the
heat transfer rate with the distance between microscope tip
and sample differs distinctly from the divergent behavior
predicted by standard macroscopic fluctuating electrody-
namics, and have interpreted our observations in terms of
finite microscopic correlations inside the materials. While
the shortcomings of the macroscopic theory are, in princi-
ple, well known [8,9], their manifestation in an actual
experiment indicates a still unexplored potential of thermal
microscopy as a new, quantitative tool for the nanometer-
scale investigation of solids.
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Proof of NFRHT within sub-um
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(Red lines are used for the optical part and black lines for the electrical part of the setup.) The black dots represent experimental data and the red line the
Reflection of the laser beam on the cantilever produces an interference pattern. A feedback theoretical model. The temperature difference between the plate and the
loop keeps the bimorph—optical fibre distance constant by applying a voltage to a piezoelectric sphere is 21 K. The distance shift used in the comparison is b = 31.8 nm
actuator holding the optical fibre. The feedback loop and the thermally stabilized laser and the cantilever response coefficient used in the comparison is H =
maintain spurious heating from the laser constant, and ensure that flux variations are only due 2.162 nW nm-1,

to the conductance variations as the separation d is changed, with constant temperature
difference AT between the sphere and the plate. The plate is heated and mounted on a
piezoelectric actuator. The measured signal is the voltage applied to the fibre-actuator supply.

E. Rousseau, A. Siria, G. Jourdan, S. Volz, F. Comin, J. Chevrier & Jean-Jacques

Greffet, Radiative heat transfer at the nanoscale, Nature Photonics 3, 514-517
(Aug. 2009)
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Proof of NFRHT within sub-um
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Schematic diagram of experimental setup. The thermal sensor is a silicon nitride 0.01 0.1 1 10
AFM cantilever coated with a 70 nm gold film. A laser beam (650 nm wavelength, 3 Distance (um)
mW output power) is focused on the tip of the cantilever and reflected onto a PSD.
Application of voltage to the piezoelectric translation stage results in the movement Equivalent sphere—plate near-field heat transfer coefficients normalized to
of the substrate toward the sphere. In near-field, surface phonon polaritons can the area 2nRd versus the gap distance for a 100 pm (blue circles) and a 50
tunnel through the gap and they thus significantly contribute to the radiative heat um (violet triangles) diameter sphere. The flat line is the limit predicted by
transfer. The “cooling” effect on the cantilever due to the enhanced near-field Planck’s blackbody radiation law. The dashed line is the near-field heat
radiation leads to the bending of the cantilever. Inset: A scanning electron transfer coefficients obtained after subtracting the far-field part taken from
microscope image of a glass sphere mounted on an AFM cantilever. Figure 1C. Inset: the plot on a log—log scale.

S. Shen, A. Narayanaswamy, G. Chen, Surface Phonon Polaritons Mediated Energy
Transfer between Nanoscale Gaps, Nano Letters 9 (8), 2909-2913 (Aug 2009)
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a, Schematic of the experimental set-up. The emitter consists of a suspended silicon platform, with an
attached silica sphere and an integrated electrical heater-thermometer. The receiver is a stiff silicon
nitride platform coated with gold and a silica film of suitably chosen thickness. A laser (reflected off the
receiver, see also e) and a position-sensitive detector (PSD) enable optical detection of emitter—
receiver contact formation with nanometre resolution. A sinusoidal electrical current (If,in = If,out), at f
= 1 Hz, is supplied to the emitter's resistor, resulting in Joule heating with amplitude Qjoule,2f and
frequency 2 Hz. This is partly conducted through the beams (Qcon,2f) and partly radiated to the
emitter (Qrad,2f). The emitter's temperature oscillations are quantified by measuring the third
harmonic of the voltage (V3f) across the resistor. The receiver's temperature oscillations are measured
by supplying a dc current (Idc,in = Idc,out) through the receiver's resistor and by monitoring the
voltage output at 2f (V2f) across it. Ta is the ambient temperature. b, Schematic cross-section of the
planar receiver region and the spherical silica emitter. The gold layer is ~100 nm thick, and the
thickness t of the SiO2 film varies from 50 nm to 3 um for different receiver devices.

Bai Song, P. Reddy & Edgar Meyhofer, et al. Nature Nanotechnology 10, 253—
258 (2015)
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a, Simultaneous recording of displacement, Az, of the emitter towards the
receiver (top), optical contact signal (middle) and temperature increase in the
receiver (bottom). During the final approach, piezo displacement steps of

~2.5 nm were used. b, Contribution of far-field radiation to the radiative
thermal conductance across the gap for a representative film (100 nm). The
solid red line describes the predicted far-field radiation, which increases weakly
(<1 nW K-1) with decreasing gap size due to the associated change in view
factor. As expected, the measured data (multiple runs, green symbols) agree
well with the far-field prediction for gaps from 1 to 10 ym. c, Near-field thermal
conductance as a function of film thicknesses. Data for each film thickness
represent an average of ~10 different data sets. See Supplementary Fig. 7 for
information about the standard deviation of the data.
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Near-Field Heat Transfe

“Thermal fluctuation dissipation theory:
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SA Biehs, et al., RMP 93, 025009 (2021)

Metamaterials
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New properties
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Heat transfer possibility: (1= ) (1=|r22)
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® Functional emission surfaces with a wavelength-scale thickness
® Optical surface engineering (u, &, surface density, harvesting,
etc.)

Metasurface 2D materials

https://scitechdally.com/ https://physics.berkeley.edu/news
Resonance; parametric control
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Near-field interaction

Strong coupling; surface density

Plasmon/phonon polaritons
e.g., graphene, SiC.,...
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NFHT bw Monolayer Graphene Sheets

Drude model for graphene (THz to far-IR):
i€2|EF|

mh(w+it,")

Heat flux between two semi-infinite planes:
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GeYin, et al., Yungui Ma*, Appl. Phys. Exp. 12, 1222001 (2016).
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NFRHT bw Gra-hBN Heterostructures
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Plasmon-phonon polariton coupling could further enhance the heat flux!

Ge Yin, et al., Yungui Ma*, Chin. Phys. B 25, 114216 (2016)
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NFRHT bw Monolayer hBN Sheets

Breakdown of optical phonons’ splitting in 2D materials Surface DOS atz=15nm
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Naeem Igbal, et al., Yungui Ma*, International Journal of Thermal Sciences 172,107315 (2022)
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Measure NFRHT bw Graphene Sheets

Schematic of measurement setup
sample area: 2cmX2cm
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Jiang Yang, et al., Yungui Ma*, Nature Comm. 9, 4033 (2018).

z-axis measured by a Laser interferometer (ZYGO OMP-035/M)
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Measure NFRHT bw Graphene Sheets

(1) Measurement I: graphene on intrinsic Si

Super-Planckian near-field thermal radiation; classic theory for 2D materials!
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Jiang Yang, et al., Yungui Ma*, Nature Comm. 9, 4033 (2018).
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Measure NFRHT bw Graphene Sheets

Charge transfer between graphene and Si

Previous results: a Schottky junction will be formed at the interface of graphene and
doped silicon, modulating the Fermi level and plasmonic properties of graphene
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J. Yuan, et al., Yungui Ma*, Modulation of Far-Infrared Light Transmission by Graphene-Silicon Schottky

Junction, Optical Materials Express 6, 3908-3915 (2016).
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Measure NFRHT bw Graphene Sheets

(2) Measurement II: graphene on doped Si

Measured heat flux Calculated transfer possibility
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Short conclusions:
% Super blackbody radiation is found between doped silicon surfaces

% Covering the graphene layer will further enhance the heat transfer efficiency,

which will become more obvious for smaller gaps.
Jiang Yang, et al., Yungui Ma*, Nature Comm. 9, 4033 (2018).
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NFRHT bw Gr-SiC Heterostructures

® SiC: support phonon polaritons with high quality (low loss) around 780 cm™?
® SiC/Gr: Hybridization of phonon & photon surface modes with broadband response

All-optical measurement Theoretical calculation
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Simplified setup by all-optics Enhanced contributions from three sub-bands

Naeem Igbal, et al., Jianbin Xu, Yungui Ma*, Physical Review Applied 19, 024019 (2023).
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NFRHT bw Gr-SiC Heterostructures
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26 fold enhancement of radiation flux is obtained compared with the blackbody radiation at
150 nm! Good agreement between theory and experiment.

Naeem Igbal, et al., Jianbin Xu, Yungui Ma*, Physical Review Applied 19, 024019 (2023).
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Rapid Transient NFRHT Measurement

Question: a transient all-optical measurement is technically reliable?
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Sen Zhang, et al., Jianbin Xu and Yungui Ma*, Transient Measurement of Near-field Thermal Radiation between Macroscopic Objects, Nanoscale 16,
1167-117 (2024).
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Rapid Transient NFRHT Measurement

Calibration in particular for the conduction channel

Qout(t) = CimidTl/dt
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Rapid Transient NFRHT Measurement
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Smart Radiative Temp Management

® |ncorporate phase-change material (VO,) to have temperature dependent emissivity
® Able to automatically maintain the temperatures without energy consumption

Far-field radiative smart coat
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Homeostasis with one-order magnitude change of load power! Yongdi Dang, (.et al., Jianbin Xu* and Yungui Ma*, Radiative Thermal
Coats for Passive Temperature Management, Appl Phys Lett 123, 222201
(2023).
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&/ Radiative Thermal Transistor

Key ideas: Negative radiative thermal resistance
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Radiative Thermal Transistor

Metasurfaced enabled gate design: achieve a strong heat-flux amplification; works by cooling down the

gate.
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‘Summary & Outlook

A historical overview of near-field radiative heat transfer (NFRHT) has

U OO0

been deliberated from a personal viewpoint, by connecting several key
conjunctures through personal interactions, particularly via progress of
nanotechnology and nanofabrication

Recent results of NFRTH in 2D materials are articulated

New measurement techniques are developed via extensive optics
NFRHT between artificial surfaces are experimentally characterized
Potential applications in temperature management and logic thermal
elements are explored

d  Perspectives: NFRTH In twisted photonic structures, NF-to-FF superlens, radiative
motor, nonreciprocal radiation, ...... e S enceme At
Tang, L., Corréa, L.M., Francoeur, M. et al. Corner- and edge-mode enhancement of near-field radiative heat R S S nature

transfer. Nature (2024), https://doi.org/10.1038/541586-024-07279-2, https://www.nature.com/articles/s41586-024-07279-2 Nature (2024) | Cite this article
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Hong Kong PhD Fellowship Scheme

Established by the Research Grants Council (RGC) in 2009, the Hong
Kong PhD Fellowship Scheme (HKPFS) aims at attracting the best and

brightest students in the world to pursue their PhD programmes in

2024/25

Hong Kong’s universities. HONG KONG
PhD FELLOWSHIP SCHEME

Es lnbbshed 009 v the Reu h Grants Counci, the Hong Kong PhD Fedlowship Scheme aims at atfracting the
best and brights uou wwl o pursue ther PhD programmes in Hong Kong's universities.

The Fellowship Scheme wil provide a competitive annual stipend and conference and research-related travel
allowanes per year up to three \z

Website LEI Ela

[ www.gs.cuhk.edu.hk /hKkpfs

Initial apphication i accepted from 1 September %o 1 December 2023 (12:00 noon Hong Kong Time (GMT + 8 hours))

EE
s
For detalls,

[=]


http://www.gs.cuhk.edu.hk/hkpfs

26

CUHK Vice-Chancellor’s HKPFS Scholarship

Tuition Fee Waiver Stipend Lodging Award
T fi tud iod Up to HK$1.32 Million* Up to HK$100,000*#
or the whole normative study perio (approx. US$169,840) (approx. US$12,800)
Conference and Research- 1st Year Hostel Fee
related Travel Allowance Waiver

Up to HK$85,200*

(approx. US$10,923) and Guaranteed On-campus

Accommodation*”

up to HKS 1.72 Million (~US$221,000)

Totalling

financial assistance during the normative study period

* During the student’s normative study period.
~ HKPFS awardees who submit hall applications and complete registration procedures in a timely manner.
# An award of HK$40,000 for lodging in the first year of study and HK$20,000 in subsequent years during the normative study period.
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Hong Kong PhD Fellowship Scheme
Eligibility

Candidates who are seeking admission as new full-time PhD students in Hong Kong universities funded by the

University Grants Committee (UGC), irrespective of their country of origin, prior work experience and ethnic
background, are eligible to apply.

Timeline
1 Sept — 1 Dec 2024
o Submit an initial application e Obtain an HKPFS Submit an online appli(f'ation to
via the RGC website Reference Number e CUHK that quotes the "HKPFS
Reference Number"
h 4
Sept — 1 Dec 2024 Mar — April 2025

o Attend interview, if shortlisted e RGC announces HKPFS results
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